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Preface

Knee surgery has undergone rapid evolution over the past few decades, driven by advances
in biomechanics, imaging technology, biologic treatments, and an increasing emphasis on joint
preservation. As patients remain active longer and expectations for functional recovery continue
to rise, surgeons are challenged to adopt strategies that balance symptom relief with long-term joint
health. This Reprint, “Cutting-Edge Concepts in Knee Surgery”, brings together a series of high-quality
contributions that address key clinical and scientific questions in contemporary knee surgery. The
included articles cover a broad spectrum of topics, ranging from ligament reconstruction and meniscal
surgery to cartilage repair, alignment correction, and arthroplasty, reflecting the multidisciplinary
nature of modern knee care. The Guest Editor hopes that this Reprint will serve not only as a practical
reference for daily clinical decision making but also as a platform to stimulate further discussion and

research aimed at improving outcomes for patients with complex knee disorders.

Dhong Won Lee
Guest Editor
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Abstract: Positioning of the femoral tunnel during anterior cruciate ligament (ACL) reconstruction
is the most crucial factor for successful procedure. Owing to the inter-individual variability in
the intra-articular anatomy, it can be challenging to obtain precise tunnel placement and ensure
consistent results. Currently, the three-dimensional (3D) reconstruction of computed tomography
(CT) scans is considered the best method for determining whether femoral tunnels are positioned
correctly. Postoperative 3D-CT feedback can improve the accuracy of femoral tunnel placement.
Precise tunnel formation obtained through feedback has a positive effect on graft maturation, graft
failure, and clinical outcomes after surgery. However, even if femoral tunnel placement on 3D
CT is appropriate, we should recognize that acute graft bending negatively affects surgical results.
This review aimed to discuss the implementation of 3D-CT evaluation for predicting postoperative
outcomes following ACL re-construction. Reviewing research that has performed 3D CT evaluations
after ACL reconstruction can provide clinically significant evidence of the formation of ideal tunnels
following anatomic ACL reconstruction.

Keywords: anterior cruciate ligament anatomy; anterior cruciate ligament reconstruction; 3-dimensional
computed tomography; tunnel position; femoral tunnel; quadrant method

1. Introduction

An anterior cruciate ligament (ACL) injury is a common sports-related knee injury
that can cause knee instability and secondary meniscal damage [1]. The goal of ACL
reconstruction is to restore the knee to a state that is anatomically, biomechanically, and
functionally similar to normal [1]. Several factors are involved in achieving the best
surgical outcomes, including the choice of graft, method of graft fixation, and postoperative
rehabilitation exercises [2]. However, the positioning of the femoral and tibial tunnels
during ACL reconstruction is the most crucial factor for successful procedure [3-7]. In
particular, small changes in the femoral tunnel position can have large effects on the
graft-length pattern during knee flexion and extension [8,9]. In other words, this can
have significant implications not only for graft maturation and failure but also for knee
biomechanics. Much research has been conducted on tunnel positioning during ACL
reconstruction, and surgical techniques have evolved based on the evidence for establishing
the position of the femoral tunnel [10-18].

Owing to inter-individual variability in the intra-articular anatomy, such as the bony
ridges of the femoral condyle, it can be challenging to obtain precise tunnel placement
and ensure consistent results, even when guided by intra-articular landmarks during
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reconstruction surgery. This concept of anatomical ligament reconstruction has led to an
increase in the use of imaging to validate tunnel placement during and after surgery [10-21].
A consensus on the anatomical centers of the femur and tibia is crucial for practical and
clinically efficient use of imaging to confirm tunnel placement [22].

The accuracy of imaging in depicting tunnel placement has been validated in cadaver
studies using radiographs, computed tomography (CT) scan, and magnetic resonance
imaging (MRI) [23]. Currently, three-dimensional (3D) reconstruction of CT scans is consid-
ered the best method to determine whether the femoral and tibial tunnels are positioned
correctly [23,24].

This narrative review aims to present the formation of ideal femoral tunnels and to
discuss the implementation of 3D-CT evaluation for predicting postoperative outcomes
following ACL reconstruction based on the current literature.

2. Femoral Tunnel Assessments
2.1. Cadaveric Anatomy

Several studies assessed the femoral footprint of the native ACL in cadaveric spec-
imens [25-31]. These studies used the Bernard and Hertel grid, known as the quadrant
method, as described by Bernard et al. [32] to represent the ACL center. The center of the
ACL footprint was determined in the high to low direction and deep to shallow direction
and presented as the percentage of the distance from the roof of the intercondylar notch and
the posterior edge of the lateral femoral condyle (Figure 1). The centers of anteromedial
(AM) bundle and posterolateral (PL) bundles are summarized in Table 1.

Figure 1. Femoral tunnel placement by the quadrant method. AM—anteromedial; PL—posterolateral.
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Table 1. Anatomic Center of ACL Femoral Footprint.

Whole Bundle Anteromedial Bundle Posterolateral Bundle
Study High to Low Deep to High to Low Deep to High to Low Deep to
(%) Shallow (%) (%) Shallow (%) (%) Shallow (%)
Colombet et al. [25] 36.5 29.4 25.3 26.4 47.6 32.3
Forsytheetal. [31] 443 28.4 33.2 21.7 55.3 35.1
Lee et al. [26] 41.0 37.3 25.6 33.9 56.4 40.6
Lorenz et al. [29] 33.5 24.0 22.0 21.0 45.0 27.0
Luites et al. [27] 28.5 25.5 10.0 23.0 47.0 28.0
Musahl et al. [30] 26.6 26.3 Not applicable  Not applicable = Not applicable Not applicable
Tsukada et al. [28] 30.0 30.4 17.8 25.9 41.1 34.8

Piefer et al. [33] systematically reviewed the anatomic center of the ACL femoral
footprint. After analyzing eight items, the mean whole bundle center was 35.2% for the
high to low direction and 28.5% for the deep to shallow direction. The mean centers of the
AM bunle and PL bundle were 23.1% and 48.8% in the high to low direction and 21.5% and
32% in the deep to shallow direction, respectively. Parkar et al. [22] conducted a systematic
review of the literature on the anatomic center of the ACL. In their systematic review,
218 knees demonstrated that the weighted mean and the weighted median of the femoral
center were 35% and 34% for the high to low direction and 29% and 26% for the deep
to shallow direction, respectively. The weighted 5th and 95th percentiles for high to
low direction were 28% and 43%, and for deep to shallow direction were 24% and 37%,
respectively. They suggested the use of the 5th and 95th percentiles when evaluating
postoperative femoral placement to be ‘in or out of the anatomic range.” These systematic
reviews of anatomy studies have clinical relevance for orthopedic surgeons who believe
that anatomical ACL reconstruction results in improved outcomes.

2.2. Postoperative 3D CT-Based Study

Intra-articular anatomy is influenced by inter-individual variability, and in anatomical
studies, structures such as the lateral intercondylar ridge or bifurcate ridge of the femoral
condyle have been described to exhibit variations among individuals [34-36]. Moreover, in
cases of chronic rupture or re-rupture, these intra-articular structures are often not clearly
visible, making it challenging for surgeons to determine whether the femoral tunnel has
been accurately positioned during the operation [37]. Therefore, using only intra-articular
landmarks may result in significant variations in femoral tunnel placement. To overcome
this problem, many authors are trying to use intraoperative fluoroscopy or ACL computer-
assisted surgery, but this is still at a challenging stage, and further verification studies are
needed [38,39].

The usefulness of feedback after ACL reconstruction using 3D-CT has been reported
in several studies [10,38,40]. Inderhaug et al. [38] switched from a transtibial to a trans-AM
portal technique for ACL reconstruction, and they compared the femoral tunnel positions
between the trans-AM portal technique without postoperative 3D-CT feedback (AM 1)
and the trans-AM portal technique after 3D-CT feedback (AM 2). Mean femoral tunnel
placements in high to low direction were 8%, 26%, and 29% in transtibial group, AM 1,
and AM 2, and for deep to shallow direction were 32%, 43%, and 27% in transtibial group,
AM 1, and AM 2, respectively. The femoral tunnel placement gradually approached the
ideal femoral tunnel center (34% in high to low direction and 27% in deep to shallow
direction) described by Bird et al. [19] in all groups over time. In particular, AM 2 showed
a significant improvement in the distance from the ideal femoral tunnel center over time
throughout the feedback period compared to AMI 1 (p = 0.001) (Figure 2). Changing
from the transtibial to the trans-AM portal technique and postoperative 3D-CT feedback
were critical points in the improvement of femoral tunnel placement (Figures 2 and 3).
It is important to perform repeated surgeries to increase the accuracy of femoral tunnel
placement; however, radiological feedback is equally important. Sirleo et al. [10] performed
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ACL reconstruction using the outside-in technique in a series of 60 consecutive patients,
providing 3D-CT feedback within 48 h after each surgery. Subsequently, they divided
the patients into three groups of 20 patients each according to the order of surgery (three
consecutive series) and compared the femoral tunnel placement among these groups. The
ideal femoral tunnel placement was 35.2% in high to low direction and 28.5% in deep to
shallow direction, reported by Piefer et al. [33]. They confirmed progressive improvement
in femoral tunnel placement from the first to the second series, and from the second to the
third series. Both the accuracy and precision of the femoral tunnel placement increased
from the first to the third series. They concluded that postoperative 3D-CT feedback was
effective in the learning process to improve accuracy (+52.4%) and precision (+55.7%) of
femoral tunnel placement to perform appropriate anatomic ACL reconstruction.

Figure 2. Contour plot of the spread of the femoral tunnels in transtibial group, trans-AM portal
technique without feedback (AM 1) and trans-AM portal technique after feedback (AM 2) groups
(red transtibial group, green AM 1 group, blue AM 2 group). Black dot means an ideal femoral tunnel
center (34% in high to low direction and 27% in deep to shallow direction) described by Bird et al. [19].
(Reprinted with permission from Springer [38]).

Figure 3. Relative distance (Y-axis indicates relative distance from ideal femoral tunnel center in
absolute value) from femoral tunnel to ideal femoral tunnel center as a function of time (X-axis
indicates time from first to last surgery). Red (1) transtibial group, green (2) trans-AM portal technique
without feedback, blue (3) trans-AM portal technique after feedback. (Reprinted with permission from
Springer [38]).
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2.3. Clinical Relevance of Postoperative 3D CT

Parkinson et al. [41] demonstrated that shallow nonanatomic femoral tunnel placement
was significant predictor of graft failure (hazard ratio 4.3; 95% CI, 1.6-11.6;
p = 0.004). Among 97 patients assessed using postoperative 3D-CT, failure rates were
30% for shallow nonanatomic placement and 21% for deep anatomic placement. Shallow
femoral tunnel placement is the most common cause of ACL reconstruction failure [42—44].
They recommended postoperative 3D-CT to ensure appropriate femoral tunnel place-
ment and to decrease the risk of non-anatomic femoral tunnel positioning and failure.
Mhaskar et al. [40] analyzed 60 ACL reconstructions and categorized femoral tunnel
placement into type I (well-placed), type Il (slightly malpositioned), and type III (grossly
malpositioned) according to postoperative 3D-Ct. There were 32 type I, 28 type II, and no
type III tunnels. There were significant differences in postoperative Lysholm score and
International Knee Documentation Committee (IKDC) score between type I and II tunnels
(622 +£16.2vs. 485+ 17.2,p=0.002, and 62.5 £ 14.3 vs. 52.7 £ 15.1, p = 0.012, respectively).

Some authors reported that femoral tunnel placement on 3D-CT can influence graft
inclination and maturation on MRI. Lee et al. [45] reported that a total of 60 patients who
underwent anatomical ACL reconstruction using flexible reamer system showed femoral
tunnel located at 24.1 = 5.9% in high to low direction and at mean 29.7 £ 4.4% in deep
to shallow direction on postoperative 3D-CT. They aimed to target the femoral tunnel
position slightly toward the AM bundle rather than the center of the entire bundle and
received 3D-CT feedback after each procedure. As a result, all patients had a comparable
sagittal and coronal graft inclination to them of the native ACL (52.4 £ 4.6° and 69.2 & 4.7°,
respectively). Femoral tunnels created at anatomical positions on 3D-CT ultimately result in
a graft inclination similar to that of the normal ACL, and this similarity in graft inclination
can have implications for clinical outcomes and graft laxity [46,47]. Lee et al. [48] proved
that positioning the femoral tunnel near the AM bundle and center led to better graft
signal intensity on postoperative MRI (one year after anatomic ACL reconstruction) than
positioning the femoral tunnel near the PL bundle, although there were no differences in
clinical outcomes or knee laxity. MRI signal intensity reflects graft maturation [16,48,49].
In their study, the mean femoral tunnel placements were 20.3%, 33.76%, and 47.56% in
high to low direction in AM bundle positioned group, center positioned group, and PL
bundle positioned groups, respectively. Regarding deep to shallow direction, mean femoral
tunnel placements were 21.67%, 25.95%, and 30.23% in AM bundle positioned group,
center positioned group, and PL bundle positioned groups, respectively. They assumed
that the AM bundle and center positions led to less graft excursion during knee flexion and
extension than the PL bundle position.

Even when similar femoral tunnel positions are observed on 3D-CT, the graft bending
angle varies between femoral drilling techniques. Because the graft bending angle can
influence graft stress, it is necessary in the future to analyze not only the tunnel position
but also the graft bending angle for receiving feedback. Lee et al. [16] compared the
femoral tunnel placement, the graft bending angle at the femoral tunnel on 3D-CT, and
the signal /noise quotient (SNQ) on MRI between single-bundle ACL reconstruction using
modified transtibial and outside-in techniques. Femoral tunnel placement for the high to
low direction were 39.8 £ 2.4% and 40.9 &= 1.9% (p = 0.087), and deep to shallow direction
were 31.3 + 2.9% and 33.2 &= 2.5% (p = 0.517) in modified transtibial group and outside-in
group, respectively. However, the femoral graft bending angle was reduced in the modified
transtibial group, and SNQ at the femoral intraosseous and proximal grafts on MRI were
lower in the modified transtibial group than in the outside-in group (p < 0.01). These results
showed that an acute femoral graft bending angle could negatively affect graft maturation,
even though the femoral tunnel was positioned anatomically. Niki et al. [21] compared the
femoral tunnel placement and graft bending angle on 3D-CT between double-bundle ACL
reconstruction using outside-in and trans-AM portal techniques. There were no significant
differences in femoral tunnel placement between the two groups. Femoral tunnel placement
for the high to low direction were 19.8 & 6.2% (AM bundle) and 47.9 =+ 8.5% (PL bundle)
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in the outside-in group, and 22.9 £ 8.0% (AM bundle) and 48.6 & 8.8% (PL bundle) in the
trans-AM portal group. The deep-to-shallow directions were 18.4 £ 5.6% (AM bundle)
and 22.5 + 6.0% (PL bundle) in the outside-in group, and 21.0 £ 5.5% (AM bundle) and
24.6 & 4.8% (PL bundle) in the trans-AM portal group. However, the graft bending angles
of the AM bundle and PL bundle were greater in the outside-in group (p < 0.001). These
results can help surgeons choose a technique that shows an obtuse graft bending angle
while creating a femoral tunnel in an appropriate position.

The 3D-CT can provide surgeons with useful information for revision ACL recon-
struction. During revision ACL reconstruction, accurate determination of the position
of the femoral tunnel created is essential for planning whether revision surgery should
be performed in a one- or two-stage manner. In this context, 3D-CT serves as a tool to
accurately assess femoral tunnel placement. Magnussen et al. [50] developed a femoral
tunnel classification according to 3D-CT, which yielded a moderate to substantial inter- and
intra-observer reliability (kappa coefficient of 0.57 and 0.67, respectively) (Table 2). They
suggested that type I should consider a re-using tunnel, type 2 should consider a two-stage
procedure when there is a possibility of tunnel convergence, and type 3 should consider a
new tunnel without concern of convergence.

Table 2. Classification system for previous tunnel placement according to 3D-CT.

Femoral Tunnel Type Location Relative to the Lateral

Intercondylar Ridge
I Well positioned Inferior and posterior
II-Vertical
II-Anterior Slightly malpositioned Overlapping
II-Both
I Significantly malpositioned  Entirely vertical and/or anterior

3. Authors’ Suggestions

Because it is important to create a femoral tunnel at the anatomical footprint for
successful ACL reconstruction, surgeons must accurately identify the anatomical femoral
footprint as identified in various cadaveric experiments. However, owing to the large
individual variations in bony landmarks, it is often difficult to evaluate whether the femoral
tunnel is created in the desired position when operated in a limited arthroscopic field of
view. If a surgeon does not recognize that the femoral tunnel placement is incorrect and
performs the same surgery, the surgeon is likely to make the same mistake. To avoid such
errors, radiological feedback is required. In order to receive feedback on the target point
you chose during surgery, it is better to review it within 48 to 72 h after the surgery.

In addition, it is important for surgeons to know the results of the surgery and explain
them to the patient.

4. Conclusions

Postoperative 3D-CT feedback, which is considered the best method for determining
whether femoral tunnels are positioned correctly, is effective in improving the accuracy of
femoral tunnel placement. Precise tunnel formation obtained through feedback may have
a positive effect on graft maturation, graft failure, and clinical outcomes after surgery.

5. Future Directions

Even if femoral tunnel placement on 3D-CT is appropriate, we should recognize that
acute graft bending negatively affects surgical results. Therefore, in the future, it will be
necessary to utilize 3D-CT to analyze femoral tunnel placement as well as various factors
such as the graft bending angle and graft contact area. This will enable the receipt of
feedback that will facilitate the selection of appropriate surgical techniques.
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Abstract: Background and Objectives: The aim of this study is to investigate the femoral tunnel
geometry (femoral tunsnel location, femoral graft bending angle, and femoral tunnel length) on
three-dimensional (3D) computed tomography (CT) and graft inclination on magnetic resonance
imaging (MRI) after anatomic anterior cruciate ligament (ACL) reconstruction using a flexible reamer
system. Materials and Methods: A total of 60 patients who underwent anatomical ACL reconstruction
(ACLR) using a flexible reamer system were retrospectively reviewed. One day after the ACLR
procedure was performed, all patients underwent three-dimensional computed tomography (3D-CT)
and magnetic resonance imaging (MRI). The femoral tunnel location, femoral graft bending angle,
femoral tunnel length, and graft inclination were assessed. Results: In the 3D-CTs, the femoral tunnel
was located at 29.7 + 4.4% in the posterior to anterior (deep to shallow) direction and at 24.1 £ 5.9% in
the proximal to distal (high to low) direction. The mean femoral graft bending angle was 113.9 4 5.7°,
and the mean femoral tunnel length was 35.2 + 3.1 mm. Posterior wall breakage was observed in
five patients (8.3%). In the MRIs, the mean coronal graft inclination was 69.2 £ 4.7°, and the mean
sagittal graft inclination was 52.4 £ 4.6°. The results of this study demonstrated that a comparable
femoral graft bending angle and longer femoral tunnel length were observed compared with the
reported outcomes from previous studies that used the rigid reamer system. Conclusions: ACLR
using a flexible reamer system allowed for an anatomic femoral tunnel location and a comparable
graft inclination to that of the native ACL. In addition, it achieved a tolerable femoral graft bending
angle and femoral tunnel length.

Keywords: anterior cruciate ligament reconstruction; anteromedial portal; flexible reamer; femoral

tunnel

1. Introduction

Of the various surgical methods used for anatomical anterior cruciate ligament (ACL)
reconstruction (ACLR), femoral drilling methods that are independent of the tibial tunnel
have garnered attention [1-3]. The recent purpose of anatomical reconstruction is not only
to achieve anatomical neo-ACL reconstruction but also to preserve the residual ACL where
possible [4,5]. The transportal technique, the representative independent femoral drilling
method, has potential risks, such as iatrogenic femoral cartilage injury, short femoral tunnel,
posterior wall breakage, and peroneal nerve injury [6,7]. To overcome such potential risks,
hyperflexion of the knee needs to be maintained during femoral drilling, in which the
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surgical field is blocked by hyperflexion [8,9]. Nonetheless, hyperflexion is needed because
a guide pin and reamer are rigid [8].

A flexible reamer system was developed to overcome the limitation of the transportal
technique that uses the existing rigid reamer system. Because the femoral drilling in
this system is performed without more than 120° of knee hyperflexion, securing the
surgical field, a relatively long femoral tunnel can be generated [10]. This can reduce the
incidence of posterior wall breakage and avoid the risk of peroneal nerve injury. Previous
cadaver studies reported that a significantly longer femoral tunnel could be achieved with
a flexible guide pin than with a rigid guide pin [11,12]. A recently published systemic
review reported that a clinical application of a flexible guide pin resulted in a longer and
more anteverted femoral tunnel than a rigid guide pin [13]. In an attempt to overcome
the inherent limitations of the transportal technique, the retrograde drilling method was
introduced [14]. However, it is known that it has not yet been successful in reducing the
incidence of acute graft bending [15,16]. As a result, the authors chose to use the transportal
technique with a flexible reamer.

Because the postoperative outcomes of ACLR are affected by not only the graft length
within the tunnel but also the femoral graft bending angle and graft inclination angle,
merely securing a long femoral tunnel is not sufficient to obtain a desirable outcome.
It is known that the femoral graft bending angle affects graft stress within the femoral
tunnel, leading to tunnel widening or graft failure when an acute graft bending angle
is formed [17-19]. Although it is unclear if the maintenance of inclination in the native
ACL during ACLR would help obtain functionally beneficial clinical outcomes, it has been
reported that a larger graft inclination is associated with graft laxity [20,21].

However, there has not been a comprehensive analytical study on femoral tunnel
geometry and graft inclination after ACLR using a flexible reamer system. Therefore, the
aim of the current study as a case series is to investigate the femoral tunnel geometry
(femoral tunnel location, femoral graft bending angle, and femoral tunnel length) on three-
dimensional (3D) computed tomography (CT) and graft inclination on magnetic resonance
imaging (MRI) after anatomic ACLR using a flexible reamer system. It was hypothesized
that ACLR using a flexible reamer system would result in an anatomical femoral tunnel
location and an average femoral tunnel length of 35 mm or more while maintaining a
tolerable graft bending angle. In addition, it was hypothesized that it would provide a
relatively native graft inclination.

2. Materials and Methods
2.1. Patients

The medical records, 3D CT images, and MRI scans of 65 patients who underwent
anatomical ACLR using a flexible reamer system at our institute from September 2021
to June 2022 were retrospectively reviewed. The inclusion criteria were primary ACLR;
single-bundle reconstruction; the use of a soft-tissue graft; and availability to attend 3D
CT and MRI evaluations. The exclusion criteria were selective bundle reconstruction,
multiple-ligament injury, and revision ACLR. Among the 65 patients, 5 were excluded due
to revision ACLR (n = 3), multiligament injury for which combined ligament reconstruction
was performed (1 = 1), and no follow-up MRI (1 = 1). Finally, 60 patients were enrolled in
this study. This retrospective investigation was conducted following approval from the
Ethics Committee of Konkuk University Medical Center (KUMC 2023-01-001).

2.2. Surgical Techniques

All procedures were performed by a single experienced surgeon (DWL) using a flexible
reamer system (VersiTomic, Stryker; Kalamazoo, MI, USA). In all patients, soft-tissue grafts
(a hamstring autograft or hamstring autograft + tibialis allograft) were used, the diameters
of which were 8-9 mm. The diameters of the femoral and tibial tunnels were equal to the
diameter of the graft.
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Three portals were created using a 30° arthroscope [22]. The anterolateral (AL) portal
was established at the level of the patellar inferior pole as close as possible to the lateral
border of the patellar tendon as a viewing portal. The anteromedial (AM) portal was
established at the level of the patellar inferior pole as close as possible to the medial border
of the patellar tendon as a viewing portal or working portal. This was in a slightly higher
position than conventional to avoid the “sword fighting phenomenon.” The accessory
anteromedial portal (AAM) was located inferior and medial to the AM portal, just above
the anterior horn of the medial meniscus. Care was taken to avoid chondral damage of the
medial femoral condyle. This allows the ACL femoral attachment to be viewed through
the AM portal while instruments are inserted through this AAM portal.

The ACL femoral attachment was removed to identify the bony landmarks (lateral
intercondylar ridge and bifurcate ridge) while preserving the remnant tissue substantially
using electrocautery (ArthroCare, Smith & Nephew; Austin, TX, USA). While visualizing
through the AL portal, the center of the femoral tunnel was marked inferior to the lateral
intercondylar ridge and just behind the bifurcate ridge using a microfracture awl through
the AAM portal, with the knee in 90° of flexion (Figure 1A). The tunnel center was deter-
mined using an arthroscopic bendable ruler (Smith & Nephew Endoscopy, Andover, MA,
USA), ensuring that the posterior wall remained 2-3 mm. A 45° curved drill guide was
introduced through the AAM portal to the center of the femoral tunnel with superolateral
trajectory viewing through the AL portal. A flexible guide pin was inserted through the
curved drill guide and drilled with the knee in 100° of flexion (Figure 1B). After the curved
drill guide was removed, a flexible reamer of 4.5 mm diameter was drilled out through the
far cortex to pass through a suspensory fixation device (Figure 1C). A flexible reamer of a
diameter equal to that of the prepared graft was drilled at the same knee flexion angles
(Figure 1D). The femoral tunnel was confirmed via the AM portal (Figure 1E). An ACL
guide (Linvatec; Largo, FL, USA) was used to establish the tibial tunnel at an angle of
47.5°. The ACL guide tip was located just anteromedial to the center of the ACL bundles.
A rigid reamer of a diameter equal to that of the prepared graft was drilled to protect the
remnant ACL bundles. The prepared graft was passed from the tibial tunnel to the femoral
tunnel. If the femoral tunnel length was 35 mm or longer, EndoButton (Smith & Nephew;
Andover, MA, USA) with 15 mm tape was used for fixing. In contrast, if it was shorter than
35 mm, UltraButton (Smith & Nephew; Andover, MA, USA) was used for femoral fixation
to maintain the 20 mm or longer graft length within the tunnel. The tibial side was dually
fixed using a bioabsorbable interference screw (Matryx, ConMed Linvatec; Largo, FL, USA)
and an additional cortical screw or staple with the knee in 20° of flexion. The diameter of
the interference screw was equal to that of the tibial tunnel. Finally, the reconstructed ACL
graft containing the original remnant ACL tissue was evaluated (Figure 1F).

(A)

Figure 1. Cont.
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Figure 1. Anterior cruciate ligament (ACL) reconstruction of the left knee. (A) Anatomic center of the
femoral tunnel is marked inferior to the lateral intercondylar ridge and just behind the bifurcate ridge
(dotted line) using a microfracture awl through the accessory anteromedial (AM) portal, with the knee
in 90° of flexion. (B) A flexible guide pin is inserted and drilled with the knee in 100° of flexion. (C) A
flexible reamer of 4.5 mm diameter is drilled out through the far cortex to pass through a suspensory
fixation device. (D) A flexible reamer of a diameter equal to that of the prepared graft is drilled.
(E) The femoral tunnel is confirmed via the AM portal. (F) After tibial fixation, the reconstructed
ACL graft containing the remnant tissue is evaluated.

2.3. Three-Dimensional CT Evaluation

One day after the ACLR procedure was performed, all patients underwent 3D CT scans
(LightSpeed VCT XT, GE Medical Systems; Milwaukee, WI, USA). During the examination,
the knee was extended as fully as possible.

To assess the femoral tunnel location, a true medial view of the lateral femoral condyle
with the image of the medial femoral condyle erased at the center of the intercondylar
notch was obtained. The quadrant methods used previously by Bernard et al. [23] and
Forsythe et al. [24] facilitated the analysis of the femoral tunnel location (Figure 2). The
tunnel location was determined in the proximal to distal (deep—shallow) and anterior to
posterior (high—low) directions and presented as the percentage of the distance from the
posterior edge of the lateral femoral condyle to the roof of the intercondylar notch. The
measurements were performed on a picture archiving and communication system (PACS)
workstation (Centricity RA 1000, GE Healthcare; Chicago, IL, USA).
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Figure 2. The femoral tunnel location is determined in the proximal to distal and anterior to posterior
directions and presented as the percentage of the distance from the posterior edge of the lateral
femoral condyle to the roof of the intercondylar notch.

The 3D CT scans were imported into 3D software (AW Sever 3.2 PACS system, GE
Healthcare; Chicago, IL, USA) for the assessments of the femoral graft bending angle and
femoral tunnel length. The femoral graft bending angle was defined as the angle formed
by the longitudinal axis of the femoral tunnel and the line connecting the intra-articular
aperture of the tibial tunnel and the intra-articular aperture of the femoral tunnel (Figure 3).
The femoral tunnel length was defined as the distance between the center of the extra-
articular aperture of the femoral tunnel and the center of the intra-articular aperture of
the femoral tunnel in a plane where the entire femoral tunnel could be viewed (Figure 4).
Posterior wall breakage of the femoral tunnel was also checked.

Figure 3. The femoral graft bending angle is defined as the angle formed by the longitudinal axis of
the femoral tunnel and the line connecting the intra-articular aperture of the tibial tunnel and the
intra-articular aperture of the femoral tunnel.
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Figure 4. The femoral tunnel length is defined as the distance between the center of the extra-articular
aperture of the femoral tunnel and the center of the intra-articular aperture of the femoral tunnel.

2.4. MRI Evaluation

One day after ACLR, all patients underwent MRI with a 3.0-T system apparatus (Signa
HD, GE Healthcare; Milwaukee, WI, USA) to evaluate for graft inclination. The graft
inclination on the coronal plane was defined as the angle between the medial margin of the
ACL graft through more than one slice and a line parallel to the tibial plateau at the level of
the middle of the medial collateral ligament (Figure 5A). Because the entire ACL graft is
unable to be visualized on one slice, if the medial margin of the ACL graft is marked and
scrolled while watching the monitor, a line can be clearly drawn. The graft inclination on
the sagittal plane was defined as the angle between the anterior margin of the ACL graft
and a line perpendicular to the long axis of the tibia at the level of the Blumensaat line
(Figure 5B).

Figure 5. The coronal graft inclination (A) is defined as the angle between the medial margin of the
anterior cruciate ligament (ACL) graft and a line parallel to the tibial plateau at the level of the middle
of the medial collateral ligament. The sagittal graft inclination (B) is defined as the angle between the
anterior margin of the ACL graft and a line perpendicular to the long axis of the tibia at the level of
the Blumensaat line.

15



Medicina 2023, 59, 1031

2.5. Statistical Analysis

The statistical analysis was performed using SPSS software (IBM SPSS Statistics 21,
IBM Corp.; Somers, NY, USA). Intrarater reliability was assessed using the intraclass corre-
lation coefficient (ICC) with the following classifications: excellent (>0.9), good (0.75-0.9),
moderate (0.5-0.75), and poor (<0.5). Interrater reliability between the examiners was as-
sessed using kappa (k) values and classified as excellent (0.81-1.00), substantial (0.61-0.80),
moderate (0.41-0.60), fair (0.21-0.40), or slight (0-0.20) [25]. All radiological measurements
were independently performed by one experienced radiologist and one experienced or-
thopedic surgeon (SGM and DWL). Each investigator evaluated all images two times in
intervals of 6 weeks and was blinded to the other investigator’s evaluation. The average
data of two measures were used for the analysis.

3. Results

The basic demographics of enrolled patients are summarized in Table 1. The kappa
values for intraobserver and interobserver agreements for the measurements were all >0.81
(Table 2).

Table 1. Demographic data.

N =60
Age,y 284+99
Sex, n, Male/Female 37/23
Body Mass Index, kg/m? 232453
Side, n, Right/Left 29/31

Table 2. Reliability of each radiological measurement.

Tunnel Location Graft Inclination
FGBA Tunnel Length
Posterior to Anterior Proximal to Distal Coronal Sagittal
Examiner 1 0.91 0.89 0.89 0.97 0.91 0.94
Examiner 2 0.89 0.87 0.86 0.94 0.89 0.90
Interexaminer 0.86 0.84 0.85 0.96 0.89 0.91

FGBA, femoral graft bending angle.

Regarding the femoral tunnel location, it was located at 29.7 & 4.4% in the posterior
to anterior (deep to shallow) direction and at 24.1 £ 5.9% in the proximal to distal (high
to low) direction. The mean femoral graft bending angle was 113.9 £ 5.7°, and the mean
femoral tunnel length was 35.2 + 3.1 mm (Table 3). There were no cases of a femoral tunnel
length <30 mm because the guide pin was redirected for those <30 mm while making the
knee joint flexion to approximately 110°. Posterior wall breakage was observed in five
patients (8.3%). In the MRIs, the mean coronal graft inclination was 69.2 & 4.7°, and the
mean sagittal graft inclination was 52.4 £ 4.6° (Table 3). The mean posterior tibial slope
241 was 7.9 =+ 3.5, and there was no posterior tibial slope of more than 12°.

Table 3. Femoral tunnel geometry and graft inclination.

N =60
Femoral tunnel location, %
Proximal to distal (deep—shallow) 28.8 +4.7
Anterior to posterior (high-low) 241+£59
Femoral graft bending angle, ° 1139 £5.7
Femoral tunnel length, mm 35.2 + 3.1
Graft inclination, ©
Coronal inclination 69.2 £4.7
Sagittal inclination 524+ 4.6
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There were no cases of iatrogenic chondral damage of the medial femoral condyle
during the procedure. The mean operative time was 72.4 4= 12.1 min.

The results of this study were compared with those of previous studies in which an
anatomical single-bundle ACLR using a flexible reamer system or rigid reamer system was
performed (Table 4).

Table 4. Current findings and previously reported femoral tunnel geometry in anatomical single-
bundle anterior cruciate ligament reconstruction.

Femoral Tunnel Location, % Femoral Graft  Femoral Posterior Wall
Study Cases, n Technique . Bending Tunnel Breakage,
9 Deep-Shallow High-Low Angle, ° Length, mm 1 (%)
Currentstudy 60 TP (3 portals)/FR 288 +47 241459 1139 + 5.7 352431 5 (8.3)
Yoon etal. [26] 30 TP (2 portals)/FR 29.6 +55 20.1+6.7 108.4 + 6.9 32.8+45 2 (6.6)
14 TP (3 portals)/FR 280 +6.3 237 +58 109.8 + 9.4 36.7 +29

Seoetal. [27] 14 TP (3 portals)/RR 321443 215 +52 118.14+7.2 329 +£90 N/A
Parketal 28] 2! TP (3 portals)/RR 26.7 £ 45 32.1+8.0 107.9 + 10.0 29.6 + 3.9 7 (33.3)

etak 30 OI/RR 313+ 6.0 27.6 £10.1 101.3 + 8.2 330435 1(3.3)

TP, transportal; FR, flexible reamer; RR, rigid reamer; OI, outside-in; N/A, Not Available.

4. Discussion

The most substantial findings of the current study were that the flexible reamer system
allowed for an anatomic femoral tunnel location and a comparable graft inclination to
those of the native ACL. In addition, our results demonstrate that a comparable femoral
graft bending angle and longer femoral tunnel length were observed compared with the
reported outcomes from previous studies that used the rigid reamer system (Table 4).

Parkar et al. [29] published a systematic review of normal ACL center locations. In
this systematic review, 218 knees demonstrated that the weighted 5th and 95th percentiles
for the deep-shallow direction were 24% and 37%, respectively, and they were 28% and
43%, respectively, for the high-low direction. Piefer et al. [30] conducted a systematic
review of the ACL femoral footprint anatomy. In their systematic review, the center of AM
bundle ranged from 15% to 26.4% for the deep—shallow direction and 14.2% to 25.3% for
the high—-low direction. The center of the ACL footprint ranged from 23.5% to 43.1% for
the deep—shallow direction and 27.5% to 44.25% for the high-low direction. In the present
study, the center of the femoral tunnel was 28.8 + 4.7% for the deep—shallow direction
and 24.1 £ 5.9% for the high—low direction, and this femoral tunnel location was slightly
closer to the AM bundle than the anatomical center of the ACL footprint. This indicates
that the tunnel was well generated at the intended position because we targeted not the
center between the AM bundle and the PL bundle but rather the region just posterior to
the bifurcate ridge when marking the center of the femoral tunnel. To create a relatively
consistent position of the femoral tunnel, we determined the tunnel center location using an
arthroscopic bendable ruler (Smith & Nephew Endoscopy, Andover, MA, USA), ensuring
that the posterior wall remained 2-3 mm.

In terms of graft inclination, Jamsher et al. [31] applied and compared four drilling
techniques (the transportal technique using a flexible reamer system, the transportal tech-
nique using a rigid reamer system, outside-in retrograde drilling technique, and the
transtibial drilling technique) for ACLR and demonstrated that the transportal technique
using a flexible reamer system and outside—in retrograde drilling technique had outcomes
more similar to those of sagittal and coronal inclinations than the transportal technique
using a rigid reamer system and transtibial technique. In the study, the inclinations of
the native ACL in the sagittal plane and coronal plane were 49.3 + 4.2° and 73.6 + 3.4°,
respectively, and the graft inclination in ACLR with the transportal technique using a
flexible reamer system in the sagittal plane and coronal plane were 49.9 + 5.0° and 69.3 £
4.5°, respectively. Other studies also reported that the sagittal inclination of the native ACL
was 51-52° [20,32]. Snoj et al. [21] reported 52.2 & 4.4° for the sagittal inclination of native
ACL and 65.2 % 6.6° for coronal inclination. Thus, the sagittal and coronal inclinations in
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our study were as close as within a 5° difference as those from inclinations of the native
ACL reported by previous studies. Because a femoral offset guide was not used when
applying the flexible reamer system, we were able to easily adjust the vertical position of
the femur tunnel, which seemed to affect the outcome positively [31]. Although the effect
of graft inclination on the clinical outcomes of ACLR has yet to be revealed, some report
that it could have effects as considerable as the femoral tunnel location. Snoj et al. [21]
demonstrated that there were significant correlations between anterior tibial translation
and the sagittal (p = 0.01) and coronal (p < 0.01) inclinations. Hagiwara et al. [20] reported
that the lateral sagittal inclination ranged from 45.8° to 65.4° after ACLR and that a larger
graft inclination was significantly correlated with graft laxity.

Regarding the femoral graft bending angle, there are contradictory reports between
the rigid reamer system and the flexible reamer system. Seo et al. [27] reported that the
mean angles with the application of a flexible reamer system and a rigid reamer system
for single-bundle ACLR were 109.8° and 118.1°, respectively, demonstrating a more acute
outcome for the flexible reamer system. In contrast, Kim et al. [33] applied a flexible
reamer system for double-bundle ACLR, resulting in 115.5° for a mean graft bending angle
of AM bundle, which is less acute than that when a rigid reamer system was applied
(108.4°). When applying a flexible reamer, Yoon et al. [26] made a tunnel in the lateral
femoral condyle in a less perpendicular trajectory using a standard AM portal rather than
an accessory AM portal. In our study, the mean graft bending angle was 113.9°, which is
less acute than the mean angle (108.4°) reported by Yoon et al. [26]. Although we used an
accessory AM portal, we first performed 4.5 mm reaming for a suspensory fixation system
to generate a less acute graft bending angle and then tried reaming in the lateral femoral
condyle in a less perpendicular trajectory while pushing back a thick reamer suitable for
the graft size as far as possible. A sharp graft bending angle at the edge of the femoral
tunnel entrance would load much stress on the graft, which could cause graft immaturation
or failure, so it should be carefully applied in a flexible reamer system [19,34].

The mean femoral tunnel length (35.2 £ 3.1 mm) of the present study was longer than
that of the rigid reamer system and similar to that of previous studies that used the flexible
reamer system (Table 4). An advantage of the flexible reamer is that a desirable femoral
tunnel length can be secured even without having knee flexion of 120° or greater [11,12].
Hence, if it is possible to generate a 30 mm or longer femoral tunnel, it should be better
not to make a tunnel acute graft bending by hyperflexion for elongation of the tunnel. In
the current study, a fixed loop suspensory device was used for 35 mm or longer femoral
tunnels, whereas an adjustable loop suspensory device was utilized for those shorter than
35 mm to maintain a 20 mm or longer graft within the tunnel. It is known that there should
be no clinical difference between them [35]. In comparison with the existing rigid reamer
system, the application of the flexible reamer system not only secured a longer femoral
tunnel length but also had fewer incidences of posterior wall breakage, which should be
considered that it had overcome the weaknesses of the existing transportal technique. Some
authors showed that there were only two cases of posterior 334 wall breakage-one in the
flexible reamer group (n = 25) and one in the rigid reamer group (n = 25) [36]. However,
their mean femoral tunnel position (deep to shallow) was 32.9% for the flexible reamer
group and 32.8% for the rigid reamer group. Our femoral tunnel position was deeper since
it was slightly closer to the AM bundle. In order to make a femoral tunnel close to the AM
bundle, the risk of breakage is inevitably increased because it is close to the poster wall.
Care should be taken to prevent poster wall breakage from occurring, even if the possibility
of poster wall breakage is lower than that of the rigid reamer.

By analyzing 3D CT and MRI performed in previous studies, the present study in-
vestigated not only femoral tunnel geometry but also graft inclination. To date, there
have been no reports of the long-term clinical effects of flexible reamers. Since this study
generated tunnels using anatomic femoral footprints with the application of the flexible
reamer system and was able to reproduce graft inclination close to native ACL, it should be
considered significant, allowing the expectation of desirable long-term clinical outcomes.
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This study is a comprehensive evaluation of 3D CT and MRI after ACLR in a relatively
homogeneous group of 60 patients at a single institution. Based on the study results, when
using a flexible reamer, it is possible to create an anatomically consistent femoral tunnel
within a short surgery time, and because the graft bending angle is not acute, we believe
that satisfactory radiological examination results, such as CT and MRI, can be obtained
once one becomes familiar with this technique.

The current study had some limitations. First, this study was retrospective in design,
and there was no control group. Second, since few studies have investigated the femoral
tunnel geometry of ACLR, studies comparable to the radiological results of this study and
their results have been insufficient. The reason for analyzing previous studies in the results
is solely to supplement the data analysis of previous research, which may be insufficient in a
case series. Third, this study did not assess the heterogeneity of the patient’s characteristics
and the risk of bias in the included papers. Fourth, no clinical outcomes were included
because this study analyzed 3D CT and MRI data right after surgery. Therefore, even a
satisfactory radiological outcome should not be predicated on desirable clinical outcomes.
Further research is needed on this. Fifth, while the femoral graft bending angle can be
changed depending on the knee motion, this study evaluated the patients only in static
states by CT, so it has a limitation in evaluating in vivo clinical significance. Finally, at least
1 year of postoperational MRI follow-up is required to evaluate the effect of the femoral
geometry and graft inclination on graft maturation.

5. Conclusions

ACLR using a flexible reamer system allowed for an anatomic femoral tunnel location
and a comparable graft inclination to that of the native ACL. In addition, it achieved a
tolerable femoral graft bending angle and femoral tunnel length.
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Abstract: Background/Objectives: Multiligament knee injuries, involving damage to multiple
stabilizing structures, present a significant challenge in orthopedic surgery, often resulting
in knee instability and compromised function. While anatomic ligament reconstruction has
been traditionally advocated, non-anatomic techniques may provide effective alternatives,
particularly for patients with moderate functional demands who do not require high-level
athletic performance. Material and methods: In this study, we assessed the outcomes of
a non-anatomic, hybrid surgical approach involving combined arthroscopic and open
non-anatomic ligament reconstruction in 60 patients with multiligament knee injuries.
Using simplified reconstruction methods for the medial collateral ligament (MCL) and
lateral collateral ligament (LCL), we tailored the procedures to the needs of active, non-
professional patients. Functional outcomes were evaluated using the International Knee
Documentation Committee (IKDC) Questionnaire, Lysholm Knee Scoring Scale, and Knee
Injury and Osteoarthritis Outcome Score (KOOS). Results: Postoperative improvements
were significant, with the total IKDC score increasing from a median of 39.1 preoperatively
to 75.9 postoperatively, Lysholm from 61.0 to 87.0, and KOOS from 47.6 to 85.7 (p <
0.01). The results demonstrated significant improvements across all scoring systems, with
enhanced knee stability, reduced pain, and better quality of life. Conclusions: These findings
support the feasibility of non-anatomic reconstructions as a practical solution for patients
seeking a return to daily activities and recreational sports without the complexity of full
anatomic reconstruction.

Keywords: knee instability; ligament reconstruction; arthroscopic; open technique; IKDC
Questionnaire; Lysholm Knee Scoring Scale; KOOS

1. Introduction

7

The sensation of knee instability involves the frequent feeling of the knee “giving way”
or “dislocating”, often making everyday activities such as climbing stairs and walking on
uneven surfaces quite difficult. Knee dislocation, which typically results from significant
trauma, is commonly accompanied by other injuries. Consequently, knee instability has a
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substantial impact on the quality of life of affected individuals [1]. Fortunately, there are
several treatment options available to manage this issue [2]. Traditional treatments have
involved addressing symptoms conservatively, surgically repairing injured ligaments, or
reconstructing them using grafts from the patient’s body, a donor, or synthetic materials.
More recent techniques aim to repair or replace the knee’s stabilizing structures as much as
possible [3]. Both of these methods have improved outcomes for daily activities [4,5].

Advancements in technology and medical research are constantly expanding the range
of treatment options for knee instability [6]. Cutting-edge techniques, including minimally
invasive procedures and regenerative medicine, offer promising alternatives to traditional
treatments [7-9]. These innovative approaches not only focus on alleviating symptoms
but also on promoting tissue regeneration and enhancing long-term joint stability [10],
such as combined anterior cruciate ligament (ACL)/posterior cruciate ligament (PCL) and
collateral ligament reconstruction, which have shown promising results in improving knee
stability and function [11]

The importance of comprehensive rehabilitation programs for individuals with knee
instability cannot be overstated. These programs incorporate a combination of physical
therapy, strength training, and proprioception exercises to optimize the recovery process
and prevent future knee injuries [12-14]. Additionally, advancements in biomechanics
research have led to the development of specialized braces and orthotics designed to
provide enhanced support and stability [15].

This study evaluates the outcomes of combining arthroscopic anatomic cruciate liga-
ment reconstruction with open non-anatomic collateral ligament reconstruction techniques
tailored to patients with moderate functional demands. The approach focuses on simplified
reconstruction methods for collateral ligaments, particularly for the medial collateral liga-
ment (MCL) and lateral collateral ligament (LCL), while maintaining anatomic techniques
for ACL and PCL reconstructions. With numerous indications and controversies surround-
ing combined techniques, this study aims to contribute valuable insights into optimizing
surgical strategies for knee instability. With numerous indications and controversies still
surrounding combined arthroscopic and open non-anatomic ligament reconstruction tech-
niques, this study could contribute valuable insights to the literature regarding the efficacy
of combining these surgical techniques.

Moreover, our objective was to observe the outcomes of non-athletes moderate active
patients who underwent surgical treatment using combined arthroscopic and non-anatomic
reconstructive procedures, assessing significant improvements in knee function and quality
of life as measured by the IKDC Questionnaire, Lysholm Knee Scoring Scale, and KOOS.

These outcomes could guide clinicians in optimizing surgical strategies to enhance
recovery and long-term knee stability while improving patient-reported quality of life.

2. Materials and Methods
2.1. Selection Criteria

This retrospective cohort study was conducted from 2019 to 2023, focusing on patients
with confirmed multiligament knee injuries who received surgical treatment. The study
aimed to evaluate the effectiveness of a combined arthroscopic and open non-anatomic
ligament reconstruction technique using a non-anatomic approach tailored for patients
with moderate activity levels.

The inclusion criteria encompassed adult patients aged 18 to 60 years with multiliga-
ment knee injuries confirmed through clinical examinations and imaging, involving at least
two of the major knee ligaments (ACL, PCL, MCL, and LCL). Patients were required to
present with chronic injuries (more than six weeks from the time of trauma and not more
than 6 months after trauma) and to be physically active, defined as engaging in moderate
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levels of physical activity prior to the injury. Eligible participants needed to have sufficient
overall health to undergo surgical intervention and be compliant with postoperative re-
habilitation, as determined by a comprehensive preoperative evaluation. Patients with
important comorbidities such as osteoporosis, cancer, autoimmune diseases, or metabolic
disorders were excluded from the cohort. Individuals with associated meniscal or chondral
injuries requiring repair were also included, taking into account these did not diverge from
the primary focus on ligament reconstruction. All patients provided informed consent
and agreed to participate in the follow-up evaluations. Patients were excluded if they had
acute ligament injuries requiring immediate surgery. These criteria ensured that the sample
comprised patients who could benefit from the surgical intervention, thereby enhancing
the reliability of the outcomes.

The surgical procedure combined arthroscopic and open techniques, performed by
a surgeon with over 10 years of experience in knee arthroscopy and sports traumatology.
The arthroscopic procedures included anterior cruciate ligament (ACL) reconstruction,
posterior cruciate ligament (PCL) reconstruction, combined cruciate reconstructions, and
meniscal surgeries as needed, depending on the specific injury patterns observed in each
patient. The average duration of the surgery was approximately 1 h and 30 min. The
approach was designed to simplify the reconstruction process by using non-anatomic
techniques, prioritizing functional outcomes over exact anatomical replication.

For medial collateral ligament (MCL) reconstruction, we employed two simplified
methods: a single-bundle graft technique, which provided adequate valgus stability using
autograft tissue anchored proximally to the femur and distally to the tibia, and the Danish
technique, which utilized a minimally invasive approach with either an autograft or
synthetic graft to enhance medial stability while reducing recovery time.

Lateral collateral ligament (LCL) reconstruction involved three techniques adapted
based on the specific patient’s needs: the Arciero technique, which utilized an autograft
passed through femoral and fibular tunnels to restore lateral stability with minimal surgical
exposure; the Larson sling technique, which is also fibula-based and employed an allograft
passed through a fibula tunnel and anchored at the femur, emphasizing mechanical stabil-
ity; and a modified version of the LaPrade technique, where the modifications included
reducing the number of surgical tunnels to minimize operative time and using a single-
bundle graft instead of a double-bundle approach. These adjustments aimed to simplify
the procedure while maintaining adequate lateral support and stability. The modifications
were tailored to the functional demands of the patient population studied.

There were also a couple of cases on which a single Achilles allograft was used to
reconstruct both the ACL and MCL or the ACL and LCL and ALL. In the cases where
the ACL and MCL were reconstructed, the ACL was reconstructed in a standard manner,
with the Achilles bone block on the femoral condyle, and after fixing the graft in the tibial
tunnel, the remaining allograft was used to reconstruct the MCL. When the ACL and LCL
were reconstructed with a single Achilles allograft, the femoral tunnel was created in an
OUTSIDE-in technique. The ACL part was fixed with screws on the femoral tunnel and the
remaining Achilles allograft was split in two, on the reconstructed LCL limb and the ALL
on the other (Figures 1 and 2).

Postoperative care followed a standardized rehabilitation protocol. The initial phase
(0-2 weeks) focused on immobilization with a knee brace and limited weight-bearing.
This was followed by progressive rehabilitation, including range-of-motion exercises and
quadriceps strengthening from weeks 2 to 6. The advanced phase (from week 6 onward)
incorporated proprioceptive training and sport-specific exercises, aiming for a gradual
return to recreational activities.
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Figure 1. MRI demonstrating a single Achilles allograft used to reconstruct both the ACL and MCL,
showing graft positioning and fixation.

Figure 2. MRI demonstrating a single Achilles allograft used to reconstruct ACL, LCL, and ALL,
with clear visualization of the graft distribution.

Clinical assessments such as the Lachman test, Pivot Shift Test (PST), varus stress test
(Var), and valgus stress test (Val) were included, ensuring a broader and more objective
evaluation of functional outcomes (detailed in the Supplementary Materials).

Clinical outcomes were assessed using three validated scoring systems: the Interna-
tional Knee Documentation Committee (IKDC) Questionnaire, the Lysholm Knee Scoring
Scale, and the Knee Injury and Osteoarthritis Outcome Score (KOOS). These scores are
extensively utilized and validated instruments for evaluating knee function, symptoms,
and patient quality of life. The KOOS is a thorough, self-administered questionnaire
that assesses five domains: pain (KOSSP), symptoms (KOSSSy), activities of daily living
(KOSSA), sports/recreation (KOSSp), and knee-related quality of life (KOOSQ), rendering
it appropriate for monitoring outcomes in patients with knee injuries and osteoarthritis
over time [16,17]. These subcategories provide a comprehensive assessment of knee func-
tionality, symptoms, and the impact of knee conditions on daily living and quality of life.
The IKDC score, created by the International Knee Documentation Committee, offers a
standardized assessment of knee functionality and is commonly utilized in clinical research
to evaluate the efficacy of interventions, particularly in cases of ACL and other ligament
injuries [18,19]. It encompasses both subjective and objective elements to assess a patient’s
perceived knee functionality in conjunction with physical examination results. The IKDC
(International Knee Documentation Committee) score includes subjective and objective
measures of knee function. IKDC3 evaluates the highest level of activity a patient can
perform without pain, capturing the functional limitations imposed by knee instability
or injury. The Lysholm score, initially developed to assess outcomes after knee ligament
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surgery, emphasizes eight primary symptoms, such as pain, instability, and functional
impairments [20,21]. The Lysholm Knee Scoring Scale consists of eight subsections, each as-
sessing a distinct aspect of knee health. These include the presence and severity of limping,
the need for walking aids, instances of knee locking, sensations of instability or “giving
way”, pain intensity during activities, post-exertion swelling, challenges in stair climbing,
and the ability to perform a full squat. Each subsection contributes to the overall score,
with higher scores indicating better knee functionality. For example, Lysholm 7 evaluates
the patient’s ability to ascend stairs, Lysholm 4 measures knee instability, and Lysholm 5
assesses pain intensity. Collectively, these scales offer a comprehensive perspective on knee
health and are essential for tracking recovery, evaluating interventions, and measuring
patient satisfaction with knee-related therapies.

These tools measured improvements in knee function, pain levels, and overall quality
of life. All patients provided written informed consent prior to their participation in the
study. The study protocol was reviewed and approved by the institutional ethics committee,
with approval reference number 20207 /28 August 2024.

2.2. Statistical Analysis

Continuous variables following a normal distribution were presented as means with
standard deviation (SD), while non-normally distributed data were presented as medians
with interquartile range (IQR). The normality of the distribution was evaluated utilizing
the Shapiro-Wilk test. Differences among groups for normally distributed continuous data
were assessed utilizing Welch's ¢-test for two groups or ANOVA for more than two groups.
Post hoc analyses, when necessary, were conducted utilizing the Bonferroni correction
to adjust for multiple comparisons. For non-normally distributed continuous data, the
Mann-Whitney U test and the Wilcoxon signed-rank test were employed for two-group
comparisons, while the Kruskal-Wallis test was applied for comparisons involving three or
more groups. The false discovery rate was applied to adjust for multiple comparisons in the
Mann-Whitney U test, Wilcoxon signed-rank test, and Kruskal-Wallis test. Categorical data
were analyzed utilizing the x? test or Fisher’s exact test, particularly when expected cell
counts were below five. Categorical data were reported as frequencies (1) and percentages
(%). A priori power analysis was conducted with at least 80% statistical power with a
95% confidence interval. All statistical analyses were performed utilizing R Studio version
3.6.0 using the packages stats, dplyr, coin, multcomp, and pwr. A significant p-value was
considered <0.05.

3. Results

The study comprised 60 participants with a median age of 38 years (IQR 32-44), of
whom 87% were male (n = 52) and 13% were female (1 = 8). Participants predominantly
lived in urban regions (60%) as opposed to rural regions (40%). The majority of subjects
participated in physical therapy (88%), while a lesser percentage received a combination of
physical therapy and hydrotherapy (12%). The median rehabilitation duration was 38 days
(IQR 24-40), and the median symptom duration before intervention was 12 months (IQR
8-24), as observed in Table 1.

Table 1. Demographic and clinical characteristics of the study population.

Characteristic n =60
Age 38 (32, 44)
Gender
Female 8 (13%)
Male 52 (87%)
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Table 1. Cont.

Characteristic n =60
BMI (kg/m?) 29.4 (24.8, 30.0)
Place of residence
Rural 24 (40%)
Urban 36 (60%)
Type of rehabilitation
Physical therapy (PT) 53 (88%)
PT + Hydrotherapy 7 (12%)
Duration of rehabilitation (weeks) 38 (24, 40)
Duration of symptoms (months) 12 (8, 24)
Type of work
Intensive physical work 5 (8.3%)
Moderate physical work 15 (25%)
Sedentary work 40 (67%)
Educational level
High school 24 (40%)
Post-secondary 7 (12%)
Vocational school 3 (5.0%)
University 26 (43%)
Combinations of reconstructions
ACL + LCL (single Achilles allograft) 5(8.3%)
ACL + MCL (single Achilles allograft) 8 (13%)
ACL + LCL (ACL autograft + hamstring allograft) 15 (25%)
ACL + MCL (BTB allograft for ACL and hamstring 20 (33%)
autograft for MCL)
ACL + PCL (ACL autograft + PCL Achilles allograft) 4 (6.7%)
ACL + PCL + MCL 6 (10%)

PLC + ACL + MCL (single Achilles allograft for ACL and
PLC + hamstring autograft for MCL)
Data are presented as median (interquartile range) for continuous variables and frequency (percentage) for
categorical variables. BMI: Body Mass Index; ACL: Anterior Cruciate Ligament; LCL: Lateral Collateral Liga-
ment; MCL: Medial Collateral Ligament; PCL: Posterior Cruciate Ligament; PLC Postero-Lateral Corner; PT:
Physical Therapy.

2 (3.3%)

The surgical procedure combined arthroscopic and open techniques. The combinations
of procedures included ACL + MCL reconstructions (1 = 28), ACL + LCL reconstructions
(n = 20), and cases involving all four ligaments (n = 25). Specifically, there were four
cases of ACL + PCL reconstructions and eight cases of ACL + PCL + MCL reconstructions
These combinations were tailored to the specific injury patterns and functional demands of
the patients.

The majority of individuals were employed in sedentary positions (67%), while 25%
participated in moderate physical work, and merely 8.3% engaged in strenuous physical
labor. Educational qualifications differed, with 43% holding a university degree and 40%
having finished high school. The median BMI was documented at 29.4 (IQR 24.8-30.0),
signifying a predominantly overweight population. ACL and LCL reconstructions were
performed in five patients (8.3%), highlighting the relatively low prevalence of injuries
involving these two ligaments. Similarly, ACL and MCL reconstructions were performed
in eight patients (13%), indicating a moderate frequency for this combination. The most
common reconstructions were ACL with LCL, seen in 15 cases (25%), and ACL with MCL,
observed in 20 cases (33%), suggesting that these combinations account for the majority of
ligament injuries requiring surgical intervention.

Less frequently, ACL and PCL reconstructions were performed in four patients (6.7%),
reflecting a lower occurrence of simultaneous anterior and posterior cruciate ligament
injuries. More complex reconstructions, such as ACL, PCL, and MCL, were required in six
patients (10%). The rarest combination, involving PCL, ACL, and MCL, was performed in
only two patients (3.3%).
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These findings suggest that while injuries combining ACL with either LCL or MCL
dominate, more complex patterns requiring triple ligament reconstructions are considerably
less common. This distribution provides valuable insights into injury prevalence and may
help guide clinical decisions and surgical planning.

Functional Outcomes: Preoperative Versus Postoperative

The comparative analysis of preoperative and postoperative conditions utilizing
diverse clinical scores revealed significant enhancements post-intervention, as seen in
Table 2. All components of the International Knee Documentation Committee (IKDC)
scores exhibited significant changes, with p-values consistently below 0.013, indicating
substantial enhancements in knee functionality. For instance, IKDC1 exhibited an elevation
from a preoperative median of 1.0 to a postoperative range of 2.0-4.0, indicating improved
knee function and stability. IKDC6 specifically assesses locking or catching symptoms of
the knee. In this study, there was no statistically significant change observed in IKDC6
scores, indicating that these symptoms were less responsive to the intervention. The overall
IKDC score demonstrated a significant increase, rising from a preoperative median of
32.6-45.2 to a postoperative range of 69.5-95.4 (F-statistic = 67.64, p < 0.013). These results
highlight a substantial improvement in knee functionality, probably due to the intervention.

Table 2. Preoperative and postoperative IKDC scores.

n  Preoperatory Status = Postoperatory Status Test Statistic
(n=30) (n =30)
IKDC1 60 1.01.01.0 2.0254.0 F158 =33.43,p<0.01!
IKDC2 60 0.04.05.0 8.09.09.1 F1 58 =44.06,p <0.01!
IKDC3 60 1.04.05.0 8.09.010.0 Fy58 = 57.70, p < 0.01 1
IKDC4 60 1.02.02.0 2.03.03.1 F158 =18.42,p<0.01!
IKDC5 60 1.01.02.0 1.0254.0 F158 =18.13,p<0.01!
IKDC6 60 0.01.01.0 1.01.01.0 F158 =3.13,p=0.08 !
IKDC7 60 0.01.02.0 2.03.03.1 F158 =45.71,p<0.01!
IKDC8 60 1.01.01.0 2.0254.0 F158 =26.19,p<0.01!
IKDC9 60 12.014517.2 25.030.0 33.2 F1 58 =60.03,p <0.01!
IKDC10 60 2.04.05.0 7.98.010.0 F158 =29.31,p<0.01!
Total IKDC 60 31.039.144.1 69.575.995.4 Fy 58 = 70.66, p < 0.01 1

IKDC: International Knee Documentation Committee score. Data are presented as median (25th percentile, 75th
percentile). I Wilcoxon Signed-Rank Test.

The Lysholm Knee Scoring Scale demonstrated statistically significant enhancements
in most items postoperatively (p < 0.01) (Table 3), signifying diminished pain and enhanced
knee function. LYSHOLMY exhibited an elevation in scores from a preoperative median
range of 0.0-6.0 to a postoperative range of 9.7-10.0 (p < 0.013), indicating diminished
symptoms and improved knee stability. The total Lysholm score exhibited substantial
improvement, increasing from a preoperative range of 48.0-73.0 to a postoperative range of
73.6-93.2 (p < 0.01). The increase in scores signifies substantial postoperative enhancements,
indicating improved knee functionality and alleviation of symptoms.

The KOOS demonstrated significant postoperative enhancements across various sub-
domains (Table 4). KOOSP1, which evaluates symptoms and pain, diminished from a
preoperative range of 2.0-3.0 to a postoperative range of 0.0-3.0 (p < 0.01), indicating a
reduction in pain levels. Correspondingly, KOOSA1, indicative of daily living activities,
decreased from a preoperative median of 1.0 to 0.0 postoperatively (p < 0.013), underscor-
ing improved functionality in executing routine tasks. The total KOOS score significantly
increased, from a preoperative median of 42.9-67.3 to a postoperative range of 63.1-89.3
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(p < 0.013), indicating substantial enhancements in knee symptoms, pain alleviation, and

quality of life following the intervention.

Table 3. Preoperative and postoperative Lysholm scores.

n

Preoperatory Status

Postoperatory Status

Test Statistic

(n = 30) (n = 30)
LYSHOLM1 60 3.03.03.0 3.05.05.0 Fy 58 = 19.96, p < 0.01 !
LYSHOLM? 60 0.02.05.0 5.05.05.0 Fysg =39.21,p < 0.011
LYSHOLM3 60 9.710.015.0 15.015.0 15.0 F158 =13.11,p < 0.01 1
LYSHOLM4 60 10.0 15.0 20.0 20.020.0 25.0 F158 =29.30,p <0.01 1
LYSHOLMS5 60 10.0 15.0 20.0 19.6 20.0 25.0 Fis5 = 7.50,p = 0.01 !
LYSHOLMS6 60 0.06.010.0 6.06.010.0 F158 =0.08, p=0.78 1
LYSHOLM? 60 0.02.06.0 9.710.0 10.0 Fyss =41.39,p < 0.01
LYSHOLMS 60 0.91.04.0 404550 Fysg = 2044, p < 0.01 1
Total Lysholm 60 48.0 61.073.0 73.6 87.093.2 F158 =33.53,p <0.01 1

Lysholm: Lysholm Knee Scoring Scale. Data are presented as median (25th percentile, 75th percentile). I Wilcoxon
Signed-Rank Test.

Table 4. Preoperative and postoperative KOSS scores.

n Preoperatory Status Postoperatory Status Test Statistic
(n =30) (n =30)

KOOSP1 60 2.03.03.0 0.01.03.0 Fy 58 =12.80,p <0.01 !
KOOSsP2 60 2.03.03.0 0.00.01.1 Fy58 =27.93,p<0.01!
KOOSsP3 60 1.93.03.0 0.00.01.0 F158 =36.77,p <0.01 !
KOOSsr4 60 1.02.03.0 0.00.01.0 Fis8 =17.27,p<0.011
KOOSP5 60 0.02.03.0 0.00.00.0 F1 58 =38.50,p <0.01 !
KOOSP6 60 1.93.03.0 0.00.02.0 F1s58 =41.11,p<0.01!
KOOspr7 60 0.01.03.0 0.00.01.0 F158 =5.28,p=0.031!
KOOSP8 60 0.00.02.0 0.00.01.0 F158 =3.18,p=0.08!
KOOSsP9 60 0.02.02.0 0.00.01.0 Fy 58 = 10.40,p <0.01 !
KOOSSy1 60 0.02.03.0 091.01.0 F158 =8.52,p<0.011!
KOOSSy2 60 1.01.03.0 0.00.01.0 F1s8 =13.53,p<0.01!
KOOSSy3 60 1.02.03.0 0.01.52.0 Fiss=4.24,p=0.04"1
KOOSSy4 60 091.03.0 0.00.01.0 Fis58=17.24,p<0.01!
KOOSSy5 60 091.01.2 0.03.54.0 F1s58 =2.74,p=0.101
KOOSSy6 60 0.01.02.0 1.03.04.0 Fjs8 =13.59,p<0.011
KOOSA1 60 1.02.020 0.00.01.0 F158 =60.41,p<0.01!
KOOSA2 60 1.01.53.0 0.00.01.0 Fy 58 = 38.56, p < 0.01 !
KOOSA3 60 0.01.02.0 0.00.01.0 F158 =3.95,p=0.05"
KOOSA4 60 1.01.03.0 0.00.01.0 F158 =23.17,p<0.01!
KOOSA5 60 0.02.02.0 0.00.02.0 Fy 58 = 14.86,p <0.01 !
KOOSA6 60 1.01.01.1 0.00.00.0 F1 58 =24.65,p<0.01!
KOOSA7 60 1.02.020 0.00.00.0 F15g =135.79,p <0.01 1
KOOSAS8 60 1.01.02.0 0.00.00.0 F1 58 =30.10,p <0.01 !
KOOSA9 60 091.02.0 0.00.00.0 F155 =21.88,p<0.01!
KOOSA10 60 1.02.020 0.00.00.0 Fy 58 = 50.83,p <0.01 !
KOOSA11 60 1.01.02.0 0.00.00.1 Fy58 =41.07,p <0.01 !
KOOSA12 60 1.01.02.0 0.00.00.1 F158 =41.97,p<0.01!
KOOSA13 60 1.01.020 0.00.00.1 Fys8 =54.22,p<0.011
KOOSA14 60 091.02.0 0.00.01.0 F158=7.94,p=0011
KOOSA15 60 0.91.02.0 0.00.01.0 Fy 58 = 25.85,p <0.01 !
KOOSA16 60 1.02.04.0 0.01.02.0 Fy58 =18.62,p<0.01!
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Table 4. Cont.

n Preoperatory Status Postoperatory Status Test Statistic
(n =30) (n = 30)
KOOSA17 60 1.01.02.1 0.00.01.0 Fy58 =21.55,p<0.01!
KOOSSp1 59 2.03.03.0 0.00.51.0 Fy 57 =76.20,p <0.01 1
KOOSsp2 60 2.03.03.0 001.01.2 F58 =25.21,p<0.01!
KOOSSp3 60 2.93.04.0 1.01.01.1 F1 58 =50.60, p <0.01 !
KOOSsp4 60 3.04.04.0 0.01.02.0 Fy 58 =72.36,p <0.01 1!
KOOSSp5 60 2.03.04.0 0.01.02.0 Fy58 =25.41,p<0.01!
KOOsQ1 60 3.04.04.0 1.03.04.0 F1s8=11.63,p<0.01!
KOO0sQ2 60 294.04.0 1.02.03.0 F158 =23.79,p<0.01!
KOOsQ3 60 3.04.04.0 091.02.0 Fy58 =45.72,p <0.01 !
KOO0SsQ4 60 2.03.04.0 1.01.02.0 Fj 58 =25.53,p <0.01 1
KooS total 60 429 47.6 65.5 63.185.7 89.3 Fy58 =55.92,p<0.01!

Data are presented as median (25th percentile, 75th percentile), L Wilcoxon Signed-Rank Test.

Although the majority of items in the IKDC, Lysholm, and KOOS scales demonstrated
substantial enhancements, a few anomalies were identified. For example, LYSHOLM®6
(swelling) and KOOSPS8 exhibited no notable alterations, with p-values exceeding the
significance threshold. Notwithstanding these exceptions, the majority of measures in this
study achieved statistical significance, underscoring the intervention’s efficacy.

The analysis of preoperative and postoperative results indicates significant enhance-
ments across various metrics post-intervention. The findings from Table 3 indicate substan-
tial postoperative enhancements in knee function, pain alleviation, and daily functionality
across all three assessment instruments.

All subdomains of the IKDC scores, with the exception of IKDC6 (p = 0.08), demon-
strated statistically significant improvements (p < 0.01). IKDC1 exhibited an enhancement
from a preoperative median of 1.0 to a postoperative range of 2.0-4.0 (p < 0.01). This trend
persisted across additional subdomains, notably IKDC3, which rose from a median of 1.0
(4.0, 5.0) preoperatively to 8.0 (9.0, 10.0) postoperatively (p < 0.01), signifying substantial
improvements in knee function and stability. The cumulative IKDC score highlights these
advancements, increasing from a preoperative median of 31.0 (39.1, 44.1) to 69.5 (75.9, 95.4)
postoperatively, with a p < 0.01, thereby affirming a comprehensive improvement in knee
health following the intervention.

The study findings demonstrate significant enhancements in knee function, pain
alleviation, and overall quality of life post-intervention, evaluated through the IKDC,
Lysholm, and KOOS scoring systems. Postoperative scores significantly improved across
all three tools when compared to preoperative scores, with the majority of p-values falling
below 0.01, underscoring the intervention’s effectiveness.

4. Discussion

This study’s findings indicate that patients who undergo surgical treatment using a
combined arthroscopic and open non-anatomic ligament reconstruction technique have
markedly enhanced knee function, alleviated pain, and improved participants’ quality of
life, as evidenced by elevated scores on the IKDC, Lysholm, and KOOS scales.

When comparing ACL + ALL reconstruction to ACL + MCL or ACL + LCL recon-
structions, prior research suggests that different ligament combinations address distinct
instability patterns. For instance, Sonnery-Cottet et al. (2015) documented significant im-
provements in knee stability and function following simultaneous ACL and anterolateral
ligament (ALL) reconstruction [22], as evidenced by enhancements in the Lysholm, IKDC,
and pivot shift scores [11]. Similarly, studies by Noyes et al. [23] reported that ACL + MCL
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reconstructions are particularly effective in managing valgus instability, while ACL + LCL
reconstructions are necessary for addressing varus instability and postero-lateral corner
deficiencies. Furthermore, a systematic review and meta-analysis by Lima et al. (2021)
found that combined ACL and ALL reconstruction resulted in better postoperative clinical
outcomes compared to isolated ACL reconstruction, particularly in reducing residual pivot
shift and rerupture rates [24].

However, this study’s emphasis on non-anatomic reconstruction highlights a critical
distinction from anatomic techniques. While anatomic reconstructions aim to replicate
native ligament biomechanics, non-anatomic methods prioritize functional stability and
operative simplicity. This approach is particularly advantageous for patients who do not
require high-level athletic performance, as it minimizes surgical time and postoperative
rehabilitation challenges while delivering comparable functional outcomes.

In comparison to anatomic collateral ligament reconstructions, non-anatomic ap-
proaches, as employed in this study, simplify surgical techniques and reduce operative time
while still yielding comparable functional outcomes [23]. For example, Ardern et al. found
that anatomic ACL + MCL reconstructions resulted in slightly better stability metrics but re-
quired longer rehabilitation durations and were associated with higher surgical complexity.
Our findings align with these studies, as the combination of ACL + non-anatomic collateral
ligament reconstructions demonstrated significant improvements in IKDC, Lysholm, and
KOOS scores [25]. The choice of ligament combinations should be tailored to the patient’s
specific instability patterns, activity level, and functional demands and allograft availability.

In orthopedic settings, quality-of-life assessments are often underemphasized com-
pared to other medical fields.

The significance of the IKDC score as a measure of knee functionality and quality
of life is thoroughly documented in the literature. Williams et al. (2020) emphasized
that elevated IKDC scores following ACL reconstruction were associated with enhanced
quality of life, reinforcing the notion that IKDC is a reliable metric for assessing the impact
of surgical procedures on knee health and patient-reported outcomes [10]. Our study
similarly demonstrated an elevation in the total IKDC score from a median of 31.0 to
69.5, indicating enhancements in both knee stability and overall quality of life for patients
following surgery.

A systematic review by Filbay et al. (2022) affirmed that untreated or inadequately
treated ACL and meniscal injuries can adversely affect long-term quality of life, physical ac-
tivity, and economic productivity [1]. Our findings substantiate the effectiveness of prompt
and thorough surgical intervention, as postoperative KOOS scores in our study demon-
strated improved quality of life and diminished symptoms and pain. This underscores
the essential function of comprehensive surgical methods, such as combined ligament
reconstruction, in alleviating the detrimental impacts of knee instability on daily activities
and quality of life.

Furthermore, Yanardag et al. (2021) discovered that pain, balance, and gait function
substantially influence the quality of life in individuals suffering from knee and hip pain [4].
This finding corresponds with our study’s results in the Lysholm and KOOS scores, where
we noted significant enhancements in symptoms and pain levels postoperatively, indicating
that diminished pain and enhanced stability can markedly influence patient-reported
quality of life. The Lysholm score notably improved from a median of 48.0 preoperatively
to 73.6 postoperatively, demonstrating that surgical intervention not only restores physical
knee function but also mitigates pain, thereby enhancing patients” quality of life.

Innovative therapies for knee instability are progressing, as demonstrated by Kérner
et al. (2020), who highlighted the advantages of integrating advanced rehabilitation pro-
tocols with surgical intervention [5]. In our study, patients underwent a combination of
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physical therapy and, for some, hydrotherapy postoperatively, which likely facilitated the
notable enhancements in functionality and pain levels. This corresponds with Kérner’s
findings, highlighting the significance of a multidisciplinary approach in improving post-
operative recovery and ensuring long-term joint stability. Our findings emphasize the
importance of optimizing postoperative management strategies, such as physical therapy
and hydrotherapy, in facilitating recovery and improving functional outcomes. While
pharmacological interventions, such as NSAIDs, may play a role in other clinical set-
tings, this study focused exclusively on physical rehabilitation as the primary modality for
postoperative care.

By combining these treatment modalities with proper nutrition and lifestyle modi-
fications, individuals with knee instability can experience a significant improvement in
their overall quality of life. It is crucial to note that a multidisciplinary approach is of great
importance in effectively managing knee instability [26,27].

This study illustrates notable enhancements in knee functionality and quality of life
after combined ligament reconstruction.

5. Limitations

This study has certain limitations that should be acknowledged. The predominance
of male participants (87%) restricts the ability to evaluate gender differences in outcomes,
and future research should address this imbalance to ensure broader generalizability.
Additionally, the relatively small sample size and short-term follow-up period limit the
scope of our findings. Expanding the cohort to include more diverse populations and
conducting studies with longer follow-up durations will be critical for validating these
results. Moreover, while we focused on non-anatomic reconstruction within a single cohort,
the absence of a control group prevents direct comparisons with anatomic reconstruction
techniques. Future studies should incorporate comparative analyses to provide more
comprehensive insights. Future studies with extended follow-ups (5-10 years or longer)
will be critical to assessing the durability of joint stability, functional outcomes, and the
potential onset of osteoarthritis. Notwithstanding these constraints, the findings align
with the current literature supporting comprehensive surgical and rehabilitation strategies
for knee injuries [4,6,12]. Furthermore, reliance on subjective outcome measures, such as
IKDC, Lysholm, and KOOS scores, highlights the need for additional objective assessments,
such as biomechanical evaluations and imaging studies, to enhance the robustness of the
findings [18,19].

6. Conclusions

This study indicates that the combination of arthroscopic and open non-anatomic
ligament reconstruction markedly enhances knee function, alleviates pain, and improves
the quality of life for individuals with knee instability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/medicina61010053 /51, Details of the clinical assessments (Lachman,
PST, Var, and Val tests) alongside objective MRI findings to provide additional clarity and transparency.
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Abstract: Background and Objectives: Proximal tibiofibular joint detachment (PTEJD) is a fibu-
lar untethering procedure during lateral closing-wedge high tibial osteotomy (LCWHTO)
for varus knee osteoarthritis. However, the PTFJD procedure is technically demanding,
and confirmation of clear joint separation is not straightforward. The aim of this study was
to compare the degree of completion and safety of PTF]D versus tibial-sided osteotomy
(TSO); this latter procedure is our novel technique for fibular untethering during LCWHTO.
Materials and Methods: Sixteen fresh frozen cadaver knees from eight cadavers were in-
cluded in the study. Among the eight pairs of knees, one knee was randomly assigned
to undergo PTFJD and the other knee to undergo TSO, which separates the fibula by
osteotomizing the lateral cortex of the proximal tibia at the medial side of the proximal
tibiofibular joint for fibular untethering during LCWHTO. After each procedure with
LCWHTO, the posterior compartment of each knee was dissected to compare the degree of
procedural completion and the distance from the posterior detachment or osteotomy site
to posterior neurovascular structures between PTFJD and TSO groups. The pass-through
test crossing the separation site from anterior to posterior using an osteotome was also
performed to evaluate the protective effect of the muscular structures of the posterior
compartment. Results: In the PTFJD group, four of eight cases (50%) showed fibular head
fractures rather than division of the proximal tibiofibular joint. In contrast, in all TSO cases,
the lateral cortex of the proximal tibia was clearly osteotomized from the medial side of the
posterior proximal tibiofibular joint. Distances from the posterior detachment or osteotomy
site to the common peroneal nerve, popliteal artery, and anterior tibial artery in the PTFJD
and TSO groups were 20.8 £ 3.3 mm and 22.9 &+ 3.6 mm (p = 0.382), 11.0 £ 2.4 mm and
9.8 £ 2.8 mm (p = 0.382), and 14.8 = 1.9 mm and 14.9 & 2.5 mm (p = 0.721), respectively. In
the pass-through test, an osteotome was able to pass anteriorly to posteriorly in all eight
PTFJD group cases. However, the osteotome was blocked posteriorly by the popliteus
muscle in the TSO group cases, indicating protection of posterior neurovascular structures
during the TSO procedure. Conclusions: TSO, a novel fibular untethering procedure for
LCWHTO, resulted in clear separation of the fibula from the lateral tibial cortex, and pro-
tection of posterior neurovascular structures by the popliteus muscle during the procedure.
We anticipate that our novel surgical technique will provide more clear-cut and safer fibular
untethering for LCWHTO.

Keywords: lateral closing-wedge high tibial osteotomy; proximal tibiofibular joint; fibular
shaft osteotomy; proximal tibiofibular joint detachment; tibial-sided osteotomy
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1. Introduction

High tibial osteotomy (HTO) is a joint-preserving procedure that is widely accepted
as an effective surgical option for young patients with isolated medial compartment os-
teoarthritis (OA) in the varus knee [1]. Although medial opening-wedge high tibial os-
teotomy (MOWHTO) using a modern locking plate system has become popular [2,3], lateral
closing-wedge high tibial osteotomy (LCWHTO) has obvious benefits when a large correc-
tion is needed [4]. It has the strengths of quicker rehabilitation, better initial stability, no
need for a bone graft, and maintenance of patellar position and tibial slope [5-8]. Moreover,
better clinical outcomes have also been reported in patients following LCWHTO compared
to MOWHTO [9].

However, LCWHTO has the disadvantage that it requires a fibular untethering proce-
dure for osteotomy gap closing such as fibular shaft osteotomy (FSO) or proximal tibiofibu-
lar joint detachment (PTFJD) [10-13]. In FSO, an additional incision is required to perform
osteotomy of the fibular shaft, which can lead to non-union at the osteotomy site [14],
and there is the risk of fatality due to peroneal nerve injury [15,16]. In contrast, peroneal
nerve injury is uncommon during PTFJD [11,17]. However, confirmation of clear proximal
tibiofibular joint (PTFJ) separation is not straightforward, especially because the posterior
part is a blind spot. In normal PTFJD procedures, repeated osteotomy is performed until
PTF] separation is confirmed.

The anatomy of the PTF] is complex. The anterior capsule of the PTFJ is stabilized by
the anterior tibiofibular ligament, which consists of three broad bands, while the posterior
joint capsule is supported by the posterior proximal tibiofibular ligament, which consists of
two thick bands [18,19]. This complicated anatomy can cause incomplete separation of the
PTFJ during LCWHTO. In addition, although the incidence is low, popliteal neurovascular
bundle injuries have been reported after LCWHTO [20-22].

Given this uncertainty and these complications of PTFJD, our group devised an
alternative fibular untethering procedure, tibial-sided osteotomy (TSO), which separates
the fibula and tibial bone fragment from the lateral cortex of the proximal tibia nearby the
medial side of PTFJ. The purpose of this study was to compare the degree of completion
and safety of PTFJD and TSO during LCWHTO.

2. Materials and Methods

In our study, 16 knees from eight fresh cadavers (three males and five females) were
used. Mean age was 80.4 & 9.1 years (range, 62-93 years). All knees were grossly intact
with no history of injury or surgery to the knee joint or PTF]. Specimens were maintained in
a frozen state at —20 °C and allowed to thaw at room temperature for 24 h before dissection.
One knee of each cadaver was randomly assigned to the PTFJD group and the other knee
to the TSO group by simple randomization. After the designated fibular untethering
procedure, LCWHTO was performed in all knees. All surgeries were carried out by two
orthopaedic surgeons (Drs. RKC and KYC) together to reduce technical error. This study
was approved by the Institutional Cadaver Research Committee of our Institution (research
number: MC23EADIO064, IRB review date: 21 July 2023). All donors or their authorized
representatives provided written informed consent for use of the cadaver and agreed to the
utilization of related materials in the research.

All surgical techniques were performed on the cadaver identically to how they would
have been performed in a living patient. An oblique longitudinal incision was made 1 cm
below the fibular head on the anterior aspect of the knee toward the tibial tuberosity, and
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an additional incision was made in the lower-leg fascia. Using a knife and a periosteal
elevator, the periosteum was dissected from below Gerdy’s tubercle to below the outer
border of the tibial tuberosity. The tibialis anterior muscle and periosteum were retracted
laterally to prevent neurovascular injury. Both PTFJD and TSO were performed at a knee
flexion angle of 90° to reduce the risk of peroneal nerve injury. PTFJD was carried out using
the traditional method. After retracing the tibialis anterior muscle, the anterior proximal
tibiofibular ligament (PTFL) was identified. The anterior PTFL was divided and the PTF]
was detached using an osteotome repeatedly toward the posterior PTFL until the tibia and
fibula were separated under the image intensifier (Figure 1A). For TSO, a Kirschner wire
was inserted at a position 5 mm medially from the lateral cortex of the proximal tibia near
the PTF]. After creating a chevron-shaped saw pattern in the anterior tibial cortex along the
inserted Kirschner wire, osteotomy to the posterior tibial cortex was commenced using an
osteotome (Figure 1B). The TSO procedure was completed after confirming that the thin
lateral tibial bone fragment that attached to the PTF] was separated from the tibia under
the image intensifier.

(@A) B

Figure 1. (A) Proximal tibiofibular joint detachment and (B) tibial-sided osteotomy. The red lines

indicate the sites of fibular untethering following each of the two procedures.

Regardless of the PTF] separation method, LCWHTO was performed in the same
manner with the knee in extension. All LCWHTOs were fixed using a TOMOFIX™ Lateral
High Tibia Plate (DePuy Synthes, Zuchwil, Switzerland). The correction angle goal was
set to 10° regardless of the varus deformity of the cadaver. After checking the position of
the plate where four screws each could be fixed proximally and distally, two anterior and
posterior Kirschner wires were inserted toward the medial target point (20 mm distally
to the proximal medial tibial joint surface) parallel to the tibial plateau. Subsequently,
two additional anterior and posterior Kirschner wires were inserted 10 mm below the
previously inserted Kirschner wires. A biplanar osteotomy, which consisted of a tibial
tubercle osteotomy and upper and lower tibial osteotomies, was performed using a saw
and chisels. After removing the bone fragment, valgus force was applied to close the gap
between the upper and lower tibial cut surfaces. While applying valgus force to maintain
the contact, eight screws were fixed.
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To compare the degree of completion of each procedure, anatomic dissection of the
posterior compartment of the knee was performed. Skin and subcutaneous tissue were
dissected through an inverted L-shaped incision, exposing the underlying popliteal fossa.
Lateral posterior structures were dissected to find the PTF] and common peroneal nerve
in its location beneath the biceps femoris. After laterally retracting the common peroneal
nerve, the origin of the lateral head of the gastrocnemius was identified and sacrificed to
provide broad exposure of the deep structures on the lateral aspect of the posterior joint,
including the arcuate ligament and popliteus muscle. After retracting the popliteus muscle,
the degree of procedure completion could be assessed. The objective was clear detachment
of the posterior PTF] in the PTFJD group or clear separation of the bone fragment from the
posterolateral cortex of the tibia in the TSO group.

The safety of each procedure was evaluated by measuring the positional relationship
between the detachment or osteotomy site and posterior neurovascular structures of the
knee in millimeters using a surgical ruler. In the PTFJD and TSO groups, the actual posterior
detachment or osteotomy site served as the reference point for measuring distances to
posterior neurovascular structures. Distances from each reference point to the common
peroneal nerve, popliteal artery, and anterior tibia artery were measured.

The pass-through test was performed to identify the protective effect of the popli-
teus muscle in each procedure. An osteotome was passed through the detachment or
osteotomy site anteriorly to posteriorly to evaluate whether the osteotome was stopped by
the popliteus muscle or not.

Statistical Analyses

All calculated data are shown as means with standard deviations using the SPSS
statistical software (SPSS 28; SPSS Inc., Chicago, IL, USA). Chi-square and Fisher’s exact
test were used to determine the significance of differences in categorical or dichotomized
data between groups, while t-tests and Mann-Whitney U tests were used to determine the
significance of differences in continuous variables between groups. Statistical significance
was accepted at p < 0.05 for all analyses.

3. Results

PTFJD and TSO with LCWHTO were completed without incomplete closing in all
knees. The degree of completion of each procedure was investigated by anatomic dissection
of the posterior compartment of the knee. In the PTFJD group, the posterior PTFJ] was
clearly separated in 50% of cases (Figure 2A). However, in the remaining four cases, a
fibular head fracture was observed after PTFJD rather than the intended PTFJ separation
(Figure 2B). In contrast, posterior osteotomy was consistently observed at the posterolateral
cortex of the tibia in all eight cases (100%) (Figure 3). In other words, the degree of
procedural completion was more reliable in the TSO group (100%) than in the PTFJD group
(50%) (p = 0.21). Including four fibular head fracture cases, a total of five cases showed
articular surface injury of the fibular head in the PTFJD group (62.5%). However, the PTF]
was intact in all TSO cases (100%) (p = 0.007).

Table 1 shows the average distances from the posterior detachment or osteotomy site
to the common peroneal nerve, popliteal artery, and anterior tibial artery. Distances in
the PTF]JD group from the posterior detachment site to the common peroneal nerve and
anterior tibial artery tended to be smaller, but without statistical significance (p = 0.382 and
p = 0.721, respectively). Conversely, the popliteus artery was closer to the osteotomy site in
the TSO group, again without statistical significance (p = 0.382).
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A (B)

Figure 2. (A) Posterior aspect of a knee after PTFJD showing clear separation of the PTF]. (B) A
fibular head fracture case involving articular cartilage after PTFJD.

Figure 3. Posterior aspect of a knee showing separation of fibula with tibial bone fragment after TSO.

Table 1. Distances to posterolateral neurovascular structures from the posterior detachment or
osteotomy site after PTFJD and TSO.

PTFJ] Detachment Tibia-Sided

n=38) Osteotomy (n = 8) p-Value
Distance to common peroneal nerve 20.8 + 3.3 229+ 36 0.382
(mm)
Distance to popliteus artery (mm) 11.0£24 9.8+238 0.382
Distance to anterior tibial artery 148 +1.9 149+ 25 0721

(mm)

PTEJD: proximal tibiofibular joint detachment. PTF]: proximal tibiofibular joint. PTFL: proximal tibiofibular
ligament. TSO: tibial-side osteotomy.
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The popliteus muscle covers the posterior aspect of the tibia but does not extend to
cover the posterior PTF]. Substantial differences between the two surgical techniques were
uncovered. In the case of PTFJD, because of the absence of popliteus muscle coverage of the
posterior PTF]J, an osteotome passed through the PTF] without popliteus muscle protection
in all eight cases. In contrast, the osteotome was blocked by the popliteus muscle while
passing the osteotomy site in all eight cases, indicating that the popliteus muscle plays a
crucial role protecting posterior neurovascular structures during TSO, a fibular untethering
procedure (Figure 4).

@ (B

Figure 4. The protective effect of the popliteus muscle. (A) Before entry of the osteotome; (B)
protected appearance after penetration of the osteotome.

4. Discussion

As mentioned in the introduction, HTO has been considered an effective surgical op-
tion for patients with medial knee osteoarthritis (OA) with varus deformity [1]. Moreover,
numerous studies report high levels of patient satisfaction and excellent clinical outcomes
following HTO [23], with significant advancements continuously being made in the tech-
nique. Recently, HTO has increasingly been performed in combination with various carti-
lage procedures, such as microfracture [24], bone marrow aspirate concentrate (BMAC) [25],
human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSC) [26], and colla-
gen augmentation [27]. When HTO is combined with cartilage procedures, second-look
arthroscopy often reveals cartilage regeneration, accompanied by excellent clinical out-
comes [28]. Takeuchi et al. [29] introduced a new hybrid closing HTO to complement
the shortcomings of traditional LCWHTO, and fibular untethering is also required in this
technique. The TSO procedure introduced in this study is expected to perform fibular
untethering more precisely and safely.

The most important finding of this study is that our novel surgical technique, namely
TSO, allowed for the procedural completion of fibular untethering by preserving the PTFJ.
In our conventional PTFJD procedure, there was articular surface damage of the fibular
head in 62.5% of cases. In addition, the TSO procedure was safer than PTFJD because of
the protective effect of the popliteus muscle, as the separation point is more medial than in
the PTEJD procedure.
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Peroneal nerve dysfunction is a serious complication that can occur after LCWHTO [30,31],
with reported rates of symptomatic peroneal nerve injury ranging between 3.3 and
20% [16,30]. While unlikely, there exists the possibility of peroneal nerve damage if the
osteotomy is conducted with bias toward the fibula. The average distance from the division
site of the common peroneal nerve into the superficial peroneal nerve and deep peroneal
nerve to the posterolateral tip of the fibular head has been reported to be 20.7 mm [32].
Although the reference points were different in the study discussed above compared to our
study, we observed that the distance from the posterior osteotomized site to the common
peroneal nerve was similar in both the PTF]D and TSO groups. The distances mentioned
above suggest a potential risk if PTFJD is performed biased toward the fibula. However,
TSO has the advantage of reducing the possibility of peroneal nerve damage compared to
PTF]D, as the osteotomy is directed toward the tibia. Although we did not find a statistically
significant difference between the two groups due to our limited sample size given that
this was a cadaveric study, the distance from the common peroneal nerve was numerically
greater in the TSO group than in the PTFJD group. Therefore, additional research with a
larger sample size is needed to determine if this difference is meaningful.

As mentioned above, LCWHTO is a useful surgical treatment to correct isolated medial
OA with varus knee requiring large correction [4]. However, this procedure can result
in injury of the popliteal neurovascular bundle, with reported rates of injury around the
popliteal artery of between 0.4% and 9.8% [30,33]. Ricardo et al. reported a case of popliteal
artery injury after LCWHTO leading to secondary neurological injury [20]. Although
popliteal neurovascular injury is rare, this complication can be catastrophic. In our study,
the TSO group was closer to the popliteal artery than the PTF]JD group; this is likely because
the posterior osteotomy site of the tibia was positioned more medially. As shown in the
pass-through test results of this study, the popliteus muscle had a protective effect in the
TSO procedure. Therefore, we believe that there are no safety concerns when performing
TSO if the posterior osteotomy site of the tibia is located medially.

The anterior tibial artery, one of the terminal branches of the popliteal artery, is
vulnerable during LCWHTO. Injury of the anterior tibial artery may occur when performing
PTFJD using an osteotome. In fact, one study [22] reported a pseudoaneurysm due to
anterior tibial arterial injury after LCWHTO. As mentioned in the previous paragraph,
PTF]D can cause damage to the fibular head rather than achieving precise division of
the PTF]. Furthermore, even if a surgeon precisely separates the PTF], the risk of anterior
tibial arterial injury may be increased. In our study, we found no significant difference
in distance to the anterior tibial artery between the TSO and PTF]D groups. However,
using our new technique, the probability of anterior tibial arterial injury was significantly
reduced due to the protective effect of the popliteus muscle. To the best of our knowledge,
although many surgeons have performed FSO or PTFJD in LCWHTO, no previous study
has systematically evaluated the role of the popliteus muscle. Elucidation of the protective
effect of the popliteus muscle would hopefully allow for safer PTF] manipulation when
performing LCWHTO.

PTFJ has been called the fourth compartment of the knee joint [17,20,34]. Although
it is a small joint, if there is a pathologic lesion, it can cause lateral knee pain. In fact,
Murat et al. reported that PTF] pathologies result in lateral knee pain [35,36]. The case
report of Enrique et al. stated that injury of the PTFJ caused unexplained lateral knee pain
after LCWHTO [37]. On bone SPECT CT to detect arthritic changes, “hot” uptake by the
PTEF] was noted along with iatrogenic perforation of the screw; osteoarthritis subsequently
developed. This suggests that injury of the PTFJ, including PTF] articular cartilage, can
progress to osteoarthritis. There were no cases of PTFJ injury, including the cartilage,
after TSO. Conversely, PTEF] cartilage injury was identified in five of eight knees (62.5%)

41



Medicina 2025, 61, 161

after PTF]D (p = 0.007). In other words, by performing osteotomy biased toward the tibia
without causing injury to the PTF], TSO is likely to be associated with a lower likelihood of
experiencing lateral knee pain due to PTF] injury after LCWHTO than PTE]D.

The two representative methods of proximal tibial osteotomy are MOWHTO and
LCWHTO. Many studies have reported that there is no significant difference between the
two techniques in terms of clinical outcomes or radiographic alignment [38]. As mentioned
in the introduction, with the development of the locking plate system, many surgeons are
preferring MOWHTO because it is relatively easier to perform than LCWHTO [2,3], and it
has several advantages [5]. However, although MOWHTO has many merits and LCWHTO
is technically challenging, it is crucial to carefully select the appropriate osteotomy based on
the specific condition of the patient. For example, if the correction angle is large, MOWHTO
may result in a leg length longer than that of the contralateral limb [4], making LCWHTO a
more suitable option. In the case of MOWHTO, patella baja may occur [39], and rotational
changes can lead to anterior knee pain. Therefore, LCWHTO may be more advantageous
for patients with patellofemoral arthritis [40]. Additionally, the choice between the two
techniques should be guided by the presence or absence of ACL or PCL deficiency [41],
ensuring appropriate selection for each patient. To achieve optimal clinical outcomes, the
selection between the two surgical methods should be tailored to the patient’s specific
condition. Therefore, our new surgical technique can be appropriately utilized when
LCWHTO is required in the situations mentioned above.

This study had several limitations, mainly due to our utilization of a cadaveric model.
First, the preparation of each specimen may not have precisely replicated natural knee
conditions. Second, only cadavers of Korean origin were utilized. Hence, there is the
potential for ethnic selection bias in the data. Third, the majority of specimens did not
represent knees with isolated medial compartment osteoarthritis requiring more than
10 degrees of correction. Fourth, the number of cadaver samples was relatively small. Fifth,
as the correction angle of 10 degrees was uniformly applied to all cadavers, the correction
was not individualized to the unique characteristics of each cadaver’s knee joint; thus,
diversity was not adequately taken into account.

5. Conclusions

We demonstrated that our innovative surgical technique, TSO, which involves tibia-
biased osteotomy during PTF] manipulation in LCWHTO, is a more precise and safer
procedure than conventional PTF]D. We attribute this not only to the tibia-biased osteotomy,
which enhances the efficacy of procedural completion and diminishes the likelihood of com-
mon peroneal nerve damage, but also to the protective effect of the popliteus muscle, which
safeguards the posterior neurovascular structures. TSO offers a more precise and safer
approach to manipulating the PTF] during fibular untethering in LCWHTO than PTFJD.
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Abstract: Background and Objectives: Despite its advantages, lateral close-wedge high tibial
osteotomy (LCWHTO) requires proximal tibiofibular joint detachment (PTF]D) or fibular
shaft osteotomy for gap closing. These fibula untethering procedures are technically de-
manding and not free from the risk of neurovascular injuries. Our novel fibula untethering
technique, tibial-sided osteotomy (TSO) near the proximal tibiofibular joint (PTFJ), aims
to reduce technical demands and the risk of injury to the peroneal nerve and popliteal
neurovascular structures. The purposes of this study were to introduce the TSO technique
and compare the complexity and safety of TSO with those of radiographic virtual PTFJD,
which is defined based on radiographic landmarks representing the traditional PTFJD
technique. Materials and Methods: Between March and December 2023, 13 patients who un-
derwent LCWHTO with TSO for fibula untethering were enrolled. All patients underwent
MRI preoperatively and CT scanning postoperatively. The location of the TSO site on the
postoperative CT scans was matched to preoperative MRI to measure the shortest distance
to the peroneal nerve and popliteal artery. These values were compared with estimates of
the distance between the PTF] and neurovascular structures in the radiographic virtual
PTF]D group. The protective effect of the popliteus muscle was evaluated by extending
the osteotomy direction toward the posterior compartment of the knee. Results: The TSO
procedure was straightforward and reproducible without producing incomplete gap clo-
sure during LCWHTO. On axial images, the distances between the surgical plane and
the peroneal nerve or popliteal artery were significantly longer in the TSO group than
in the radiographic virtual PTFJD group (both p = 0.001). On coronal and axial MRI, the
popliteus muscle covered the posterior osteotomy plane in all patients undergoing TSO but
did not cover the PTFJD plane in the radiographic virtual PTFJD group. Conclusions: Our
novel TSO technique for fibula untethering during LCWHTO is reproducible and reduces
the risk of neurovascular injury by placing the separation site more medially than in the
PTF]D procedure.

Keywords: lateral close-wedge high tibial osteotomy; protective effect; popliteus muscle;
popliteal neurovascular structure; peroneal nerve; recurrent branch of anterior tibial artery

1. Introduction

Valgus-producing high tibial osteotomy (HTO) is a well-accepted treatment modality
in active patients with varus malalignment and symptomatic medial unicompartmental
osteoarthritis (OA) of the knee [1]. Traditionally, lateral close-wedge HTO (LCWHTO), in-
troduced by Coventry et al. [2], has been considered the gold standard osteotomy procedure
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for patients with varus knee alignment. However, medial open-wedge HTO (MOWHTO)
has recently surpassed LCWHTO in terms of the number of procedures performed [3]:
MOWHTO is easier to perform and tends to more reproducibly acquire an adjustable align-
ment change [4]. While LCWHTO has certain advantages when compared to MOWHTO,
including greater initial postoperative stability, a faster return to weight bearing, favor-
able bone union, greater ability to address large correction with a lower risk of nonunion,
less leg-length discrepancy (LLD), and lower risk of patellofemoral OA and increased
tibial slope [5], the LCWHTO procedure can be technically demanding and may not allow
precise adjustment [6]. Furthermore, LCWHTO requires an additional fibula untethering
procedure that poses a risk of injury to the common peroneal nerve and/or popliteal
neurovascular structures that must be considered when selecting a treatment option for
varus malaligned medial OA, especially for novice surgeons [7].

Three surgical options to manage the fibula in LCWHTO have been described: prox-
imal tibiofibular joint detachment (PTFJD), fibular head resection, and fibular shaft os-
teotomy [2,3,8,9]. Although the surgeon generally selects the preferred option, PTFJD has
been reported to have the debatable risk of lateral laxity [8,10,11], iatrogenic fibular head
fracture resulting in early postoperative proximal tibiofibular joint (PTFJ) arthritis [3]. In
addition, fibular head resection requires an additional procedure to reattach the biceps
femoris tendon and lateral collateral ligament to the fibular neck and may pose an increased
risk of injury to the common peroneal nerve [3,9]. Furthermore, fibular shaft osteotomy
was also reportedly associated with a greater risk of nonunion of the fibula shaft, peroneal
nerve palsy, and pain at the osteotomy site [5,8,9,12].

We devised a novel tibial-sided osteotomy (TSO) technique for fibula untethering
during LCWHTO, (Video S1) that is technically straightforward and reduces the risk of
injury to the peroneal nerve and/or popliteal neurovascular structures. Thus, the purposes
of this study were to introduce our novel TSO technique and compare the safety of the TSO
and radiographic virtual PTFJD techniques by measuring the distances from the surgical
site to the neurovascular structures using preoperative MRI and postoperative CT scans.

2. Materials and Methods
2.1. Patients

Between March and December 2023, we prospectively enrolled 13 consecutive patients
70 years of age or younger with isolated medial compartment OA of the knee who were
scheduled to undergo an LCWHTO procedure performed by a single surgeon. All radio-
graphic evaluations were conducted retrospectively. The HTO procedure was contraindi-
cated if a patient had symptomatic OA in the lateral compartment or the patellofemoral
joint of the knee, inflammatory arthritis, a flexion contracture of 15° or more, knee range of
motion less than 120°, joint instability, or a history of knee joint infection [13]. At our insti-
tution, the decision to perform MOWHTO or LCWHTO was mainly based on the amount
of correction required, which was calculated from preoperative standing radiographs of
the lower extremities. Usually, an LCWHTO was performed in patients with a correction
angle of 13° or more, an excessive tibial slope, or LLD, or for patients in which there was a
risk of aggravation of patellofemoral OA. During the study period, 18 MOWHTOs were
performed. The average preoperative hip—knee—ankle (HKA) axis was 11.0. The mean
medial proximal tibia angle (MPTA) and mechanical lateral distal femur angle (mLDFA)
were 80.7 and 87.6, respectively. The mean correction angle of the patients who underwent
MOWHTO was 9.4° (range 6—12°), and that of the patients who underwent LCWHTO
was 14.8° (9—18.5°). A patient with a correction angle of 9° underwent LCWHTO because
of an acute skin wound on the medial side of the proximal tibia. The mean age of the
study cohort was 57.8 years (54—63 years), and there were 2 males and 11 females. These
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13 patients underwent MRI evaluation preoperatively to identify intraarticular pathologies,
including meniscal tears and cartilage defects. The study design was approved by the
institutional review board of our hospital (MC23EADI0064). All patients were informed
about the requirements of the study and provided informed consent. This study was
supported by the Research Fund of Seoul St. Mary’s Hospital, the Catholic University
of Korea.

2.2. Surgical Technique

The patient was placed in the supine position on the operating table with an appropri-
ate tourniquet applied over the cast padding. The surgical procedure was performed under
general anesthesia with the tourniquet inflated to 300 mmHg. In our institution, LCWHTO
was routinely performed under general anesthesia. And a torniquet was also routinely
used with 300 mmHg pressure to prevent unintended bleeding. Routine arthroscopic ex-
amination was carried out using the anteromedial, anterolateral, and superomedial portals.
An arthroscopic examination of all three compartments was performed, and the status of
the menisci was determined using a probe.

For biplanar LCWHTO, a curvilinear incision was made between Gerdy’s tubercle
and the fibular head and extended distally following the anterior crest of the tibia, and the
tibialis anterior muscle was dissected subperiosteally. First, the PTFJ] and anterior proximal
tibiofibular ligament (PTFL) were exposed. Our novel technique for fibula untethering was
performed utilizing an additional mini-osteotomy on the tibial side of the PTF]. For this
procedure, a Kirschner wire (K-wire) was inserted under fluoroscopic guidance starting at
the tibial cortex at a point 5 mm medial to the PTFJ to secure the PTF] articular cartilage
and anterior PTFL. The K-wire was guided parallel to the joint line on the sagittal plane
and about 30° oblique medially on the coronal plane towards the popliteus muscle. By
leaving the osteotomy plane covered by the popliteus muscle, this placement was found to
preserve the PTF] and not injure the popliteal vessels. Using a sagittal saw, a guiding fissure
was made from the near cortex of the proximal tibia to the cancellous bone (Figure 1). After
sawing to the near cortex, TSO of the far cortex was performed using a curved osteotome.
By levering the osteotome in a medial-to-lateral direction under the fluoroscope, separation
of the tibia and the small tibial-side bone fragment with the fibula head could be confirmed,
which indicated complete untethering of the fibula (Video S1 and Figure 2). Patients
included in this study were confined to a normal degree LDFA and small MTPA with
varus malalignment. So, the Paley’s center of rotation of angulation (CORA) was on the
proximal metaphyseal area of the tibia. The LCWHTO is an established surgical procedure
accepted as one of the gold standard procedures for correcting medial compartment OA
with tibia vara. The starting point was located between proximal and distal holes of a
TOMOFIX™ Lateral High Tibia Plate (DePuy Synthes, Zuchwil, Switzerland) to ensure
the proper location of the plate. And the ending point was 1 cm below the medial plateau
of the proximal tibia to avoid MCL injury. The TOMOFIX™ Lateral High Tibia Plate was
placed temporarily, and the level of proximal tibial osteotomy was marked with a surgical
marking pen. Two K-wires were placed at the level of the tibial plateau. The location
of the distal tibial osteotomy was marked according to preoperative calculations of the
size of the bone wedge to remove. Two additional K-wires were inserted heading to the
hinge point. Posterior to the tibial tubercle, an oblique coronal osteotomy procedure was
performed following the line extending from the patella tendon. The proximal and distal
tibial osteotomies were performed using a sagittal saw along each of the two K-wires to
preserve the far medial cortex and periosteum. The wedge of bone was removed using
a pituitary rongeur, and the far medial cortex was carefully drilled with a K-wire and
decorticated using an osteotome. A valgus force was gently applied to the level of the
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osteotomy until the upper and lower osteotomy surfaces contacted each other. A cable
was used for an intraoperative assessment of the alignment. The proximal and distal parts
were rigidly fixed with a TOMOFIX™ Lateral High Tibia Plate and screws. Figure 3 shows
preoperative and postoperative radiographs.

Proximal

3
F_ibular head

Distal

Figure 1. The left knee is shown. A guiding Kirschner wire was inserted 5 mm medial to the PTFJ to
secure the articular cartilage and anterior PTFL. Using a sagittal saw, a guiding fissure was made
from the near cortex of the proximal tibia to the cancellous bone. PTF]: proximal tibiofibular joint;
PTFL: proximal tibiofibular ligament.

Figure 2. Under fluoroscopic imaging, a small freely movable detached bone fragment was identified
at the tibial side (yellow circle).

48



Medicina 2025, 61,91

Figure 3. Preoperative (A) and postoperative (B) radiographs of a 42-year-old female patient who
underwent LCWHTO using the TSO technique. LCWHTO: lateral close-wedge high tibial osteotomy;
TSO: tibial-sided osteotomy.

A quadriceps-setting exercise and continuous passive motion began on the first post-
operative day. Partial weight bearing with crutches was allowed 4 weeks after surgery, and
full weight bearing was started 6 weeks after surgery. The same protocol was applied to all
patients, including those who underwent meniscal or cartilage procedures.

2.3. Evaluation

To evaluate the safety and ease of performing our novel TSO for fibula untethering, a
radiographic virtual conventional PTFJD group was set as the control group.

The radiographic virtual PTFJD group was defined based on radiographic landmarks.
If an ideal genuine PTFJD procedure was performed, the dissociation plane should be
located between the anterior PTFJ to the posterior end of the PTF]. According to this
hypothesis, evaluations of the radiographic virtual PTFJD group were conducted while
assuming the dissociation plane was located on the extended line from the anterior to
posterior PTEF].

With their consent, postoperative CT scans were performed on all 13 patients to
identify the position and status of the osteotomy. The TSO plane was determined on the
postoperative CT scan, and the corresponding radiographic virtual plane was identified
on the preoperative MRI of the same patient to measure the distance from the surgical
plane to the peroneal nerve and popliteal artery that were not definitively seen on the
postoperative CT scan (Figure 4A,B). The position of neurovascular structures can be
evaluated more accurately using MRI. However, during the MRI scan, even though the
metal reduction protocol is adapted, the artifact can disturb authors locating the positions
of the neurovascular structures. So, the plane of TSO was evaluated on the postoperative
CT scan, and it was embedded to the preoperative MRI. The shortest distance from the
extended line of the TSO plane (TSO group) or PTFJ (PTFJD group) to the peroneal nerve
and popliteal artery wall were measured on axial images. Although PTFJD was not
actually performed in the control group, PTFJD could be assured because the PTFJ could
be identified on both the CT scan and MRI (Figure 4B).
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Figure 4. Cont.
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Figure 4. (A) An axial image from the postoperative CT scan. On CT scans with the knee in full
extension, the osteotomy plane (yellow dotted box) adjacent to the proximal tibiofibular joint is located
on the more medial side parallel to the proximal tibiofibular joint. TSO: tibial-sided osteotomy. (B) On the
axial MRI of the knee in full extension, the TSO plane (yellow dotted line), defined on the corresponding
postoperative CT scan, is located more medially than the PTFJD plane (red dotted line) and located
farther from the peroneal nerve (blue arrow). A line extending from the TSO plane is covered by the
popliteus muscle (orange dotted line), whereas the PTEJD is not, indicating that the popliteus muscle
does not protect the popliteal neurovascular structures during PTFJD with the knee positioned in full
extension. TSO: tibial-sided osteotomy; PTFJD: proximal tibiofibular joint detachment. (C) On the
coronal image of the postoperative CT with the knee in full extension, the TSO plane (yellow dotted line)
aside the PTFJ (red dotted line) is confirmed. TSO: tibial-side osteotomy; PTF]J: proximal tibiofibular
joint. (D) On the coronal MRI of the knee in full extension, the TSO plane (yellow dotted line) defined
on the corresponding postoperative CT scan is located more medially compared to the PTFJD plane
(red dotted line). The TSO plane is covered by the popliteus muscle (orange line), whereas the PTFJD
is not, indicating that the popliteus muscle does not protect the popliteal neurovascular structures
during PTFJD with the knee positioned in full extension. TSO: tibial-side osteotomy; PTFJD: proximal
tibiofibular joint detachment. (E) Flex 90 MRI. On the coronal MRI of the knee in 90-degree flexion,
the TSO plane (yellow dotted line) defined on the corresponding postoperative CT scan is located
more medially than the PTEJD plane (red dotted line). The TSO plane is covered by the popliteus
muscle (orange line), whereas the PTFJD is not, indicating that the popliteus muscle does not protect the
popliteal neurovascular structures during PTFJD with the knee positioned in 90-degree flexion. TSO:
tibial-side osteotomy; PTFJD: proximal tibiofibular joint detachment.
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The popliteus muscle is known to have a debatable potential to protect the popliteal
neurovascular structures during a corrective osteotomy procedure [14]. This protective
effect by the popliteus muscle against the osteotome toward the posterior neurovascular
structure during the TSO or PTF]D was evaluated on coronal and axial MRI and matched
with the postoperative CT scan images (Figure 4A-D).

2.4. Image Analyses

Two orthopedic surgeons performed all measurements retrospectively in a step-by-
step manner. The final values were the averages of the two evaluations. Each researcher
assessed every radiographic variable on two occasions at least two weeks apart. Intra- and
inter-observer reliability for each measurement was expressed as an intraclass correlation
coefficient (ICC).

First, the two orthopedic surgeons assessed the postoperative CT images of the knee,
which were used as reference standards for the TSO or radiographic virtual PTFJD plane.
The reviewers evaluated the three-dimensional direction and depth of the TSO plane or
radiographic virtual PTFJD plane. The starting and end points of the TSO or PFT] were
estimated on axial images. Second, the two orthopedic surgeons evaluated the preoperative
MRI images obtained using axial and coronal fat-saturated proton density (PD)-weighted
turbo spin-echo sequences and sagittal T2-weighted turbo spin-echo sequences. Third,
the corresponding CT and MRI data sets were reviewed by the two orthopedic surgeons.
To evaluate the risk of injury to neurovascular structures, the osteotomy or detachment
plane identified on the CT scans was embedded in the MRI images on axial and coronal
views. For an exact side-by-side comparison, distances from the joint line were matched in
both images.

2.5. Statistical Analyses

All variables are presented as the mean & standard deviation. The Mann-Whitney
U-test was used to compare the distances from the TSO site or PTF] to the peroneal nerve
and popliteal artery. The protective effect of the popliteus muscle was expressed as a
percentage, and the significance of differences between the groups was evaluated using the
chi-square test. All statistical analyses were performed using SPSS® (IBM® Corp, Armonk,
NY, USA, version 24), and significance was set at p < 0.05.

3. Results

The TSO procedure was technically straightforward and did not result in incomplete
separation. Separation of the osteotomy site could be confirmed fluoroscopically by levering
the tibial bone fragment and fibula head laterally using an osteotome. Complete closure of
the tibial osteotomy gap was achieved in all 13 cases, avoiding incomplete closure that may
occur when the fibula is untethered incompletely. The mean HKA axis and MPTA were
changed from 11.0 to 2.0 and from 80.7 to 89.5 after operation.

The distance from the TSO or PTFJD plane to the peroneal nerve on the axial images
was significantly longer in the TSO group than the PTF]JD group (p = 0.001; Table 1). The
distance from the TSO or PTEJD plane to the popliteal artery was also significantly longer
in the TSO group than the PTFJD group (p < 0.001). The intra- and inter-observer reliability
for all radiographic measurements was considered acceptable, ranging from 0.81 to 0.99
and from 0.81 to 0.96, respectively.

In all patients in the TSO group, the osteotomy plane was covered by the popliteus
muscle in the coronal and axial images. However, in the PTFJD group, the detachment
plane was not covered by the popliteus muscle in the coronal or axial plane in all cases
(Figure 4D).
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Table 1. Distances from popliteal artery or peroneal nerve to osteotomy plane.

TSO Group PTFJD Group p Value
Distance from popliteal artery 85+34 07+15 <0.001
Distance from peroneal nerve 26.1 £2.8 21.7 £2.6 0.001

TSO: tibial-side osteotomy; PTFJD: proximal tibiofibular joint detachment.

4. Discussion

The most important finding of this study is that our novel TSO technique is technically
straightforward while enabling effective fibular untethering, and it can be performed safely,
reducing the risk of peroneal nerve and popliteal neurovascular injury.

Despite evident advantages, the decision to perform LCWHTO as an option to correct
medial unicompartmental OA with varus alignment should not be made lightly, especially
for novice surgeons, given that the procedure requires additional manipulation of the
PTF]J or fibula shaft [7]. Due to the inevitably greater risk of injury to the peroneal nerve
and popliteal neurovascular structures when performing an LCWHTO procedure to treat
medial unicompartmental OA with varus alignment compared with an MOWHTO, many
surgeons are hesitant to choose LCWHTO as their surgical option. While many patients
can be treated with an MOWHTO, LCWHTO should be considered among the surgical
options, especially for patients with a large correction gap, patients at risk of patellofemoral
OA, those with an excessive tibial slope, or for patients for which there are concerns about
LLD due to unilateral surgery [5].

Various surgical approaches for fibular untethering have been used to perform
LCWHTO safely, including fibular shaft osteotomy, PTFJD, and fibular head resec-
tion [2,3,8,9]. However, to the best of our knowledge, to date, no technique has been
reported to secure the PTF] articular cartilage and maintain a safe distance to posterolateral
neurovascular structures. Previously reported methods for PTF] in LCHTO have several
technical and clinical limitations. Fibular shaft osteotomy is technically demanding because
it requires an additional incision to perform osteotomy of the fibular shaft, and there is a
risk of nonunion of the osteotomy site [6]; in addition, the risk of peroneal nerve injury, a
fatal complication, is not negligible [9,12]. The PTFJD technique limits the correction angle
of LCWHTO [6], which reduces the reproducible gap correction and is also associated with
a greater risk of TKA conversion than the fibular head resection technique [15].

In terms of surgical straightforwardness, our novel TSO technique has several advan-
tages over PTF]D. In the process of PTF]D, the anterior and posterior PTFLs should be
dissociated to prevent incomplete LCWHTO. If dissociation is incomplete, elevation of
the fibula head is limited, and closure of the osteotomy gap is also limited by the remnant
tethering effect of the PTFL. It is not possible to definitively prove that the PTFJL has
been dissociated during the PTFJD procedure: in such circumstances, the surgeon may
repetitively apply a dissociating force to the PTF] with a blunt osteotome, increasing the
risk of iatrogenic popliteal neurovascular injury beyond the popliteus muscle or fibula
head fracture. In contrast, during the TSO procedure, surgeons can confirm whether the
tibial-side osteo-fragment is freely movable or not by using an image intensifier in real
time within the operation room, thus simplifying fibula untethering during LCWHTO and
improving the reproducibility of the procedure.

Additionally, unlike PTFJD, during the TSO procedure, surgeons can estimate the
depth of the osteotomy using haptic sensing and can therefore feel the osteotome advance
through the far cortex, allowing them to stop advancing the osteotome. The surgeon is
also able to feel the K-wire penetrate the near cortex and cancellous bone and make contact
with the far cortex. In contrast, during the PTFJD procedure, surgeons are not able to
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employ tactile exploration as the osteotome penetrates into deeper layers. These differences
in the utility of the tactile sense could provide the beneficial effect of lessening excessive
advancement of the surgical device to a deep layer (Table 2).

Table 2. Benefits and limitations.

Benefits Limitations
Reduced risk of iatrogenic peroneal nerve injury because  Risk of iatrogenic injury of PTFJ articular cartilage due to
of relative anatomical location incomplete TSO and/or incorrect direction of TSO
Possible protection of underlying popliteus vessel by Possible risk of iatrogenic PTFJ injury due to iatrogenic
popliteal muscle fracture, especially in patients with osteoporosis

Reduced risk of anterior tibial artery recurrent branch
injury because osteotomy plane is located farther away

Fewer morbidities than for PTFJD, including PTFJ
articular cartilage injury or iatrogenic fibula head fracture

Surgeons can use haptic sense to estimate advancement
depth of surgical devices

TSO: tibial-sided osteotomy, PTF]J: proximal tibiofibular joint, PTFJD: proximal tibiofibular joint detachment.

To simplify the TSO technique, we recommend several technical tips. It is important to
identify the border of the PTF]J to prevent unintended injury to the PTFJ articular cartilage
and neurovascular bundle. The PTFJ can be identified more easily if blunt dissection of the
anterior PTFL is performed; excessive dissection with a sharp scalpel should be avoided
because it could cause injury to the PTFL and articular cartilage of the PTFJ. We also
recommend inserting the guiding K-wire 5 mm medial to the PTF] to sufficiently secure the
bone fragment and avoid anterior PTFL injury. The creation of an excessively large bony
fragment should also be avoided in order to prevent iatrogenic proximal tibia articular
fracture. The guiding K-wire should not penetrate the far cortex of the proximal tibia in
order to avoid penetrating the popliteal neurovascular structures. We also advise that the
oscillating saw should not be advanced farther than the far cortex, and the final detachment
of the far cortex should be performed with an osteotome. Finally, complete detachment
should be confirmed using an image intensifier.

When compared with the PTEJD procedure, the novel TSO procedure improves safety
by moving the osteotomy site farther from the neurovascular structure and allowing the
popliteus muscle to provide protective cover. The shortest distances from the TSO or PTFJD
plane to the peroneal nerve and popliteal artery were significantly farther in the TSO group.
Moving the surgical site farther away from the neurovascular structure reduces the risk
of neurovascular injury. In addition, the TSO technique may better protect the recurrent
branch of the anterior tibial artery (ATA); the ATA arises from the popliteal artery just below
the popliteus muscle and pierces or passes above the interosseous membrane in a posterior-
to-anterior direction, giving rise to the anterior tibial recurrent artery, which ascends from
the aperture and anastomoses with the genicular arteries [16]. In the TSO procedure, the
osteotomy line is positioned farther from the PTF] and interosseous membrane and should
therefore also be farther from the recurrent branch of the ATA; however, we were unable to
confirm positioning because the tiny ATA could not be identified in postoperative MRI,
and further studies utilizing angio-CT or cadaver studies are required.

Our novel technique also has a protective effect due to the mechanical blocking effect
of the popliteus muscle. According to the findings reported by Parker et al., the popliteal
neurovascular bundle is thought to be protected by the popliteus muscle and the posterior
tibialis muscle [14]. However, our MRI findings with the knee in full extension or at 90°
flexion (a position that many surgeons prefer when performing LCWHTO) indicate that
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the popliteus muscle does not properly cover the posterior PFT] in the coronal and sagittal
planes. The inferior margin of the popliteus muscle is more proximal than the posterior
PFT]J and does not provide any protective cover beyond the PTF]. However, with our
novel technique, the osteotomy line lies more medially and parallel to the PTF] and is fully
covered by the popliteus muscle (Figure 4B,D). Moreover, in the axial plane, the popliteal
vessel located on the extended line of the PTFJ is positioned more laterally than the TSO
line (Figure 4B), which may elevate the risk of injury to the neurovascular bundle during
the dissociation of the PTFJ with the osteotome. However, in the TSO technique, the blunt
osteotome is blocked by the popliteus muscle, reducing the risk of popliteal neurovascular
injury. As such, by opting for the TSO procedure, inexperienced surgeons may avoid
many of the risks presented by the LCWHTO procedure while ensuring effective correction
of varus malalignment. Further evaluations, including cadaveric studies or randomized
controlled trials with larger cohorts, are required to confirm our findings.

This protective effect could transform LCWHTO. Although some previous studies that
included cadaveric angiography reported that during knee flexion, the popliteal neurovas-
cular bundle moves posteriorly at the joint line level [17], other studies employing duplex
ultrasound in living patients reported that the popliteal artery is closer to the posterior
border of the tibia when the knee is in 90° flexion than in full extension, especially at 1 to
2 cm below the joint line, where coronal osteotomy occurs [18,19]. Notably, MRI studies
have reported that knee flexion and the effects of gravity do not guarantee repositioning of
the popliteal vessels away from potential harm during surgery [20]. Estimating the exact
location of the popliteal artery was not feasible, especially at the level of proximal tibial
osteotomy, which is about 2 to 3 cm distal to the joint line [17-20]. In this circumstance,
the protective cover provided by the popliteus muscle could be a key pro of our novel
technique to improve the safety of the LCWHTO procedure performed by surgeons to treat
medial unicompartmental OA.

Our TSO technique does not violate the PTF] articular cartilage, which is frequently
reported in PTF] detachment, and can reduce the likelihood of iatrogenic fibular head
fracture and consequently reduce the risk of peroneal nerve injury. Instead, we separated
the PTEF] directly from the tibial side. Fine TSO may be performed using a guiding K-wire
and oscillating saw under an image intensifier. By means of this simple TSO technique,
surgeons can overcome the risk of PTFJ cartilage injury that may result in lateral knee pain
after LCWHTO. Moreover, there is no need for the additional skin incision and soft tissue
dissection that are necessary when performing fibular shaft osteotomy procedures, and
the TSO technique may reduce the operation time compared to the fibular shaft osteotomy
method. These advantages indicate that the TSO procedure is a viable alternative to lateral
closure when performing HTO, especially for novice surgeons.

This study had several limitations. First, this study was confined to an Asian pop-
ulation. Thus, these results might not be generalizable to other ethnicities. Second, a
radiographic virtual control group was used to compare the anatomical variables of PTFJD
with those of our novel technique; however, additional studies using values obtained from
real-world PTFJD procedures are required. In addition, the genuine PTFJD plane could not
be confirmed on the postoperative CT because it does not leave a confirmable trace in the
radiologic test. Together, these limitations may limit the generalizability of our results.

Despite these limitations, our oblique mini-osteotomy of the proximal tibia technique
for the PTF] in LCWHTO can provide a reproducible and safer surgical method, protecting
popliteal neurovascular structures and the recurrent branch of ATA. Further validation
through additional studies, including cadaveric investigations, is warranted.
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Abstract: Background and Objectives: This study aimed to evaluate the tibial tubercle—posterior
intercondylar eminence (TT-IC) distance as a diagnostic tool and surgical guide for correcting extensor
apparatus misalignment through tibial tubercle osteotomy. Materials and Methods: A retrospective
analysis was conducted on patients with extensor apparatus misalignment. The TT-IC distance was
measured using MRI. Patients underwent tibial tubercle osteotomy, guided by the TT-IC distance
for correction. Post-operative outcomes, including alignment, pain scores, and functional recovery,
were assessed. Results: A significant correlation was found between the TT-IC distance and the
degree of extensor apparatus misalignment. Utilizing the TT-IC distance as a surgical guide led
to improved alignment in majority of patients. Post-operative outcomes showed reduced pain
and enhanced functional recovery. Conclusions: The study established the TT-IC measurement as
a valuable tool for determining the need for tibial tuberosity osteotomy in patients with patellar
instability, particularly those with trochlear dysplasia, by providing a more precise criterion than the
traditional TT-TG distance.

Keywords: tibial tubercle—posterior intercondylar eminence (TT-IC); diagnostic imaging; surgical

guide; extensor mechanism misalignment; osteotomy

1. Introduction

The surgical indication for tibial tubercle osteotomy (TTO) is based on a tibial tubercle—
trochlear groove (TT-TG) distance of 20 mm or more. This standard was proposed by
Dejour et al. in 1994 [1]. In patients with trochlear dysplasia, the TT-TG distance is less
consistent, especially in those with high-grade dysplasia. The TT-TG values obtained from
computed tomography (CT) imaging do not always match those measured by magnetic
resonance imaging (MRI), with an average difference ranging between 2.2 and 4.16 mm,
according to the literature [2]. As is known, the tibial tubercle osteotomy is used in patients
with patellar maltracking caused by the presence of a lateral force vector acting on the
extensor apparatus. Dejour et al. highlighted in their studies that patients with a distance
greater than 20 mm between the most anterior part of the tibial tubercle and the deepest
part of the trochlear groove primarily require medialization of the tibial tubercle to correct
the excessive lateralization of the tibial tubercle [1,3,4]. Identifying the deepest point of
the trochlear groove is challenging in patients with trochlear dysplasia, especially for
those with type C or D trochlear dysplasia. As highlighted by Dejour in his study, the
interobserver reproducibility is only 60% [3]. Furthermore, the surgical management of
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patients with TT-TG values between 16 and 20 mm, who also show other signs of extensor
apparatus misalignment, is challenging [1,5]. The reference value for the TT-TG distance
determined by MRI is currently unknown and can be influenced by the patient’s age or
body weight [6].

Patellar maltracking is closely linked to a range of histopathological alterations within
the knee joint, with significant impact on the synovial tissues and fat pads. Synovitis
and joint effusion are prevalent in these cases, typically presenting in the suprapatellar
and infrapatellar recesses. These pathological changes are indicative of inflammatory
processes and fluid accumulation, which are key contributors to pain and impaired knee
function. Moreover, impingement and edema of the intra-articular fat pads, including
the pre-femoral, suprapatellar, and Hoffa’s fat pads, are frequently observed. Hoffa's fat
pad, located between the patellar tendon and the tibial plateau, is particularly susceptible
to inflammation—termed Hoffitis—arising from repetitive microtrauma and mechanical
stress during knee motion, thereby exacerbating the clinical manifestations of patellar
maltracking. Beyond the involvement of soft tissues, patellar maltracking frequently pre-
cipitates tendinopathies, especially within the quadriceps and patellar tendons. These
tendinopathies are typically the result of chronic microtrauma, which leads to tendon de-
generation and, in more severe instances, partial tears. This condition, commonly referred
to as “Jumper’s Knee”, is prevalent among individuals who engage in repetitive jumping
activities. Additionally, patellar chondropathy represents a significant histopathological
consequence of maltracking. The aberrant movement of the patella leads to uneven stress
distribution across the patellar cartilage, resulting in cartilage softening, fibrillation, and
ultimately, chondromalacia, further intensifying knee pain and functional decline [7].

The aim of this study was to determine the correlations between a new parameter,
specifically the tibial tubercle to intercondylar posterior arc distance (TT-IC), and the TT-TG
distance, as well as other extensor apparatus misalignment parameters associated with
trochlear dysplasia, such as the lateral trochlear slope, the trochlear angle, and trochlear
facet asymmetry. The study also sought to establish a potential indication for osteotomy in
these patients. This study hypothesized that the tibial tubercle—posterior intercondylar em-
inence (TT-IC) distance is a more reliable and reproducible parameter than the traditionally
used tibial tubercle-trochlear groove (TT-TG) distance in guiding the surgical correction of
extensor apparatus misalignment, especially in patients with advanced trochlear dysplasia.
It is very important to establish a clearer indication for tibial tubercle osteotomy (TTO) in
patients with patellar maltracking, particularly those with advanced trochlear dysplasia.
Traditional criteria for TTO, based on a tibial tubercle-trochlear groove (TT-TG) distance of
20 mm or more, have limitations in patients with high-grade trochlear dysplasia, where
the TT-TG measurements can be inconsistent and unreliable. Considering the variability
in TT-TG values, especially in cases with complex anatomical distortions, this study ex-
plores the tibial tubercle to intercondylar posterior arc distance (TT-IC) as a potentially
more reliable parameter. By examining the correlation between the TT-IC distance and
other key misalignment parameters, such as the lateral trochlear slope, trochlear angle,
and trochlear facet asymmetry, this study seeks to provide a more precise criterion for
surgical intervention. Establishing the TT-IC distance as a potential indicator for osteotomy
could offer a more effective and individualized approach to managing patellar maltracking,
ultimately improving surgical outcomes in this patient population.

2. Materials and Methods
2.1. Study Participants

This is a retrospective observational study analyzing data from patients diagnosed
with extensor apparatus misalignment who underwent tibial tubercle osteotomy between
2016 and 2022 at the Orthopedics and Traumatology Clinic of the Bucharest Emergency
University Hospital. Within the study, data from 60 patients diagnosed with extensor
apparatus misalignment, who underwent osteotomy surgery between 2016 and 2022,
were analyzed. Prior approvals were obtained from the hospital’s Ethics Committee, and
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informed consent was secured from the patients to be included in the study cohort, ensuring
adherence to international standards of research ethics and integrity. In our study, the
inclusion criteria were patients diagnosed with patellar instability, recurrent luxation, and
trochlear dysplasia. Patients were excluded from the study if they had prior surgeries
on the knee, non-standard imaging studies, or incomplete clinical records. MRIs were
taken preoperatively to accurately assess the TT-IC distance and other relevant anatomical
parameters. The study included patients diagnosed with extensor apparatus misalignment
and the presence of trochlear dysplasia, specifically characterized by a trochlear angle
greater than 140 degrees and a lateral trochlear inclination angle below 11-12 degrees.
Eligible patients had undergone tibial tubercle osteotomy between 2016 and 2022 and had
available preoperative MRI and CT scans for precise measurement of the TT-PIE and TT-TG
distances. Patients were required to have no prior knee surgeries and to possess complete
clinical and imaging records to confirm consistency and reliability in the analysis.

All measurements were performed by the same radiologist from the Department of
Radiology and Medical Imaging at the University Hospital to establish consistency and
minimize inter-observer variability. The imaging assessments, including the TT-TG and
TT-IC distance measurements, were conducted with each patient positioned in the supine
(dorsal decubitus) position, with the knee flexed at 30 degrees. This specific positioning
was chosen to provide optimal visualization of the relevant anatomical landmarks while
maintaining a consistent approach across all patients. Ensuring that all measurements were
taken under these standardized conditions helped enhance the accuracy and reproducibility
of the radiological evaluations.

2.2. Surgical Procedure

The tibial tubercle osteotomy (TTO) procedure was carried out in a standardized
manner to maintain uniformity across all patients. The process began with thorough
preoperative planning, involving the review of detailed imaging studies, such as CT and
MR, to evaluate the tibial tubercle-trochlear groove (TT-TG) distance. This step was critical
for accurately determining the extent of medialization required for the tibial tubercle.

Following the completion of preoperative planning, the patient was placed in a supine
position on the operating table with the knee in slight flexion to allow optimal access to the
surgical site. The surgical area was then aseptically prepared, and a longitudinal incision
was made along the anterior aspect of the knee to expose the tibial tubercle and trochlear
groove (Figure 1).

With the surgical site exposed, the osteotomy procedure commenced. The tibial
tubercle was carefully cut and mobilized medially according to the preoperative plan. This
repositioning was performed to correct the excessive lateralization of the tibial tubercle.
After achieving the desired position, the tibial tubercle was fixed securely in place using
screws to ensure stability and promote proper healing.

Following the osteotomy and fixation, the incision was meticulously closed in layers
to minimize the risk of infection and promote optimal wound healing. A sterile dressing
was then applied to protect the surgical site.

Post-operative care involved adhering to standard protocols, including pain manage-
ment to secure patient comfort, immobilization to facilitate proper healing, and a structured
rehabilitation program to restore function and strength to the operated limb. These steps
collectively aimed to ensure a successful surgical outcome and a smooth recovery process
for all patients.

Post-surgical rehabilitation is essential for restoring knee stability and function in
patients with patellar maltracking. The initial phase focused on isometric and isotonic
strengthening exercises for the quadriceps, hamstrings, and hip muscles. Isometric exercises
are crucial early on, as they activate muscles without significant joint movement, thereby
reducing stress on healing tissues. These exercises stabilize the knee, particularly during
valgus and rotatory stresses. As recovery progresses, isotonic exercises gradually rebuild
muscle strength and endurance, facilitating a transition to more dynamic activities. In
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the advanced rehabilitation phases, the program introduced semi-squats to enhance the
strength and control of the knee extensor mechanism, with careful attention to proper
alignment to avoid excessive patellar tendon stress. Progressive jump training was then
incorporated to improve eccentric loading, shock absorption, and movement control, which
are vital for preventing recurrent patellar dislocation. This structured approach ensures the
extensor mechanism is adequately prepared for the functional demands of daily activities
and sports [8].

Figure 1. Intraoperative image showing the surgical approach (left knee). M, medial; L, lateral; D,
distal; P, proximal.

2.3. Diagnostic Assessments and Measurement Techniques

Patients were assessed using computed tomography (CT) and MRI on the operated
limb. Established diagnostic parameters, such as the TT-TG distance, trochlear angle, lateral
trochlear slope, and trochlear asymmetry, were determined, along with the TT-IC parameter.
The measurement of the distance between the tibial tubercle and the posterior intercondylar
arc was conducted as follows: A reference line was drawn tangent to the posterior femoral
condyles, with a parallel line considered as the tangent line of the posterior arc, termed the
bony landmark of the posterior arc. The bony landmark of the tibial tubercle was identified
as the center of the tibial tubercle when the patellar tendon was in close contact with it.
Consequently, the TT-IC distance was defined as the distance between two parallel lines
passing through the bony edge of the tibial tubercle and the posterior arc, perpendicular to
the posterior intercondylar reference line (Figures 2 and 3).

All patients were assessed using high-resolution computed tomography (CT) and
magnetic resonance imaging (MRI) of the operated limb. The CT scans were performed
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using a Siemens CT Definition Edge 128-slice scanner, with a slice thickness set to 1 mm
to ensure optimal spatial resolution for detailed identification of bony landmarks. MRI
assessments were conducted using a 3 Tesla Siemens Magnetom Vida scanner. For both
imaging modalities, standardized patient positioning was maintained: patients were
positioned supine with the knee at 30 degrees of flexion to replicate functional alignment
and enhance measurement accuracy. The foot was secured in a neutral position using a foot
holder to minimize movement. This imaging protocol facilitated precise and reproducible
measurements of the TT-TG distance, TT-IC parameter, and other diagnostic parameters,
ensuring consistent comparisons across all patients.

Figure 2. On the CT scan, the tangent line of the posterior arc, the bony landmark at the arc level,
and the line of the intercondylar arc were identified (left knee). L, lateral; M, medial.

Intercondylar
arch line

Posterior
Condylar Line

Figure 3. On the CT scan, the tangent line of the posterior arc, the bony landmark at the arc level,
and the line of the intercondylar arc were identified (right knee). L, lateral; M, medial.
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2.4. Statistical Analysis

The statistical analysis was conducted using IBM SPSS Statistics software, version 21,
utilizing a range of statistical tests tailored to the specific data characteristics and research
questions. Each test employed had distinct assumptions, which were systematically verified
to secure the robustness and validity of the results.

The Mann-Whitney U test was chosen to compare differences between two inde-
pendent groups when the dependent variable was either ordinal or continuous but did
not follow a normal distribution. This non-parametric test’s assumptions included that
the two groups were independent, the dependent variable was measured on at least an
ordinal scale, and the distributions of the groups were similar in shape. Independence was
maintained through the study’s design, while the shape of the distributions was assessed
through visual inspection of histograms to confirm comparability.

For comparing two related samples or repeated measurements within a single sample,
the Wilcoxon signed-rank test was employed to evaluate whether the population mean
ranks differed. The test’s assumptions required that the samples be related (paired) and
that the dependent variable be measured at least on an ordinal scale. The relatedness of
the samples was inherent to the study’s design, and the ordinal nature of the variable was
verified during data collection to meet these assumptions.

The chi-squared test was applied to examine the association between two categorical
variables. The assumptions for this test required that both variables be categorical, that
observations were independent of each other, and that the expected frequency in each cell
of the contingency table was at least 5. The independence of observations was ensured by
the study’s design, while expected frequencies were calculated and confirmed to satisfy the
necessary criteria for the test’s validity.

To measure the strength and direction of the association between two binary variables,
the Phi correlation coefficient was used. This test assumes that both variables are binary and
that the sample size is adequate to produce a reliable correlation. These assumptions were
met by verifying the binary nature of the variables during data collection and confirming
that the sample size was sufficient through a prior sample size calculation to confirm
statistical power.

Across all tests, a p-value threshold of less than 0.05 was used to determine statistical
significance. Thorough checks were conducted on all assumptions associated with each
test, ensuring that the chosen statistical methods were appropriate for the data, thereby
enhancing the reliability and interpretability of the study findings.

The sample size for this study was determined through a power analysis. With an effect
size of 0.5, a significance level of 0.05, and a power of 0.80, we calculated that 60 patients
were necessary to achieve robust statistical validity. This calculation accounted for potential
dropouts and aimed to guarantee the study’s findings would be statistically significant.

3. Results

The analysis of our patient cohort revealed distinct demographic and clinical patterns.
There was a notable predominance of female patients, with approximately 50 females
compared to only 10 males, highlighting a skewed gender distribution within the study
population. Age-wise, the majority of patients were young adults, predominantly in their
mid-20s, with 25 years being the most represented age group (Table 1).

Clinically, variations in the CT tibial tubercle-trochlear groove (TT-TG) distance were
observed in relation to the trochlear angle. Patients with a trochlear angle exceeding 140 de-
grees demonstrated higher median TT-TG distances than those with angles of 140 degrees
or less. This indicates that the trochlear angle plays a critical role in influencing the TT-TG
distance, a key factor in planning tibial tubercle osteotomy. These findings underscore the
importance of accounting for both demographic and anatomical factors when assessing
and managing patients with patellar instability and recurrent dislocation (Figures 4 and 5).
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Table 1. Demographic characteristics of the study population.

Characteristic Number (n) Percentage (%)
Total Patients 60 100
Sex Distribution

Female 50 83.3
Male 10 16.7
Age Distribution

20-24 years 15 25
25-29 years 30 50
30-34 years 10 16.7
35-40 years 5 8.3
Mean Age (years) 25.57

Standard Deviation 5.01

Age Distribution

12

10

Frequency

30
Age

Figure 4. Age distribution. The ages ranged from early 20s to 40 years old. The distribution shows a
higher concentration of patients in their mid-20s, with the most frequent age group being 25 years old.
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Count

20 A

10 4
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Figure 5. Sex distribution. A significant majority of the patients were female, with approximately

50 female patients compared to around 10 male patients.

The average age of the patients was 25.57 years (standard deviation: 5.013; CI: [24.27;
26.86]). There were no significant differences between genders, but there was a predomi-
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nantly female distribution, with 80% being women (n = 48) and 20% men (1 = 12). Figure 6
shows the distribution of cases based on the TT-TG and TT-IC distances measured by CT.
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Figure 6. Distribution of cases based on the TT-TG and TT-IC distances measured by CT.

The distribution of cases based on the TT-TG and TT-IC distances measured by CT
showed significantly higher values for the TT-IC parameter across the entire patient group
compared to the TT-TG values.

3.1. Assessment of the Lateral Trochlear Slope and Its Association with TT-IC by CT

The average value for the TT-IC parameter was 2.42 cm (standard deviation: 0.29;
CI: [2.34; 2.49]), with a median value of 2.50 cm. Patients with a lateral trochlear slope
of <11 degrees (measured by CT) had TT-IC values ranging from 2.10 to 2.80, with an
average value of 2.4259 (standard deviation: 0.22; CI: [2.30; 2.54]) and a median value of
2.40. Meanwhile, patients with a lateral trochlear slope of >11 degrees (measured by CT)
had TT-IC values between 1.63 and 2.80, with an average of 2.4202 (standard deviation:
0.31; CI: [2.32; 2.51]) and a median value of 2.54. No significant differences were observed
between the TT-IC values measured in the patient group with a lateral trochlear slope of
<11 and the group with a slope of >11 (p = 0.867).

Subsequently, we compared the TT-TG and TT-IC values in patients with a lateral
trochlear slope of <11 (1 = 17). As previously noted, these patients showed considerably
higher TT-IC distances compared to the TT-TG distances (average values: 2.42 vs. 1.95).
The application of the Wilcoxon signed-rank test indicated that the differences between
TT-IC and TT-TG values were statistically significant (Z = —3.626; p < 0.001). Significant
differences between the TT-TG and TT-IC distances were also found in patients with a
lateral trochlear slope of >11 (n = 42), with TT-IC values also being notably higher than
TT-TG values (average values: 2.42 vs. 2.01; Z = —5.691; p < 0.001; Figures 7 and 8, Table 2).

Table 2. CT and MRI measurements by trochlear angle.

Trochlear Angle < 140° Trochlear Angle > 140°
(n =27) (n=23)

TT-TG Distance (CT)  Mean: 2.04 cm (SD: 0.33) Mean: 1.94 cm (SD: 0.23) 0.056
TT-IC Distance (CT) Mean: 2.45 cm (SD: 0.32) Mean: 2.38 cm (SD: 0.23) 0.184
TT-TG Distance (MRI) Mean: 2.02 cm (SD: 0.36) Mean: 1.94 cm (SD: 0.23) 0.149
TT-IC Distance (MRI) Mean: 2.42 cm (SD: 0.35) Mean: 2.38 cm (SD: 0.24) 0.425

Measurement p-Value
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Figure 7. Distribution of cases based on TT-TG in patients with a lateral trochlear slope of <11 degrees
and >11 degrees, respectively.
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Figure 8. Distribution of cases based on TT-IC in patients with a lateral trochlear slope of <11 degrees
and >11 degrees, respectively.

3.2. Assessing Trochlear Facet Asymmetry and Its Relationship with TT-TG and TT-I1C by MRI

When examining trochlear facet asymmetry, patients displaying this asymmetry (as
measured by MRI) had TT-TG values ranging from 1.74 to 2.30, with an average of 1.9867
(standard deviation: 0.20; CI: [1.89; 2.07]) and a median of 1.90 (1 = 21). In contrast, patients
without trochlear facet asymmetry had TT-TG values between 1.20 and 2.42, averaging
1.9886 (standard deviation: 0.37; CIL: [1.84; 2.13]) with a median of 2.2 (n = 29). There
were no statistically significant differences in TT-TG distances between patients with and
without trochlear facet asymmetry (p = 0.510). For the TT-IC parameter measurements,
patients with trochlear facet asymmetry showed values between 2.12 and 2.80, averaging
2.4248 (standard deviation: 0.21; CI: [2.32; 2.52]) with a median of 2.40. Those without
this asymmetry had TT-IC values ranging from 1.63 to 2.80, with an average of 2.3972
(standard deviation: 0.36; CI: [2.25; 2.53]) and a median of 2.60. Although patients with
trochlear facet asymmetry had slightly higher TT-IC values compared to those without, the
differences were not statistically significant (p = 0.984). Subsequently, we compared the
TT-TG and TT-IC values in patients with trochlear facet asymmetry (n = 21). As previously
noted, these patients exhibited significantly higher TT-IC distances compared to the TT-TG
distances (average values: 2.42 vs. 1.98). The Wilcoxon signed-rank test confirmed that
the differences between TT-IC and TT-TG values were statistically significant (Z = —4.018;
p < 0.001; Table 3).
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Table 3. Association of TT-IC and TT-TG distances with trochlear facet asymmetry.

Without Asymmetry
(n=29)

TT-TG Distance (MRI) Mean: 1.99 cm (SD: 0.20) Mean: 1.99 cm (SD: 0.37) 0.51
TT-IC Distance (MRI) Mean: 2.42 cm (SD: 0.21) Mean: 2.40 cm (SD: 0.36) 0.984

TT-TG vs. TT-IC
Difference (MRI)

Measurement With Asymmetry (n = 21) p-Value

Z = —4.018; p < 0.001 Z = —4.759; p < 0.001

Similarly, significant differences between the TT-TG and TT-IC distances were ob-
served in patients without trochlear facet asymmetry (1 = 29). The TT-IC values were also
notably higher than the TT-TG values (average values: 2.39 vs. 1.98; Z = —4.759; p < 0.001;
Figures 9 and 10).
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Figure 9. Distribution of cases based on TT-TG values in patients with and without trochlear
facet asymmetry.
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Figure 10. Distribution of cases based on TT-IC values in patients with and without trochlear
facet asymmetry.

3.3. Assessment of the Trochlear Angle and Its Correlation with TT-TG and TT-IC by Both CT
and MRI

Patients with a trochlear angle of <140 degrees (measured by MRI) had TT-TG values
ranging from 1.20 to 2.42, with an average of 2.02 (standard deviation: 0.36; CI: [1.87; 2.16])
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and a median of 2.24 (n = 27). Meanwhile, those with a trochlear angle over 140 degrees
had TT-TG values between 1.43 and 2.30, averaging 1.94 (standard deviation: 0.23; CI:
[1.84; 2.04]) with a median of 1.90 (n = 23). No statistically significant differences in TT-TG
distances were observed between the two groups (p = 0.149).

Furthermore, patients with a trochlear angle of <140 degrees had TT-IC values be-
tween 1.63 and 2.80, averaging 2.42 (standard deviation: 0.35; CI: [2.28; 2.56]) with a median
of 2.64. In contrast, those with a trochlear angle over 140 degrees had TT-IC values ranging
from 1.85 to 2.80, with an average of 2.38 (standard deviation: 0.24; CI: [2.27; 2.49]) and
a median of 2.37. No significant differences in TT-IC distances were noted between the
two groups (p = 0.425).

By comparing the TT-TG and TT-IC values in patients with a trochlear angle of
<140 degrees (n = 27), the Wilcoxon signed-rank test revealed statistically significant
differences between TT-IC and TT-TG values (Z = —4.606; p < 0.001). This emphasized
that these patients had notably higher TT-IC distances compared to TT-TG (average values:
2.42 vs. 2.02). Significant differences between TT-TG and TT-IC distances were also found
in patients with a trochlear angle over 140 degrees (n = 23), with TT-IC values also being
significantly higher than TT-TG values (average values: 2.38 vs. 1.94; Z = —4.200; p < 0.001;
Figures 11 and 12).

CTTT-TG

MRI TROCHLEAR
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Figure 11. Distribution of cases based on TT-TG values and their association with the trochlear angle,
determined by MRI.
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Figure 12. Distribution of cases based on TT-IC values and their association with the trochlear angle,
determined by MRI.

Regarding the CT evaluation, in the group with a trochlear angle of <140 degrees
(measured by CT), TT-TG values ranged from 1.20 to 2.42, with an average of 2.04 (standard
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deviation: 0.33; CI: [1.92; 2.16]) and a median of 2.20 (n = 33). Meanwhile, for those with a
trochlear angle over 140 degrees, TT-TG values ranged from 1.43 to 2.30, averaging 1.94
(standard deviation: 0.23; CI: [1.85; 2.03]) with a median of 1.90 (n = 26). No statistically
significant differences in TT-TG distances were observed between the two groups (p = 0.056).

For the TT-IC parameter, patients with a trochlear angle of <140 degrees (measured by
CT) had values between 1.63 and 2.80, averaging 2.45 (standard deviation: 0.32; CI: [2.33;
2.56]) with a median of 2.60. In contrast, those with a trochlear angle over 140 degrees
had TT-IC values ranging from 1.85 to 2.80, averaging 2.38 (standard deviation: 0.23; CI:
[2.28; 2.48]) with a median of 2.38. No significant differences in TT-IC distances were noted
between the two groups (p = 0.184).

Subsequently, we compared the TT-TG and TT-IC values in patients with a trochlear
angle of <140 degrees (1 = 33). As previously noted, these patients exhibited significantly
higher TT-IC distances compared to the TT-TG distances (average values: 2.45 vs. 2.04).
The Wilcoxon signed-rank test confirmed that the differences between TT-IC and TT-TG
values were statistically significant (Z = —5.088; p < 0.001). Similarly, significant differences
between the TT-TG and TT-IC distances were observed in patients with a trochlear angle
over 140 degrees (n = 26), with TT-IC values also being notably higher than TT-TG values
(average values: 2.38 vs. 1.94; Z = —4.461; p < 0.001; Figures 13 and 14).
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Figure 13. Distribution of cases based on TT-TG values and their correlation with the trochlear angle,
determined using CT imaging.
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Figure 14. Distribution of cases based on TT-IC values and their correlation with the trochlear angle,
determined using CT imaging.
3.4. Evaluation of TT-TG and TT-IC Parameters Using ROC Curves

Both the TT-TG distance and the TT-IC distance showed limited specificity and sensi-
tivity in predicting patients with a lateral trochlear slope of <11 degrees. For TT-TG, the
AUC was 0.411, with a cut-off value of 1.86 cm, a sensitivity of 56%, and a specificity of
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36%. For TT-IC, the AUC was 0.490, with a cut-off value of 2.25 cm, a sensitivity of 75%,
and a specificity of 36%. The p-values were 0.313 and 0.91, respectively (Figures 15 and 16).
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Figure 15. ROC curves for TT-TG distances in patients with a lateral trochlear slope of <11 degrees.
The blue line represents the test’s performance at different thresholds, with a higher AUC indicating
better accuracy, while the yellow diagonal shows random chance, and the goal is for the blue line to
be above the yellow one, indicating the test outperforms randomness.
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Figure 16. ROC curves for TT-IC distances in patients with a lateral trochlear slope of <11 degrees.
The blue line represents the test’s performance at different thresholds, with a higher AUC indicating
better accuracy, while the yellow diagonal shows random chance, and the goal is for the blue line to
be above the yellow one, indicating the test outperforms randomness.

Through the analysis of ROC curves for patients undergoing Elmslie-Trillat medial-
ization osteotomy, both the TT-TG and TT-IC parameters demonstrated high sensitivity
and specificity, both statistically significant. The TT-IC distance showed slightly higher
values, indicating its predictive power for this type of surgical intervention. For TT-TG, the
AUC was 0.778, with a cut-off value of 1.86 cm, a sensitivity of 78%, and a specificity of
62% (p = 0.001). For TT-IC, the AUC was 0.787, with a cut-off value of 2.25 cm, a sensitivity
of 85%, and a specificity of 62% (p < 0.0001; Figures 17 and 18, Table 4).
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Figure 17. ROC curves for TT-TG distances in patients with Elmslie-Trillat osteotomy. The blue
line represents the test’s performance at different thresholds, with a higher AUC indicating better
accuracy, while the yellow diagonal shows random chance, and the goal is for the blue line to be
above the yellow one, indicating the test outperforms randomness.
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Figure 18. ROC curves for TT-IC distances in patients with Elmslie-Trillat osteotomy. The blue
line represents the test’s performance at different thresholds, with a higher AUC indicating better
accuracy, while the yellow diagonal shows random chance, and the goal is for the blue line to be
above the yellow one, indicating the test outperforms randomness.

Table 4. Diagnostic performance of TT-TG and TT-IC distances using ROC analysis.

Parameter AUC Cut-Off Value  Sensitivity (%) Specificity (%) p-Value
TT-TG Distance ~ 0.778 1.86 cm 78 62 0.001
TT-IC Distance 0.787 2.25cm 85 62 <0.0001

4. Discussion

In our study, the TT-IC benchmark was compared with the traditional TT-TG distance
across a cohort of patients, including those with varying degrees of trochlear dysplasia,
assessed by metrics such as the lateral trochlear inclination angle, trochlear angle, and
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trochlear facet asymmetry, as well as those without dysplasia. The findings indicated that
TT-IC values were consistently higher than TT-TG values, particularly in patients with
dysplasia, suggesting that TT-IC offers greater accuracy in these cases. Both measurements
were effective in predicting patellar instability; however, TT-IC demonstrated superior
accuracy in the presence of dysplastic trochleae.

The clinical implications of our findings are significant for the management of patellar
instability, particularly in patients with trochlear dysplasia. The TT-IC benchmark proved
more accurate in assessing tibial tuberosity lateralization in advanced dysplastic cases than
the conventional TT-TG distance. This is especially relevant considering the reproducibility
challenges associated with TT-TG, which stem from difficulties in identifying the deepest
point of the trochlear groove, particularly when the trochlear angle approaches 180 degrees,
indicating a flat trochlea. Consequently, the use of TT-IC may provide more reliable data
for surgical planning, such as determining the necessity for a medializing tibial tuberosity
osteotomy, ultimately contributing to improved patient outcomes.

Subsequent research has determined that an increased TT-TG distance is a predictive
marker for patellar instabilities, with a value exceeding 20 mm being the gold standard
for formally indicating a medializing tibial tuberosity osteotomy [9]. However, this axial
measurement has shown limitations due to its reduced reproducibility, especially in patients
with trochlear dysplasia, particularly those with advanced trochlear dysplasia with a
trochlear angle nearing 180 degrees—a flat trochlea. This challenge arises from the difficulty
in accurately determining the deepest point of the trochlear groove [10-12]. Consequently,
there was a need for a new benchmark that could be more effective in determining the
lateralization of the tibial tuberosity in patients with advanced trochlear dysplasia.

While our study introduced the TT-IC benchmark as a novel approach, it is essential
to recognize that the use of axial measurements for surgical guidance is not a new concept.
Previous studies have established that an increased TT-TG (tibial tubercle-trochlear groove)
distance serves as a predictive marker for patellar instability and a primary indicator
for medializing tibial tuberosity osteotomy. Despite its status as the gold standard, TT-
TG has notable limitations, particularly in patients with advanced trochlear dysplasia,
prompting the need for alternative benchmarks. Our research addressed these limitations
by proposing the TT-IC benchmark, which aims to enhance measurement reliability in
specific patient groups.

According to a study by Xu et al., the TT-RA (tibial tubercle-Roman arch) distance was
proposed as a more reliable measure for assessing tibial tubercle positioning in patients
with patellar dislocation, particularly in cases of trochlear dysplasia. Their findings demon-
strated that the TT-RA distance had higher reproducibility than the traditional TT-TG
(tibial tubercle-trochlear groove) distance, which is often unreliable due to the difficulty in
accurately identifying the deepest point of the trochlear groove in dysplastic trochlea. Xu
et al. established a surgical threshold for the TT-RA distance at 26 mm, and they reported
excellent intraclass correlation coefficients (ICCs) across all Dejour classifications, indicating
its utility for clinical decision-making. Furthermore, the TT-RA distance showed superior
diagnostic accuracy over the TT-TG distance, especially in complex trochlear morphologies,
supporting its use as a preferred surgical guide [13].

Our findings align with Xu et al.’s conclusion regarding the limitations of the TT-TG
distance in patients with advanced trochlear dysplasia and the need for more reliable
measurements. However, while Xu et al. recommend the TT-RA distance, our study
introduced the TT-IC benchmark, which also demonstrated greater accuracy and reliability,
particularly in severe dysplastic cases. Both studies emphasized the necessity of consistent
and reproducible metrics across varying trochlear types, but our research further suggested
that the TT-IC may offer additional advantages in evaluating tibial tuberosity lateralization
in complex presentations [13]. Compared to other axial measurements, the TT-IC distance
provides a clearer indication for surgical intervention in patients with complex trochlear
dysplasia, as it is less affected by the variability in the trochlear groove’s anatomy. This
enhances its reproducibility and reliability, particularly in severe dysplastic cases, where the
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traditional TT-TG distance is less dependable. Our study offered an innovative perspective
by introducing a benchmark that considers anatomical variations more comprehensively,
potentially improving patient outcomes through better-informed surgical decisions.

The study had its limitations. The first was that the sample size was relatively small,
especially when considering patients with high-grade trochlear dysplasia, where the new
benchmark showed enhanced accuracy. Second, the study was conducted at a single center,
which may limit the applicability of the findings to other populations or clinical settings
with different patient demographics or surgical practices.

Future research should address the limitations we found in our study. One key area is
to increase the sample size, especially by including more patients with high-grade trochlear
dysplasia, to better confirm the accuracy of the TT-IC benchmark. Additionally, it would
be beneficial to include anatomical changes at the tibia level in the analysis to provide
a more comprehensive understanding of extensor apparatus misalignments. Long-term
studies could also help assess the clinical outcomes of using TT-IC for surgical planning
and management of patellar instability. By addressing these aspects, future research can
improve the diagnostic and treatment methods for patients with patellar instability and
trochlear dysplasia.

5. Conclusions

This study laid the groundwork for a new axial measurement that quantifies the
degree of tibial tuberosity lateralization in patients with patellar instability. Upon analysis,
the new TT-IC benchmark showed higher values compared to TT-TG across all patients,
with notably higher values in those with trochlear dysplasia. Therefore, when assessing
a patient with patellar instability and trochlear dysplasia, it is essential to consider the
TT-IC value alongside the traditional TT-TG distance to accurately determine the need for
tibial tuberosity osteotomy. To address the potential indication for osteotomy, our study
suggested that the new TT-IC measurement can serve as a critical factor in decision-making
for tibial tuberosity osteotomy in patients with patellar instability, particularly in those with
concomitant trochlear dysplasia. By demonstrating that the TT-IC values were consistently
higher than TT-TG values, especially in patients with trochlear dysplasia, our findings
highlighted the importance of incorporating TT-IC into the assessment process. This
addition can help identify candidates who may benefit most from osteotomy, providing a
clearer, more precise criterion for surgical intervention and improving patient outcomes.
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Abstract: Background and Objectives: The purpose of this study was to compare sex differences in the
incidence of sarcopenia, demographic characteristics, and preoperative sarcopenic parameters in
patients undergoing TKA for advanced knee osteoarthritis (OA). Moreover, we sought to compare
patient-reported outcome measures (PROMs) and the predisposing factors after TKA in patients with
sarcopenia by sex through subgroup analysis. Materials and Methods: From May 2020 to September
2022, a total of 892 patients who were evaluable for sarcopenia before primary TKA were enrolled.
Sarcopenia was defined according to the Asian Working Group for Sarcopenia 2019 criteria. Patients
were assessed according to the presence or absence of sarcopenia. After a two-to-one matched-pair
analysis for subgroup analysis, 21 knees in men were matched with a corresponding number of
knees in women (42), resulting in a total of 63 knees. PROMs were investigated using the Knee
Injury and Osteoarthritis Outcome Score, Western Ontario and McMaster Universities Osteoarthritis
Index, and the Short Form-12 physical and mental component summary scores. Moreover, the
postoperative complications and predisposing factors for male sarcopenia were investigated. Results:
The prevalence of sarcopenia was 10.9% (97/892), and the prevalence was higher in men (19.6%,
21/107) than in women (9.7%, 76/785). In subgroup analyses, male patients had significantly inferior
PROMs up to 12 months after index surgery. Moreover, there was no significant difference in the
systemic complications between the two groups. Multivariate binary logistic regression analysis
indicated that alcohol consumption, smoking, and higher modified Charlson Comorbidity Index
(mCCI) were predisposing factors for male patients with sarcopenia. The prevalence of sarcopenia was
higher in male patients undergoing primary TKA. Conclusions: When compared with the propensity-
matched female group, male patients had inferior PROMs up to 12 months postoperatively. Alcohol
consumption, current smoker status, and higher mCCI were predisposing factors for sarcopenia in
male patients with advanced knee OA.

Keywords: total knee arthroplasty; sarcopenia; patient-reported outcome measures; sex differences

1. Introduction

Skeletal muscle naturally declines with age, and this loss accelerates after the age of
65, which can increase the risk of poor quality of life, physical disability, and death [1].
Sarcopenia, defined as the loss of muscle mass, strength, and function with aging [2] is
known to be an independent risk factor for frailty, falls, and lower extremity fractures [1,3,4].
In 2020, the Asian Working Group for Sarcopenia (AWGS) published updated guidelines
based on East Asian and Southeast Asian studies (AWGS 2019) [5]. As sarcopenia has
been associated with a variety of total knee arthroplasty (TKA)-related complications
including periprosthetic joint infection, its importance should be further emphasized in
elderly patients undergoing TKA [6-8].

Elderly women account for about 70-90% of TKA candidates, and their number is
gradually increasing due to the aging population. As some studies have reported, especially
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in Asia, this female predominance is more pronounced [9]. Therefore, to date, most studies
related to sarcopenia have focused on elderly women, and their outcomes have mostly
addressed these women [10]. However, with the gradual increase in TKA volume [11] and
since the number of elderly men who are undergoing TKA is also increasing it has become
necessary to pay attention to the results of TKA in the elderly men group. However, few
studies have been conducted on the comparison of outcomes after TKA in elderly men and
women with sarcopenia and on the risk factors in elderly men with sarcopenia.

The purpose of this study was to compare sex differences in the incidence of sar-
copenia, demographic characteristics, and preoperative sarcopenic parameters in patients
undergoing TKA for advanced knee OA. Moreover, we also sought to compare PROMs and
the predisposing factors after TKA in patients with sarcopenia by sex through subgroup
analysis. We hypothesized that (1) the incidence, preoperative parameters, and predis-
posing factors for sarcopenia in patients undergoing TKA for advanced knee OA would
significantly differ between the sexes; (2) when compared with the propensity-matched
female control group, inferior improvement would be reported for the male study group.

2. Materials and Methods
2.1. Study Subjects

After obtaining the approval of the institutional review board of our hospital, we
conducted a retrospective comparative, single-center study. From May 2020 to September
2022, a consecutive series of 922 patients (1270 knees) who underwent primary TKA were
screened. Patients were enrolled who were 60 years of age or older, had symptomatic
progressive osteoarthritis (OA) (Kellgren-Lawrence (K-L) grade > 3), had a follow-up
period of at a minimum of 1 year after index surgery, and were able to be evaluated using
preoperative assessments for sarcopenia, including body composition, muscle strength,
and physical performance, based on AWGS 2019 criteria (Figure 1) [5].

‘Sarcopenia’

T

Reduced muscle strength OR Low physical performance

Appendicular skeletal muscle mass by DXA or BIA Handgrip strength 6-metre walking speed < 1.0 m/s
DXA: M < 7.0 kg/m2, F < 5.4 kg/m? 5-time chair stand test212 s
M <28.0 kg, F < 18.0 kg
BIA: M < 7.0 kg/m?, F < 5.7 kg/m? AND Short physical performance battery <9

1

‘Severe sarcopenia’

Figure 1. Guideline for the Asian Working Group for Sarcopenia (AWGS) 2020. DXA, dual-energy
X-ray absorptiometry; BIA, bioelectrical impedance analysis.

Patients with other diagnoses, such as rheumatoid arthritis or post-traumatic OA,
patients who had not been able to walk independently within the previous year because of
medical comorbidities (functionally dependent) [12], whose body composition could not
be measured because of body metal implants in the appendicular region of the body, and
who were severely obese (body mass index (BMI) > 35 kg/ m?) were excluded.

2.2. Definition of Sarcopenia

Subjects who had low muscle mass, low muscle strength, and/or low physical per-
formance were classified as having sarcopenia. The skeletal muscle index was measured
using whole-body dual-energy X-ray absorptiometry (DXA) (Horizon, Hologic, Bedford,
MA, USA) [13]. Appendicular skeletal muscle mass (ASM) was calculated as the sum of
arm and leg lean muscle mass [13]. As suggested by Baumgartner et al. [14], ASMI was
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derived from DXA measurements by dividing ASM by height squared (kg/m?). Low
muscle mass was categorized as ASMI < 5.4 kg/m? for women and <7.0 kg/m? for men [5].
Isometric handgrip strength was assessed with a grip strength test using a dynamome-
ter (Jamar, Bolingbrook, IL, USA) [15,16]. Low strength was categorized as a handgrip
strength < 28 kg for men and <18 kg for women [5]. Physical performance was measured
with a walking speed of 6 m; a walking speed of <1.0 m/s for both men and women was
defined as low physical performance [5].

2.3. Matched-Pair Analysis

Since attempting to match two untreated subjects to each treated subject would im-
prove precision without a commensurate increase in bias or confounding factors in some
settings, we used the two-to-one matched-pair analysis. Based on previous relevant stud-
ies [10,17], propensity scores were estimated from multiple logistic regression analyses
including all relevant covariates. The matching criteria were age at surgery and BMI.
Two-to-one matched-pair analysis was performed using nearest neighbor matching, a
propensity score (PS) matching method [18]. All subjects were grouped as either women
(F) or men (M), and we conducted matching in the order of the smallest absolute value of

the difference in the propensity score (Figure 2).

[ Enrollment ]

Screened subjects
N = 922 patients

) J

Enrolled subjects
892 patients

MNon-independent ambulation within the last 1yr (8)
Ivletal implant in appendicular body region (6)
Severe obesity (BMI = 35) (4)

Excluded (N=30)
Rheumateid arthritis (8)
Post-traumatic OA (4)

v

Non-sarcopenia
795 patients (89.1%)

v

Sarcopenia
97 patients (10.9%, F 76/ M 21)

k4

2:1 Propensity Score-Matched
Female group (42 patients)

4

2:1 Propensity Score-Matched
Male group (21 patients)

L 4

Eligible subjects

63 patients

Figure 2. Flow diagram illustrating patient enrollment. Ultimately, 892 patients were enrolled in our

study. After 2:1 propensity score matching, 63 patients were analyzed. Note: BMI, body mass index.

When the standardized difference was <0.1 in determining the balance of covariance,
it was regarded as balanced matching.

2.4. Operative Details and Postoperative Protocol

All operations were conducted by two experienced orthopedic surgeons in our hospital
using the modified gap-balancing technique with the same implant (posterior-stabilized,
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Attune® TKA System, Depuy Synthes Inc., Warsaw, IN, USA) [19]. All prostheses were
used with cement, and fixed-bearing antioxidant polyethylene inserts were used.

All patients received the same rehabilitation protocol. A closed suction drain was
inserted and removed 24 h after the index surgery. The same perioperative pain control
protocol was used, including a multimodal drug regimen, intraoperative periarticular
injection, and postoperative patient-controlled analgesic device. Postoperative range of
motion (ROM) was allowed on the day of surgery. After resolution of acute postoperative
pain, partial weight-bearing with a crutch was allowed on the first postoperative day. Full
weight-bearing was allowed 2 or 3 weeks after index surgery [20].

2.5. Outcome Assessment

All data were obtained from the institutional electronic medical records. Patient
demographic characteristics (including age, sex, BMI, follow-up period, current smoking
status, alcohol consumption, and modified Charlson Comorbidity Index (mCClI) [21]); and
laboratory data (including hemoglobin (Hb, g/dL) and total protein (TP, g/dL) levels) were
compared between the female (F) and male (M) groups. The mCCI was calculated as the
sum of the weighted scores for each comorbidity [21] (Table 1).

Table 1. Scoring system for the modified Charlson Comorbidity Index (mCCI) [22].

Variables Score

Peripheral vascular disease or pain at rest
Congestive heart failure

Prior myocardial infarction

Diabetes mellitus

Prior transient ischemic attack or stroke
Chronic obstructive pulmonary disease
Renal failure

Hemiplegia or paraplegia

Ascites or esophageal varices
Disseminated cancer

(Age)

<40 years old

41-50 years old

51-60 years old

61-70 years old

>70 years old

Note: Different scores were assigned to certain comorbidities and age groups. The final score of the mCCl is the
sum of the weighted scores for each comorbidity.

A WNN R PR R RFE R

WN = O

e

Patients were regularly assessed preoperatively, and at 6 weeks, 6 months, and
12 months postoperatively, and annually thereafter. All clinical outcomes were compared
between the groups (group F vs. M).

For assessments of PROMs, the Knee Injury and Osteoarthritis Outcome Score
(KOOS) [22], the Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAQC) [23], and the Short Form (SF)-12 physical and mental component summary
scores [24] were investigated. The ROM of the knee joint was assessed using a standardized
manual goniometer with a 30 cm long plastic movable arm (from the greater trochanter of
the femur to the lateral malleolus) [25]. They were recorded by an independent researcher
in the outpatient clinic.

Moreover, the incidence of systemic and specific complications was compared between
the groups. Systemic complications were considered such as the worsening of an under-
lying systemic comorbidity or the development of a new medical problem [26]. Specific
complications included the need for postoperative blood transfusion, venous thromboem-
bolism (VTE), periprosthetic joint infection (PJI) [27], and periprosthetic fracture. Patients
whose Hb level dropped to less than 7.0 g/dL within 2 weeks of the index surgery received
a postoperative blood transfusion [28].
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2.6. Statistical Analysis

A statistical evaluation was performed using SPSS version 28 software (IBM Corp,
Armonk, NY, USA), and continuous data are expressed as means with range or & standard
deviation. The Kolmogorov-Smirnov test was used to evaluate all dependent variables for
normality of distribution and equality of variance. Pearson’s two-tailed x? test or Fisher’s
exact test was used for comparison of proportions between groups. Independent samples
t-test was performed to detect significant differences between groups. Univariate and
multivariate logistic regression analyses were used on categorical and continuous variables
to assess for factors impacting the presence of sarcopenia in male patients with end-stage
knee OA. For all tests, a p value < 0.05 was considered statistically significant.

3. Results

In total, this study included 892 patients (795 women, 97 men). The average age
at surgery was 71.6 years (range, 60-88 years), and the average follow-up period was
24.5 months (range, 12.0-37.0 months) (Table 2).

Table 2. Demographic characteristics according to the presence of sarcopenia.

Total Sarcopenia Non-Sarcopenia p Value
Patients, 1 (%) * 892 (100) 97 (10.9) 795 (89.1) -
Age (years) * 71.6 (60-88) 75.8 (69-88) 68.7 (60-76) 0.871
Sex,n T
Female, n 785 (88.0) 76 (78.4) 709 (89.2) 0,002
Male, n 107 (11.2) 21 (21.6) 86 (10.8) :
BMI (kg/m?) 269 £3.7 232 +34 27.5+32 <0.001
Mean f/u (mon) * 24.5 (12-37) 24.7 (12-37) 24.4 (12-37) 0.791
Bilaterality, 1 (%) 381 (42.7) 40 (41.2) 337 (42.4) 0.810
Preop K-L grade, n (%) *
Grade III 226 (25.3) 26 (26.8) 200 (25.2) 0.745
Grade IV 666 (74.7) 71 (73.2) 595 (74.8) :
Current smoker, 1 (%) 76 (8.5) 12 (12.4) 64 (8.1) 0.165
Alcohol drinker, 1 (%) 87 (9.8) 15 (15.5) 72 (9.1) 0.060
mCCI *
2 40 (4.5) - 40 (5.0)
3and 4 419 (47.0) 7(7.2) 412 (51.8) 0.001
5-8 316 (35.4) 46 (47.4) 270 (34.0) <U-
>9 117 (13.1) 44 (45.4) 73 (9.2)
Hb level (g/dL) * 125+ 21 11.1 +£3.2 128 +£1.0 0.021
Total protein (g/dL) 6.8 £1.0 59+12 7.0£09 0.037
ASM index (ASM/height?), kg/m? ¥ 6.0 = 0.6 5.0+0.8 6.3+ 0.6 0.004
Grip strength, kg 18.0 £ 34 16.1 =45 192 +3.1 0.030
6 m walking speed, m/s ¥ 1.2+02 0.8+£0.1 14+02 0.025

Note: BMI, body mass index; f/u, follow-up; Preop, preoperative; K-L, Kellgren-Lawrence; mCCI, modified
Charlson Comorbidity Index; Hb, hemoglobin; ASMI, appendicular skeletal muscle mass index. * Values are
provided as numbers with ranges. t Values are provided as numbers with percentages. ¥ Values are provided as
means + standard deviations.

The overall prevalence of sarcopenia in this cohort was 10.9% (97/892), and it was

more common in male patients (21/107, 19.6%) than in female patients (76/785, 9.7%).

After two-to-one matched-pair analysis for subgroup, 21 knees in men were matched with
a corresponding number of knees in women (42), resulting in a total of 63 knees (Table 3).
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Table 3. Sex differences of demographic characteristics in propensity-matched population.

2:1 Propensity-Matched Population (1 = 63)

Female Sarcopenia Male Sarcopenia 4
(n=42) (n=21) Value
Age (years) * 75.6 (70-83) 76.1 (70-82) 0.501
BMI (kg/m?) 23.0£3.0 235 +£2.9 0.762
Mean f/u (mon) * 24.6 (12-37) 24.6 (12-37) 0.791
Bilaterality, 7 (%) 18 (42.9) 9 (42.9) -
Preop K-L grade, n (%) *
Grade III 11 (26.2) 5 (23.8) 0.838
Grade IV 31 (73.8) 16 (76.2) :
Current smoker, 1 (%) 3(7.1) 8 (38.1) 0.002
Alcohol drinker, 1 (%) * 3(7.1) 10 (47.6) <0.001
mCCIt 0.022
2 - -
3and 4 6 (9.5) 1(4.8)
5-8 28 (54.8) 9 (42.9)
>9 8 (35.7) 11(52.4)
Hb level (g/dL) 99+13 112 +1.0 0.021
Total protein (g/dL) } 52+12 59+12 0.043
ASM index (ASM/height?), kg/m?* 42405 5.8 +0.6 <0.001
Grip strength, kg ¥ 154 +33 165+ 3.1 0.021
6 m walking speed, m/s ¥ 05402 0.9+0.2 0.018

NOTE. BMI, body mass index; f/u, follow-up; Preop, preoperative; K-L, Kellgren-Lawrence; mCCI, modified
Charlson Comorbidity Index; Hb, hemoglobin; ASMI, appendicular skeletal muscle mass index. * Values are
provided as numbers with ranges. * Values are provided as numbers with percentages. ¥ Values are provided as
means + standard deviations.

In subgroup analyses, male patients with sarcopenia had significantly inferior PROMs
up to one year after surgery compared to female patients with sarcopenia (Figure 3A-D).

Meanwhile, there was no significant difference in systemic complications between the
two groups (Table 4).

Table 4. Sex differences of systemic and specific complications in propensity-matched cohort.

Total Female Male Val
(n = 63) (n = 42) (n =21) pryatue
Cardiovascular 2(3.2) 1(24) 1(24) 0.559
Pulmonary 4(6.3) 1(24) 3(14.3) 0.104
Gastrointestinal - 1(2.3) - -
Hepatic 6 (9.5) 4 (9.5) 2 (9.5) 0.686
Systemic Nephrotic - - - -
Endocrinologic - - - -
Urologic 13 (20.6) 6 (14.3) 7 (33.3) <0.001
Cerebral 2(3.2) 1(2.4) 1(4.8) 0.559
Delirium 11 (17.5) 9(21.4) 2(9.5) 0.085
Blood transfusion 17 (27.0) 12 (28.6) 5(23.8) 0.466
Venous thromboembolism
PTE - - - -
Specific EVT (proximal) 3(4.8) 2 (4.8) 1(4.8) 0.774
DVT (distal) 6(9.5) 4 (9.5) 2 (9.5) 0.686
Infection 2(3.2) 1(24) 1(4.8) 0.559

Periprosthetic fracture - - - -

Note: PTE, pulmonary thromboembolism; DVT, deep vein thrombosis. Values are provided as number (percent-
age). DVT was classified as proximal or distal DVT. Thrombi limited to the popliteal vein or above were classified
as proximal DVT, and thrombi within the calf vein were classified as distal DVT.
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Preop 6wks 3 mon 6 mon 12 mon Pvalue’
Male group 232 + 34 342 £ 1.9 373 £ 29 403 + 3.0 415+ 25
<0.001

Female group 272 & 29 40.5 + 21 445 + 25 455 £25 456 + 2.1
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Female group 564 + 2.9 56.3 + 2.1 558 + 2.5 555 42,5 559 + 2.1
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Figure 3. (A) KOOS score. (B) WOMAC score. (C) SF-12 physical component summary scores.
(D) SE-12 mental component summary scores. * Independent samples ¢-test was performed to detect

significant differences between groups.

The multivariate logistic regression analysis revealed that alcohol consumption and
higher mCClI (OR, 1.4; 95% CI, 0.9-1.8; p = 0.003), current smoker status (OR, 1.2; 95% ClI,
0.9-1.4; p = 0.019), and higher mCCI (OR: 1.2; 95% CI: 0.8-1.5; p = 0.036) were found to be

predisposing risk factors for sarcopenia in male patients (Table 5).
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Table 5. Univariate and multivariate logistic regression analyses for the propensity-matched cohort.

p Value Odds Radio (95% CI)
Variable Univariate =~ Multivariate Univariate Multivariate
Analysis Analysis Analysis Analysis

Age 0.501 1.8 (0.9-2.7)
BMI 0.731 1.9 (1.8-2.2)
Alcohol drinker <0.001 * 0.003 * 1.5 (0.8-1.7) 1.4 (0.9-1.8)
Current smoker <0.001 * 0.019 * 1.3 (1.1-2.5) 1.2 (0.9-1.4)
(Preoperative)
K-L grade 0.751 1.2 (0.8-1.6)
mCCI 0.012 0.036 * 1.1 (0.8-1.4) 1.2 (0.8-1.5)
Hb level 0.021 * 0.253 0.8 (0.6-0.9) 0.7 (0.6-0.9)
Total protein 0.037 * 0.302 0.7 (0.5-0.8) 0.6 (0.5-0.8)
ASMI <0.001 * 0.125 0.7 (0.5-0.8) 0.6 (0.5-0.8)

Note: BMI, body mass index; K-L grade, Kellgren-Lawrence grade; mCCI, modified Charlson Comorbidity Index;
Hb, hemoglobin; ASMI, appendicular skeletal muscle index. * Univariate binary logistic regression analysis
revealed that alcohol consumption, current smoker status, higher mCCI, preoperative Hb level, total protein, and
ASMI were associated with the presence of male sarcopenia. ¥ Multivariate binary logistic regression analysis
showed that alcohol consumption, current smoker status, and higher mCCI were found to be predisposing risk
factors for the presence of male sarcopenia.

4. Discussion

The most notable finding of the current study was that a propensity score-matched
analysis showed inferior PROMs in male patients with sarcopenia undergoing TKA for
advanced knee OA up to one year after index surgery. Furthermore, multivariate logistic
regression analysis identified alcohol consumption, smoking, and higher mCClI as pre-
disposing risk factors for sarcopenia in male patients in this cohort. To the best of our
knowledge, some recent studies have reported the incidence or outcomes of sarcopenia
in patients with knee OA [7,17,29]. However, few studies have reported sex differences in
patients with sarcopenia undergoing TKA for advanced knee OA. Our study illustrates a
higher prevalence of sarcopenia in male patients (19.6%) with end-stage OA of the knee
joint compared to female patients (9.7%). This is consistent with the prevalence reported
in studies of sarcopenia patients with musculoskeletal disorders. Studies that assessed
the effectiveness of TKA in patients with end-stage knee OA with or without sarcopenia
showed a high prevalence of sarcopenia in male patients (approximately 41.7%) compared
to female patients (30.4%) [7]. Although in different disease entities, studies of sarcopenia
in hip and distal radius fracture patients reported from Asia have all reported a higher
prevalence in male patients than in female patients [30-32]. Another study analyzing
factors associated with sarcopenia reported that male sex and smoking were independently
associated with pre-sarcopenia, sarcopenia, and severe sarcopenia [33]. This study reported
a higher prevalence of sarcopenia in older males than in females and suggested that the
sex differences in prevalence may be due to sex differences in insulin growth factor-1
levels [33,34].

Notably, male patients with sarcopenia showed significantly inferior PROMs up to
1 year after TKA in the present study. Men typically gain an average of 40% more lean
body mass and 60% more strength than women over the course of several decades of their
lives [35]. As men typically maintain higher levels of physical activity and therefore higher
levels of muscle strength than women [36], they may be more susceptible to muscle loss if
their activity is reduced by knee OA. Female patients may be less susceptible to the adverse
effects of limited physical activity due to knee OA because they are naturally less physically
active than male patients. Therefore, for male sarcopenic patients with advanced knee OA,
increasing muscle mass through regular exercise, especially resistance or strength training,
along with eating a balanced diet that includes adequate proteins are crucial measures to
prevent or slow down the progression of sarcopenia.

In the present study, a higher mCCI was found to be one of the predisposing factors
for male sarcopenia patients with advanced knee OA. Several studies have reported that
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the mCCl reflects the overall health status and even the mortality rate based on the multiple
comorbidities of a patient [21,37,38]. On average, male sarcopenia patients present poorer
overall health status, as measured using the mCCI, which may compromise their ability to
recover from muscle loss and physical activity limitations, compared to female patients
with similar levels of knee OA. A study comparing mortality rates between the sexes for
low-energy proximal femur fractures showed that men had a higher risk of death than
women [37]. The study reported that men had a higher mean age-adjusted CCI and that
this poorer health status could affect not only the fracture itself but also the ability to
recover from the injury. A comparison of our with the multiple comorbidities found to be
significantly more common in male sarcopenia with advanced knee OA suggests that a
decreased overall health status may predispose these men to poorer functional recovery
after TKA.

Lifestyle behaviors such as alcohol consumption and smoking have been identified as
risk factors for muscle weakness due to loss of muscle mass and strength [39,40]. Although
there is some variation based on nationality and culture, men are much more likely to
drink alcohol than women. According to a study based on the 2010-2012 National China
Nutrition and Health Survey, the prevalence of alcohol consumption was about four times
higher among men than women [41]. Similarly, about 49.8% of adult men and 4.2% of adult
women in South Korea were identified as smokers, according to the 2017 World Health
Organization report [42]. Our results suggest that alcohol consumption and smoking may
have detrimental effects on muscle mass in male patients undergoing TKA for advanced
knee OA.

Despite these informative outcomes, there are some limitations associated with our
study. First, this study had a relatively small sample size. This may be due to the fact that
women more commonly undergo TKA for advanced knee OA in Asia than men [43], so
less screening is conducted for sarcopenia in this limited number of male patients. Further
studies in larger cohorts or community-dwelling populations are needed to confirm the
findings of this study. Second, this study had a short follow-up period, which may have
missed significant differences. In addition, the current results are not necessarily indicative
of longer-term outcomes. Third, this study was not able to identify underlying causes, such
as hormonal changes or reduced physical activity, for the sex differences in sarcopenia. As
people age, many factors contribute to the development of sarcopenia, including hormonal
changes, reduced physical activity, poor nutrition, and certain health conditions. However,
this study showed that alcohol consumption, smoking, and mCCI may be predisposing
factors in male sarcopenia patients with advanced knee OA. Further studies are needed
to determine the relevance of hormonal or specific physical activity changes in men in
relation to the progression of sarcopenia. Fourth, since this study only included patients
with limited grades of OA (K-L grade III or IV), the results may not be comparable to those
of all male patients with other grades of OA.

5. Conclusions

The prevalence of sarcopenia was higher in male patients undergoing primary TKA.
When compared with the propensity-matched female group, male patients had inferior
PROMs up to 12 months postoperatively. Alcohol consumption, current smoker status,
and higher mCCI were predisposing factors for sarcopenia in male patients with advanced
knee OA.
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Abstract: Background and Objectives: Central sensitization (CS) has been identified as a
significant factor influencing persistent pain and dissatisfaction following total knee arthro-
plasty (TKA). However, its effect on unicompartmental knee arthroplasty (UKA) remains
largely unexplored. Unlike TKA, UKA preserves most native knee structures, with less
bone cut, leading to different postoperative pain mechanisms. Nevertheless, the revision
rate for unexplained pain following UKA is higher than after TKA. This study investi-
gates the influence of preoperative CS on pain and dissatisfaction after UKA. Materials and
Methods: This retrospective cohort study included 121 patients who underwent primary
UKA for medial compartment osteoarthritis of the knee. Patients were screened for CS
preoperatively using the Central Sensitization Inventory (CSI) and categorized into a CS
group (CSI > 40; n = 26) and a non-CS group (CSI < 40; n = 95). Clinical outcomes, in-
cluding the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC),
Forgotten Joint Score (F]S), and patient satisfaction, were assessed at the 2-year postoper-
ative follow-up visit. A multivariate regression analysis was used to determine the risk
factors for postoperative dissatisfaction. Results: The CS group reported significantly worse
postoperative WOMAC pain, function, and total scores than the non-CS group (all p < 0.05).
FJS was also significantly worse in the CS group than in the non-CS group (64.4 vs. 72.7,
respectively, p = 0.005). Patient satisfaction was significantly lower in the CS group than
in the non-CS group (65.4% vs. 95.8%, respectively, p < 0.001). The multivariate logistic
regression analysis demonstrated that patients with a CSI score > 40 had an 11.349-fold
increased likelihood of dissatisfaction after UKA (95% CI: 2.315-55.626, p = 0.003). Conclu-
sions: This study underscores the importance of recognizing CS as a critical determinant of
postoperative pain and functional recovery following UKA. Patients with high CSI scores
experience greater pain, increased joint awareness, and overall poorer satisfaction despite
technically successful surgeries.

Keywords: central sensitization; pain; dissatisfaction; unicomparmental knee arthroplasty

1. Introduction

Unicompartmental knee arthroplasty (UKA) is a well-established surgical procedure
for treating unicompartmental osteoarthritis (OA), offering a less invasive alternative to
total knee arthroplasty (TKA) with generally favorable outcomes [1-4]. However, a certain
proportion of UKA patients experience persistent postoperative pain and discomfort,
even in the absence of clear radiographic abnormalities or mechanical complications [5-7].
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87



Medicina 2025, 61,912

Among all revision cases, the proportion of revisions performed due to unexplained pain
was higher after UKA (23%) than TKA (9%), raising concerns about factors influencing
postoperative pain perception [5].

Persistent postoperative pain after knee arthroplasty has traditionally been attributed
to peripheral mechanisms such as residual inflammation, tissue damage, or prosthetic
malalignment, which activate peripheral nociceptors and lead to peripheral sensitiza-
tion [8,9]. However, recent evidence suggests that in many chronic pain cases, particularly
without clear anatomical abnormalities, central sensitization (CS) may play a key role.
CS is a maladaptive response of the central nervous system marked by heightened pain
sensitivity, reduced inhibitory control, and glial activation, often leading to allodynia and
hyperalgesia [9,10]. This central amplification of pain signals—also referred to as “central-

"o

ized pain,” “central augmentation,” or “pain hypersensitivity”—can persist long after the
initial surgical insult has resolved [9,10]. In such cases, the brain and spinal cord essentially
‘turn up the volume’ of pain processing, independent of ongoing peripheral input [9,10].
This phenomenon helps explain why some patients report severe pain after knee arthro-
plasty despite good surgical outcomes and the absence of detectable complications [9,10].

Recent research has explored the role of CS in persistent pain following joint arthro-
plasty [8-10]. CSis a condition characterized by an exaggerated pain response due to
alterations in central nervous system processing [8-10]. It is mediated by neurotransmitters
such as serotonin and norepinephrine and leads to increased sensitivity to pain stimuli,
lowered pain thresholds, and prolonged pain perception even after the initial source of
pain has been resolved [8-10]. Patients with CS often report widespread pain, hyperal-
gesia, and allodynia, which can significantly affect their recovery following orthopedic
procedures [8-10].

Previous studies have established a link between CS and poor outcomes following
TKA [11-16]. Patients with high preoperative pain levels and low pain thresholds are
more likely than others to experience severe postoperative pain and dissatisfaction, despite
successful surgical intervention [11-16]. However, the role of CS in UKA remains relatively
underexplored. Given that UKA is a less invasive procedure that preserves the surrounding
soft tissues, it might be assumed that patients would experience less postoperative pain
than TKA patients [3]. Persistent pain in a subset of UKA patients suggests that factors
beyond structural abnormalities could be contributing to suboptimal outcomes [7].

Understanding the association between CS and postoperative pain in UKA patients is
crucial for improving patient outcomes. Identifying patients with preoperative CS could
allow for the implementation of targeted perioperative strategies to mitigate its effects. The
purpose of this study was to investigate whether preoperative CS is associated with worse
postoperative outcomes, including pain, function, and satisfaction, in patients undergoing
UKA. We hypothesized that patients with preoperative CS would report inferior clinical
outcomes and lower satisfaction following UKA compared to those without CS.

2. Materials and Methods
2.1. Study Design

This study used a retrospective cohort design to evaluate the effects of CS on postop-
erative outcomes following UKA. The study was conducted at a single tertiary medical
center, and all procedures were performed by a single experienced orthopedic surgeon to
minimize variability in surgical technique. Ethical approval for this study was obtained
from the institutional review board, and informed consent was obtained from all patients
prior to participation.
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2.2. Patient Selection

Data from 131 patients who underwent unilateral UKA between 2014 and 2022 were
initially included in the study. The inclusion criteria were as follows: (1) isolated medial
compartment OA with an intact anterior cruciate ligament, (2) correctable varus deformity
(less than 10 degrees), (3) minimum two-year follow-up period, and (4) no history of prior
knee surgery on the affected side. Patients were excluded if they had: inflammatory arthritis
(e.g., theumatoid arthritis), osteonecrosis affecting the knee joint (1 patient), post-traumatic
OA (1 patient), a history of knee infection, a documented history of CS-related conditions
such as irritable bowel syndrome (1 patient) and chronic low back pain (2 patients), prior
use of centrally acting agents or patients with diagnosed psychiatric conditions known to
affect CS, such as anxiety or depressive disorders (2 patients), incomplete clinical outcome
data (2 patients), or a subsequent operation on either knee during the follow-up period (1
patient). All patients were clinically screened for signs of peripheral neuropathy, including
diabetic neuropathy, through neurologic examination and medical history review. Patients
with confirmed or suspected peripheral neuropathy were excluded from the study. Notably,
none of the enrolled participants exhibited clinical evidence of peripheral neuropathy. Fol-
lowing the application of those criteria, 10 patients were excluded from the study, resulting
in a final cohort of 121 patients (Figure 1). All analyses were limited to patients who met the
criteria for medial UKA, stratified by CS status. Patient demographics and baseline char-
acteristics, including body mass index (BMI), comorbidities, and preoperative functional
status, were collected through medical records and patient-reported questionnaires.

Unilateral unicompartmental knee arthroplasty
131 patients

Exclusion criteria (10 patients)
Osteonecrosis: 1 patient
Post-traumatic osteoarthritis: | patient
Central sensitization related conditions

Irritable bowel syndrome: | patient
Chronic low back pain: 2 patients

Diagnosed psychiatric disorder: 2 patients

Diabetic neuropathy: 0 patient

! !

Non-CS group (CSI score < 40) CS group (CSI score > 40)

Figure 1. Participant flow diagram. CS: Central Sensitization, CSI: Central Sensitization Inventory.

CS is influenced by both non-modifiable factors, such as female sex [17] and genetic
predisposition [18], and modifiable factors, including poor sleep, psychological distress,
and CS-related conditions like restless leg syndrome or chronic fatigue syndrome [19,20].
To minimize confounding, we excluded patients with major psychiatric disorders, pain
catastrophizing tendencies, or clinical features of CS-related diseases through thorough
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medical record reviews and preoperative interviews. This approach aimed to enhance the
specificity of our findings on the impact of CS [19,20].

2.3. Assessment of Central Sensitization

The Central Sensitization Inventory (CSI) is commonly used to assess CS and offers
significant practical benefits in clinical settings [17,18]. The CSl is a validated self-reported
questionnaire designed to evaluate symptoms associated with CS. Unlike quantitative
sensory testing (QST), which objectively measures sensory responses to external stimuli,
the CSI focuses on subjective symptom assessment [17,18].

The CSI questionnaire consists of 25 items that capture a broad spectrum of somatic
and emotional symptoms frequently observed in individuals with CS [17,18]. These include
headaches, fatigue, sleep disturbances, cognitive difficulties, and psychological distress, as
well as heightened pain sensitivity that can interfere with daily life. The CSI specifically
evaluates the presence of unrefreshing sleep, muscle stiffness and pain, anxiety attacks,
bruxism, gastrointestinal disturbances (diarrhea/constipation), difficulty daily activities,
light sensitivity, physical fatigue, widespread pain, urinary discomfort, poor sleep quality,
concentration issues, skin problems, stress-related physical symptoms, depression, low
energy, muscle tension in the neck and shoulders, jaw pain, dizziness or nausea triggered
by certain smells, frequent urination, restless legs, memory impairment, childhood trauma,
and pelvic pain [17,18].

Each item is rated on a 5-point Likert scale ranging from 0 (never) to 4 (always),
with a total possible score of 0 to 100. According to Neblett et al. [18], a score of 40 or
higher suggests the presence of CS. The CSl is easy to administer, takes less than 10 min to
complete, and does not require specialized equipment. Additionally, because it incorporates
non-painful and hypothetical scenarios, it avoids ethical concerns associated with other
assessment methods. These advantages make the CSI a highly useful tool for evaluating
the severity of CS-related symptoms. It is widely recognized as a reliable and validated
measure for quantifying CS symptom severity [17,18] (Supplementary Figure S1).

2.4. Surgical Procedure and Postoperative Management

All UKA procedures were performed by a single surgeon using a standardized min-
imally invasive approach. The same cemented, mobile-bearing (MB) UKA system (Mi-
croplasty Oxford MB UKA, Zimmer Biomet, Warsaw, IN, USA) was used in all cases to
ensure consistency across patients. All operations were performed under general anesthesia
through the mini-medial parapatellar approach. A pneumatic tourniquet that inflated to
300 mmHg was applied. The medial meniscus was resected, and the osteophytes of the
medial femoral condyle and tibial plateau were carefully removed. With the Microplasty
Oxford MB UKA system, the femoral gap-sizing spoons and G-clamp were used to assess
the femoral component size, tibial cutting depth, and orientation. After determining the
size of the medial femoral condyle and evaluating the gap between the femur and tibia
using a series of femoral sizing spoons, the most suitable spoon was selected and positioned
on the MFC. After securing the gap-sizing spoon to the tibial resection guide with the
G-clamp, the guide was aligned parallel to the long axis of the tibia in both the coronal and
sagittal planes. The tibia was then resected, and an intramedullary rod with a distal linking
feature was inserted into the femoral canal until fully seated. With the IM link engaged,
the femoral drill guide was positioned on the tibial cut surface to determine the femoral
component position. A posterior femoral condylar cut was performed along the femoral
cutting guide. Subsequently, distal femoral milling was carefully performed to balance
the flexion and extension gaps without ligament release. Cement fixation was used for
all femoral and tibial components. A compressive bandage was applied postoperatively.
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Patients were allowed full weight-bearing on postoperative day 1 with the assistance of
a walker, and a structured physical therapy program was initiated to optimize range of
motion and quadriceps strengthening. The same preemptive multimodal analgesic regi-
men was applied to all patients. Postoperatively, intravenous patient-controlled analgesia,
programmed to deliver 1 mL of a 100-mL solution containing 2000 pug of fentanyl, was
used. Once the patients restarted oral intake, they received 10 mg of oxycodone every
12 h for one week, along with 200 mg of celecoxib, 37.5 mg of tramadol, and 650 mg of
acetaminophen every 12 h for six weeks. Subsequent visits were scheduled at two weeks,
six weeks, three months, six months, and one year, with yearly visits thereafter.

2.5. Outcome Measures

Postoperative outcomes were assessed at baseline and two years using validated
patient-reported outcome measures (PROMs). Pain, stiffness, and function were evaluated
using the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC),
a well-established tool for assessing clinically relevant outcomes in patients undergoing
treatment for OA of the hip or knee [19]. Additionally, joint awareness during daily
activities was measured using the Forgotten Joint Score (FJS), which has been validated
as a key indicator of successful joint arthroplasty [20]. To assess patient satisfaction, the
new Knee Society Satisfaction (KSS) score, a five-item questionnaire designed to evaluate
satisfaction with daily activities, was used. Patients were categorized as satisfied (total score
21-40) or dissatisfied (0-20), following the scoring system developed by Noble et al. [21]
In addition to PROMs, postoperative complications—infection, implant loosening, and
the need for revision surgery—were systematically recorded to provide a comprehensive
evaluation of surgical outcomes.

3. Statistical Analysis

All data are presented as the mean and standard deviation. Data were compared
between the non-CS group (preoperative CSI score < 40) and the CS group (preoperative
CSI score > 40). Continuous variables were analyzed using independent t-tests, and
categorical variables were compared using chi-square tests. Patient demographics and
surgical characteristics were collected as dependent variables to identify risk factors for
patient dissatisfaction. A multivariable logistic regression analysis was conducted to
evaluate associated factors, using a backward elimination approach to retain significant
predictors of postoperative dissatisfaction following UKA. Odds ratios were calculated
with 95% confidence intervals (CIs). Statistical analysis was performed using SPSS® for
Windows v21.0, with p < 0.05 indicating statistical significance.

4. Results

The final cohort comprised 121 patients who underwent UKA and met the inclusion
criteria. Participants included individuals aged 42 to 82 years who met the inclusion
criteria for UKA. Patients were stratified into two groups based on their preoperative CSI
scores: 95 patients (78.5%) had CSI scores below 40 (non-CS group), and 26 patients (21.5%)
had CSI scores of 40 or higher (CS group). The two groups did not differ significantly in
demographic characteristics or surgical factors, except for CSI scores (Table 1).

Preoperative WOMAC subscores differed significantly between the groups (p < 0.05).
Before surgery, WOMAC pain, function, and total scores were significantly worse in the CS
group than in the non-CS group, indicating worse baseline symptoms (all p < 0.05).
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Table 1. Comparison of demographic characteristics and surgical factors in the central sensitization

and non—central sensitization groups.

Non-CS Group CS Group
Variables (CSI < 40) (CSI > 40) Cohen’s d Effect Size  p-Value
(n =95) (n =26)
Demographics
Age (years) 61.5+59 602+74 0.21 0.366
Gender (Female, %) 84 (88.4%) 24 (22.2%) 0.732
BMI (kg/m?) 25.6 +£3.0 26.7 £ 3.3 —0.36 0.114
CSI score 22.7+£9.8 452 +4.2 —2.52 <0.001
ASA grade
1 6 (6.3%) 2(7.7%) 0.681
2 89 (93.7%) 24 (92.3%)
Operation side (Right, %) 41 (43.2) 14 (53.8%) 0.514
Specific comorbidities
Hypertension 29 (30.5%) 7 (19.4%) 0.812
Diabetes 16 (16.8%) 3 (11.5%) 0.762
Cardiac disease 12 (12.6%) 4 (15.4%) 0.746
Cerebrovascular event 5 (5.3%) 0 (0%) 0.584
Kidney disease 2 (2.1%) 0 (0%) 0.615
Thyroid disease 5 (5.3%) 1 (3.8%) 0.618
Pulmonary disease 10 (10.5%) 1 (3.8%) 0.453
Liver disease 3 (3.2%) 0 (0%) 0.481
Preoperative FTA (°) Valgus 5.5 £ 2.7 Valgus 5.5 £ 3.2 0.0 0.970
Preoperative HKA (°) Varus 0.6 + 3.4 Varus 1.2 + 3.8 —-0.17 0.441
Postoperative FTA (°) Valgus 1.8 £ 3.2 Valgus 2.3 £ 2.6 —0.16 0.454
Postoperative HKA (°) Varus 4.7 + 3.4 Varus 4.4 + 3.2 0.09 0.664
Preoperative FC 34454 31+£53 0.06 0.774
Preoperative FF 127.7 + 11.7 1262 + 154 0.12 0.583
Postoperative FC 03+12 08427 -0.31 0.209
Postoperative FF 129.7 £ 3.8 129.0 £ 3.0 0.19 0.361

Values are presented as means and standard deviations or n (%). BMI, Body Mass Index; CSI, Central Sensitization
Inventory; ASA, American Society of Anesthesiologists; FTA, Femorotibial Angle; HKA, Hip/Knee/Ankle Angle;
FC, Flexion Contracture; FF, Further Flexion.

In both groups, all WOMAC subscores (pain, function, and total scores) showed signif-
icant improvements postoperatively, compared with the preoperative values (all p < 0.05)
(Table 2). However, the mean postoperative WOMAC pain score was still higher in the CS
group than the non-CS group (7.8 vs. 1.8, respectively, p < 0.001) 2 years postoperatively.
Similarly, the postoperative total WOMAC score was significantly higher in the CS group
than in the non-CS group (30.5 vs. 12.8, respectively, p < 0.001). The improvement in preop-
erative to postoperative WOMAC subscores (pain, function, and total) was significantly
greater in the non-CS group than in the CS group (all p < 0.05) (Table 2).

The FJS, which evaluates joint awareness during daily activities, was significantly
lower in the CS group than in the non-CS group (64.4 vs. 72.7, respectively, p = 0.005). This
finding suggests that patients with CS were more likely than those without CS to be aware
of their knee joint postoperatively (Table 3).

The new KSS score was 33.1 in the non-CS group and 25.5 in the CS group (p < 0.001).
Among non-CS group patients, 91 (95.8%) were satisfied with their UKAs, whereas only
17 (65.4%) patients in the CS group reported satisfaction with the surgery (p < 0.001).
Satisfaction in the CS group was, thus, significantly lower than in the non-CS group, not
only for light daily activities such as sitting, lying in bed, and getting out of bed, but also for
physically demanding tasks such as household chores and recreational or leisure activities
(all p < 0.05) (Table 4).
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The multivariate logistic regression analysis demonstrated that patients with a CSI
score > 40 had a 6.526-fold increased likelihood of dissatisfaction after UKA (95% CI:
2.298-18.531, p < 0.001), compared with patients with a CSI score < 40. The associations
remained statistically significant after adjusting for age, gender, BMI, American Society of
Anesthesiologists grade, preoperative flexion contracture and further flexion, preoperative
hip/knee/ankle angle, and preoperative WOMAC total scores (Table 5). No patient in
either group experienced complications requiring additional surgery or revision during the
follow-up period.

Table 2. Preoperative and postoperative patient-reported outcomes.

Non-CS Group CS Group
Variables (CSI < 40) (CSI > 40) Cohen’s d Effect Size p-Value
(n=95) (n = 26)
Preoperative
WOMAC Total 544 £11.6 63.7 £12.0 —0.80 0.001
WOMAC Pain 145+ 4.2 175+ 4.1 —-0.72 0.001
WOMAC Stiffness 44+29 48 £20 —0.15 0.509
WOMAC Function 36.1 £9.6 41.8 £8.2 —0.61 0.006
Postoperative
WOMAC Total 128+ 7.1 30.5 £12.0 —2.11 <0.001
WOMAC Pain 1.8+1.4 78+41 —2.67 <0.001
WOMAC Stiffness 12+13 1.8+17 —0.43 0.030
WOMAC Function 9.6 £54 208+ 7.7 —1.88 <0.001
WOMAC Change
WOMAC Total 41.6 £12.7 33.1+16.7 0.62 0.006
WOMAC Pain 12.7 + 4.5 97+£56 0.63 0.005
WOMAC Stiffness 32+27 3.0£22 0.08 0.632
WOMAC Function 26.5£10.3 21.0 £10.8 0.53 0.019

Values are presented as means and standard deviations. CS, Central Sensitization; CSI, Central Sensitization
Inventory; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

Table 3. Postoperative Forgotten Joint Score (F]S) results.

Non-CS Group CS Group

Variables (CSI < 40) (CSI > 40) ch(;:;nssizi p-Value
(n = 95) (n = 26)
FJS conditions 727 £121 644 +16.3 0.63 0.005
1. In bed at night 1.1+£07 1.6 £0.9 —-0.67 0.004
2. When sitting on a chair for more than 1 h 1.0+ 038 1.54+0.8 —0.63 0.006
3. When walking for more than 15 min 1.1+£038 1.5+08 —0.50 0.187
4. When taking a bath/shower 1.24+0.8 1.6 1.1 —0.46 0.054
5. When traveling in a car 1.0£0.7 12+£1.0 —0.26 0.166
6. When climbing stairs 1.1+£09 1.2+1.0 —0.11 0.576
7. When walking on uneven ground 1.4+£09 1.5£08 —0.11 0.541
8. When standing up from a low-sitting position 12038 1.6 =11 —0.46 0.042
9. When standing for long periods of time 0.8+0.8 1.2£1.0 —0.47 0.051
10. When doing housework or gardening 1.0£0.8 1.5+£1.0 —0.59 0.003
11. When taking a walk or hiking 1.1+£09 1.5+07 —0.47 0.087
12. When doing a favorite sport 09£0.6 1.3+0.8 —0.62 0.007

Values are presented as means and standard deviations. CS, Central Sensitization; CSI, Central Sensitization
Inventory; FJS, Forgotten Joint Score.
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Table 4. Comparison of satisfaction scores and proportions.

Non-CS Group CS Group
Variables (CSI < 40) (CSI > 40) Cohen’s d Effect Size p-Value
(n =95) (n =26)
Satisfaction score
Sitting 72+13 63+19 0.62 0.004
Lying in bed 73+1.2 64+17 0.68 0.002
Getting out of bed 6.8+ 1.5 58+2.0 0.62 0.013
Light household duties 6.2+1.6 54+ 1.8 0.49 0.027
Leisure recreational activities 55+1.8 35+17 1.12 <0.001
Total 33.1+6.1 25.5 + 8.8 1.12 <0.001
Proportion
Satisfied 91 (95.8%) 17 (65.4%) <0.001
Dissatisfied 4 (4.2%) 9 (34.6%)
Values are presented as means and standard deviations or n (%). CS, Central Sensitization; CSI, Central Sensitiza-
tion Inventory.
Table 5. Results of multivariate analysis of risk factors predicting dissatisfaction.
Univariate Multivariate
Preoperative Variables Regression 95% CI p-Value Regression 95% CI p-Value
Coefficient Coefficient t
Age 1.008 0.945-1.075 0.816 0.982 0.912-1.057 0.620
Sex (male vs. female) 1.282 0.330-4.981 0.720 0.989 0.212-4.626 0.989
BMI (kg/ m2) 0.955 0.840-1.086 0.483 0.976 0.842-1.131 0.747
Preoperative HKA (°) 1.072 0.957-1.201 0.232 1.114 0.982-1.265 0.094
ASA grade (grade 2 vs. 1) 1.134 0.217-5.922 0.881 1.308 0.201-8.532 0.779
Preoperative FC (°) 1.016 0.939-1.099 0.691 1.018 0.921-1.126 0.722
Preoperative FF (°) 0.998 0.966-1.031 0.905 0.997 0.958-1.039 0.899
Preoperative WOMAC 0977 09441012 0.192 0999 0960-1.039 0960
total score
CSI score (>40) 5.833 2.297-14.814 <0.001 6.526 2.298-18.531 <0.001

BMI, Body Mass Index; HKA, Hip/Knee/Ankle angle; ASA, American Society of Anestheologists; FC, Flexion
Contracture; FF, Further Flexion; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; CSI,
Central Sensitization Inventory. + Multivariate regression coefficient analyses were adjusted for age, gender, BMI,
American Society of Anesthesiologists grade, preoperative flexion contracture and further flexion, preoperative
hip/knee/ankle angle, and preoperative WOMALC total scores.

To assess whether the sample size was sufficient to detect the observed difference
in satisfaction between the groups, we conducted a post-hoc power analysis using the
observed satisfaction rates (95.8% in the non-CS group vs. 65.4% in the CS group). Based
on a two-sided « of 0.05 and group sizes of 92 and 26, the power to detect a statistically
significant difference was calculated to be 95.7% using a two-proportion z-test. This
suggests that despite the unequal group sizes, the study was adequately powered to detect
the observed effect.

5. Discussion

The findings of this study highlight the significant role that CS plays in postoperative
pain and dissatisfaction following UKA. Patients with preoperative CS, identified as a
CSl score of 40 or higher, demonstrated significantly worse postoperative pain scores, in-
creased joint awareness, and inferior functional outcomes compared with those without CS.
These results provide valuable insights into the influence of preoperative pain processing
mechanisms on surgical recovery and patient satisfaction.
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Several tools are available to assess CS, including QST and advanced imaging modali-
ties such as functional magnetic resonance imaging (fMRI). QST objectively measures pain
and sensory thresholds to external stimuli at local or remote sites, and has been widely
used to detect abnormal pain processing suggestive of CS [21,22]. fMRI has also provided
insights into altered brain structure and neurochemical activity in CS, such as decreased cor-
tical thickness and elevated glutamate levels [23,24]. In this study, we chose to use the CSI, a
validated self-reported questionnaire specifically designed to identify symptoms associated
with CS [13,19,20,25,26]. While CSI is a self-reported measure and inherently subject to
potential response bias, it offers several advantages that help mitigate these concerns. First,
the CSI has been shown to have high internal consistency and reliability, and a cutoff score
of 40 has been validated to identify patients with clinically significant central sensitiza-
tion [19,20,25]. It is composed of items that assess not only pain but also other non-painful
characteristic symptoms of CS, such as fatigue, poor sleep, and concentration difficulties,
reducing the likelihood of misclassification due to isolated pain complaints [13,19,20,25,26].
Second, to minimize confounding factors, we excluded patients with known CS-related
conditions (e.g., fibromyalgia, irritable bowel syndrome) and psychiatric disorders, both
of which are known to influence CSI scores [19,20,25]. This allowed for a more specific
assessment of CS-related symptoms within the context of knee OA [19,20,25]. Finally,
although objective methods such as QST can provide valuable information about the sen-
sory nervous system and local/distant hyperalgesia, they require specialized equipment
and training, and are not always feasible in a retrospective design [19,20,25]. The CSI, in
contrast, is efficient (<10 min), easy to administer, and ethically unproblematic, making it
an appropriate tool for screening CS in clinical populations when used with appropriate
exclusion criteria [13,19,20,25,26]. Given these benefits and considering the retrospective
nature of our study, CSI provided an efficient and robust tool to stratify patients based on
their CS status [19,20,25].

Patients with preoperative CS experienced significantly worse postoperative pain
and functional outcomes than those without CS, despite the theoretical advantages of
UKA over TKA, such as a smaller incision, preservation of most soft tissues, and less bone
resection [3]. Our findings reveal that the CS group reported notably higher pain scores
two years postoperatively. No previous studies investigated the effects of preoperative CS
on UKA outcomes. However, numerous studies have examined the relationship between
preoperative CS and clinical outcomes following TKA [11-16,27,28], and the evidence
suggests that patients with preoperative CS are at greater risk than those without CS for
chronic postoperative pain [11-16,27,28]. Martinez et al. [28] found that TKA patients with
heat hyperalgesia reported greater pain both before and after surgery and required higher
doses of postoperative morphine. Similarly, Lundblad et al. [27] followed 69 patients for
18 months after TKA and noted that persistent pain was more prevalent among those with
high preoperative pain levels and a lower pain threshold—both indicative of CS-related
mechanisms. In another study, Kim et al. [13] reported that patients with a high CSI score
(>40) experienced more intense postoperative pain and required greater analgesic use
during the first three months postoperatively. Their study also demonstrated that higher
CSI scores were associated with more severe preoperative pain, persistent postoperative
pain, and lower satisfaction with pain relief three months after surgery. Interestingly,
although UKA is designed to preserve native ligaments and provide more natural knee
kinematics, patients with CS did not appear to benefit from those advantages [3]. Instead,
they continued to experience significant pain and functional limitations. This suggests that
in CS patients, abnormalities in pain processing play a more important role in postoperative
recovery than the specific surgical technique used. These findings further support the
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hypothesis that postoperative pain perception is not solely dictated by structural changes
but is also influenced by alterations in central nervous system pain processing.

Preoperative CS not only contributes to persistent pain following surgery but also
significantly affects functional outcomes and overall patient satisfaction. In our study,
the CS group exhibited poorer WOMAC function and total scores than the non-CS group
at the two-year follow-up visit. Additionally, the FJS scores were notably lower in the
CS group, indicating a greater level of functional impairment. These findings align with
previous studies of TKA [12,14]. Kim et al. [12] reported that the CS group showed
significantly inferior preoperative and postoperative WOMAC function and total scores
than the non-CS group. Similarly, Koh et al. [14] found that the CS group experienced
worse quality of life and greater functional disability than the non-CS group after TKA.
In addition, one of the most striking findings of our study is the significant effect of CS
on patient satisfaction following UKA. Whereas 88% of patients in the non-CS group
reported being satisfied with their surgical outcomes, only 62% of those in the CS group
expressed satisfaction (p < 0.01). Sasaki et al. [16] demonstrated that preoperative CS was
also negatively associated with postoperative EQ-5D scores in TKA patients. Moreover,
Koh et al. [14], using the same new KSS score as in our study, showed that patients in the
CS group were significantly more dissatisfied than those in the non-CS group. Further
supporting this, our multivariate regression analysis identified CS as a significant predictor
of dissatisfaction. The preoperative CSI score (adjust odds ratio = 11.349, p = 0.003) was
independently associated with lower satisfaction rates. These findings underscore the
importance of preoperative CS assessment, which may help screen high-risk patients and
enable tailored interventions, including education and preemptive medication, to improve
postoperative satisfaction.

CS is strongly associated with poor clinical outcomes following UKA for several
reasons. First, patients with CS often have higher preoperative expectations than those
without CS. Specifically, they anticipate greater pain relief and psychological well-being
after surgery [29]. Although high expectations can sometimes contribute to favorable
postoperative outcomes [30], excessively high expectations are closely linked to dissatisfac-
tion and poor clinical results [31]. Second, the heightened pain sensitivity of CS patients
negatively affects their postoperative outcomes [29]. Individuals with CS experience in-
creased pain perception, often presenting with hyperalgesia and allodynia as characteristic
symptoms [9]. This heightened sensitivity can play a crucial role in difficulties with post-
surgical pain and recovery, further contributing to suboptimal clinical results [29]. Third,
CS patients tend to have higher minimal clinically important difference (MCID) thresholds
than non-CS patients. As a result, their overall postoperative outcomes tend to be worse,
and the likelihood of achieving the MCID is significantly lower [12]. For those reasons,
patients with CS are more prone than those without CS to experience persistent pain and
inferior outcomes following UKA.

Effective management of CS, particularly in patients undergoing knee arthroplasty,
requires a multidimensional approach that extends beyond conventional surgical inter-
vention [14,32-34]. First, preoperative education and expectation setting play a crucial
role. Numerous studies have demonstrated that preoperative expectations are closely
linked to postoperative satisfaction and clinical outcomes [33,34]. For patients with CS,
it is especially important to provide detailed explanations about the potential impact
of CS on pain perception and recovery trajectory [33,34]. By aligning patient expecta-
tions with realistic outcomes, clinicians can mitigate dissatisfaction and enhance shared
decision-making [33,34]. Furthermore, specific education on the nature of CS and its role in
persistent postoperative pain should be incorporated into preoperative counseling sessions
for patients with knee OA scheduled for UKA [33,34]. Second, pharmacologic treatment
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targeting central pain mechanisms can be an effective adjunct. Among the available agents,
the serotonin-norepinephrine reuptake inhibitor (SNRI) duloxetine has shown particular
promise in CS-associated pain [32]. In a randomized controlled trial by Koh et al., patients
with CS undergoing TKA who received duloxetine experienced not only significant pain
reduction starting two weeks postoperatively, but also notable improvements in mood,
mental health, sleep quality, and social functioning [14]. These findings suggest that tar-
geting descending pain modulation pathways may alleviate both sensory and affective
components of CS-related pain [14]. Taken together, these strategies—preoperative patient-
centered education and targeted pharmacotherapy—represent critical components in the
perioperative management of patients with CS to improve both subjective and objective
surgical outcomes [14,32-34]. Although UKA is widely regarded as a minimally inva-
sive and function-preserving procedure, patients with CS may not fully experience its
expected clinical benefits due to persistent central pain mechanisms [14,32-34]. This does
not imply that UKA is counterproductive in CS patients, but rather highlights the need for
realistic expectation-setting, individualized pain management, and possibly multimodal
interventions to support postoperative recovery in this subgroup.

This study has several strengths, including a well-defined patient cohort, a standard-
ized surgical technique performed by a single surgeon, and the use of validated outcome
measures such as the WOMAC and FJS. These factors minimize variability and enhance
the reliability of our findings. However, there are also limitations to consider. First, most
of the patients who underwent UKAs were female (108 of 131, 89%). Although this de-
mographic trend is well-documented in the Korean population, the underlying reasons
remain unclear [35-41]. Second, although the data were collected prospectively, this study
was conducted as a retrospective review using a single-institution database. As a result,
inherent limitations such as selection bias might have influenced the findings. Third, vari-
ous tools exist for assessing patient satisfaction after surgery [42]. In this study, we used
the new KSS system, a validated tool designed to minimize the evaluation burden [43].
Although the KSS is widely accepted, incorporating additional assessment methods could
provide a more comprehensive evaluation of patient satisfaction. Fourth, the follow-up
period was limited to two years, and patient satisfaction was assessed only at the two-year
postoperative mark. Longer-term studies are needed to better understand how postopera-
tive satisfaction and its relationship with CS evolve over time. Fifth, the study might be
underpowered, increasing the risk of type Il errors and potentially limiting the ability to
detect all relevant associations. Larger prospective studies with a broader and more diverse
patient population are needed to strengthen these findings. Sixth, we used the CSI as the
primary tool for assessing CS. Although the CSl is a validated and widely used screening
measure [19,20], it is based on self-reported data and might not fully capture the neurophys-
iological aspects of CS. Future studies incorporating QST or functional neuroimaging could
provide a more comprehensive understanding of CS in patients undergoing UKA [44].
Seventh, all surgeries were performed at a single institution by a single surgeon, which
might limit the generalizability of the findings to other surgical settings. A multicenter
study would help validate these results across different patient populations. Eighth, al-
though we aimed to isolate the impact of CS on UKA outcomes by excluding patients
with major psychiatric disorders and CS-related conditions through predefined exclusion
criteria [19,20], it is important to acknowledge that completely eliminating all potential
CS-associated factors is inherently challenging. Subclinical symptoms or undiagnosed
comorbidities, such as mild sleep disturbances or psychological stress, may have persisted
and influenced outcomes, representing a limitation of this study. Additionally, although
patients with peripheral neuropathy were excluded based on clinical screening, we did not
conduct formal neurologic or electrophysiological evaluations. Future studies may benefit
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from incorporating objective neuropathy assessments and stratifying patients by metabolic
comorbidities to better isolate the effects of CS [45]. Lastly, anxiety and depression were
excluded based on preoperative evaluation; we did not assess subclinical levels of anxiety
or depressive symptoms postoperatively. Considering the established relationship between
CS and mood disturbances, this remains a relevant limitation that may have influenced
subjective outcome measures [14]. Despite those limitations, this study provides valuable
insights into the relationship between CS and both pain and dissatisfaction following UKA.

6. Conclusions

This study underscores the importance of recognizing CS as a critical determinant
of postoperative pain and dissatisfaction following UKA. Patients with high CSI scores
experience greater pain, increased joint awareness, and overall poorer outcomes despite
technically successful surgeries. Patients with CS should be closely monitored postop-
eratively and provided with appropriate pain management strategies to optimize their
surgical outcomes. Future research should focus on refining these strategies and exploring
innovative approaches to pain modulation in this patient population.
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Abstract: Background and Objectives: Despite extensive studies of the role of quadriceps and quadri-
ceps/hamstring balance in knee osteoarthritis (OA), the roles of the vastus intermedius, medjialis, and
lateralis in OA remain unclear. The purpose of this study was to investigate the relationship of lower
limb alignment and the ratio of the quadriceps femoris muscle to the knee extensor muscle. Materials
and Methods: This study included 50 patients with advanced knee OA (Kellgren/Lawrence grade of
3 or 4) and 25 healthy control persons between June 2021 and May 2022. The osteoarthritis grade
and anatomical tibiofemoral angle were measured based on plain radiography and scanography:.
All participants were divided into normal (0~5°), mild varus (5°~10°), and severe varus (>10°)
groups. Using MRI, muscle size was determined by calculating the cross-sectional area (CSA) of the
total quadriceps (rectus femoris, vastus intermedius, vastus medialis, and vastus lateralis) and its
components. Results: The CSA ratio of the vastus lateralis was significantly smaller in the severe
varus group than in the normal or mild varus groups. There was a significant positive correlation
between the mechanical tibiofemoral angle and vastus lateralis CSA (p = 0.282, p = 0.014) and be-
tween the anatomical tibiofemoral angle and vastus lateralis CSA (p = 0.294, p = 0.011). There was a
significant negative correlation between the mechanical tibiofemoral angle and vastus intermedius
CSA (p = —0.263, p = 0.023) and between the anatomical tibiofemoral angle and vastus intermedius
CSA (p = —0.243, p = 0.036). Conclusions: Patients with severe varus alignment exhibited vastus
lateralis atrophy. This study highlights vastus lateralis atrophy in severe varus alignment, though
causality between atrophy and varus knee OA remains uncertain. We think that patients with severe
varus may require strengthening exercises focused on the vastus lateralis before and after surgery for
alignment correction.

Keywords: knee; osteoarthritis; quadriceps; varus deformity; muscle atrophy

1. Introduction

Quadriceps muscle dysfunction is a common feature in knee osteoarthritis (OA) and
is associated with functional decline and disease progression. However, patient satisfaction
rates lower than 80% after conventional total knee arthroplasty have been reported in the
literature [1-4]. A typical feature of knee osteoarthritis (OA) is knee extensor weakness,
which is associated with the development of symptomatic knee OA as well as functional
decline over time in people with knee OA [5]. Knee extensor muscle condition has been
studied in patients with knee osteoarthritis to determine its association with varying
degrees of functional impairment and disease progression. Several studies have suggested
that the quadriceps muscle seems to be related to lower risk of symptomatic OA, but
not radiographic OA [5]. While quadriceps muscles have been studied, their specific
contributions to OA pathogenesis, particularly in relation to lower limb alignment, remain
less established.
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In particular, the vastus medialis (VM) is being studied in various ways in knee-related
conditions such as patellofemoral pain syndrome and knee osteoarthritis [6,7]. Patients
exhibited atrophy of the VM in patellofemoral pain syndrome. Pattyn et al. found that
the cross-sectional area (CSA) of VM was significantly smaller in the patients’ group. A
tendency was also noted for the patellofemoral pain syndrome group toward a smaller
CSA of the total quadriceps at the midthigh level [6]. While VM has been associated with
patellofemoral pain syndrome, its role in knee OA, particularly in conjunction with other
quadriceps components, warrants further investigation. According to the knee OA study,
increased VM size was associated with reduced knee pain and structural improvements in
knee OA [3,4,7,8]. Conversely, Pan et al. suggested that the ratio between vastus lateralis
(VL) and VM cross-sectional area may influence the progression of OA [9].

However, there are few studies of the relationship between lower limb alignment and
knee extensor muscle volume in knee OA. The purpose of this study was to investigate the
relationship between lower limb alignment and the ratio of the quadriceps femoris muscle
to the knee extensor muscle using magnetic resonance imaging (MRI). We hypothesize that
lower limb alignment would be correlated with the ratio of the quadriceps femoris muscle.

2. Materials and Methods
2.1. Participants

We performed a retrospective review of medical records for patients with knee OA
from June 2021 and May 2022. The diagnosis of knee OA was established using patient
medical history, plain radiographs, and MRI. This study included a total of 75 patients,
comprising 50 patients with knee OA and 25 healthy individuals who had never had knee
pain before.

Patients who met the following criteria were included in the study: (1) >20 years old,
and (2) patients with confirmed symptomatic knee OA with a Kellgren/Lawrence (KL)
grade of 3 or 4 [10]. Exclusion criteria included patients who (1) had no preoperative MRI
or a poor-quality image that was difficult to measure, (2) had concomitant fractures, or
(3) had a previous history of knee surgery or trauma.

2.2. Radiographic Evaluations

Radiographic images were acquired using an SH3 system (DK Medical, Seoul, Re-
public of Korea). Knee OA was confirmed through anterior—posterior and lateral weight-
bearing radiographs, as well as non-weight-bearing skyline radiographs. An experienced
orthopedic surgeon utilized these images to grade bilateral tibiofemoral OA based on the
KL criteria. Participants were included in the knee OA group if they were classified as
grade III or IV (unilateral or bilateral) on the KL scale and exhibited clinical symptoms.
Participants were included in the control group if their knees were classified as grade 0 or I
on the KL scale and were asymptomatic.

All participants underwent conventional scanography. Patients were positioned to
stand with equal weight distribution on both lower extremities without an assistive device,
with both patellae pointing anteriorly and feet straight, parallel to each other. The patient-
to-tube distance was typically 101 cm. Three separate 35 x 9 x 43 cm cassettes were used
to obtain three separate images centered over the hip, knee, and ankle joints. Based on
scanography alignment, the hip—knee-ankle (HKA) angle was measured and defined as the
angle between the mechanical axes of the femur and tibia. All participants were divided
into normal (Group I), mild varus (Group II), and severe varus (Group III) groups. Group I
was defined as between 5 degrees of valgus and 5 degrees of varus, Group II was defined as
between 5 and 10 degrees of varus, and Group IIl was defined as >10 degrees of varus [11].

2.3. Thigh Muscle Cross-Sectional Area Measurement

A consecutive series of MRI scans of each patient’s thighs was acquired using a 1.5T
MRI system (Siemens Magnetom Avanto System; Siemens Medical, Erlangen, Germany).
Close collaboration with the radiology department was maintained throughout the study
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to ensure precise measurements. Oblique sagittal T2 TSE MRI scans, perpendicular to the
long axis of the scapular body, were obtained with a slice thickness of 3 mm. The contours
of the rectus femoris (RF), vastus intermedius (VI), vastus medialis (VM), and vastus lat-
eralis (VL) muscles were manually traced using PACS software (Picture Archiving and
Communication System, DICOM version 3.0 INFINITT, Infinitt Healthcare, Seoul, Republic
of Korea). As illustrated in Figure 1, the borders of the four muscle groups were delineated
in the mid-thigh view on the axial plane. The software then automatically calculated the
cross-sectional area (CSA) for each muscle. Subsequently, the percentage of each muscle
relative to the total quadriceps muscles (rCSA) was determined. Two knee-specializing
orthopedic surgeons, who worked in the territory university hospital (*** and ***), inde-
pendently performed the image measurements. Interobserver reliability was reassessed
through a randomized analysis conducted three months later.

Figure 1. Axial T2 TSE MRI. Measurement of the cross-sectional area of the quadriceps muscle in
mid-thigh view. Rectus femoris (RF), vastus intermedius (VI), vastus medialis (VM), and vastus
lateralis (VL).

2.4. Statistical Analysis

Statistical analysis was performed using SPSS 24.0 software. Two methods were used
to assess the measurement reliability. The Mann—-Whitney test was used to evaluate the
difference in rCSA between the OA patients and the control group. The mean difference
of the rCSA between each alignment group was estimated using the Kruskal-Wallis test.
Furthermore, the Spearman correlation coefficient was used to examine the correlation
between the lower limb alignment and CSA. The test-retest reliability was evaluated
initially; subsequently, internal consistency reliability was assessed using the Bland and
Altman method for calculating inter- and intraclass correlation (ICC). A threshold for
statistical significance was established at p < 0.05. Results with p-values below this threshold
were deemed statistically significant, whereas those with p-values above this threshold
were not.
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3. Results

Participant characteristics are shown in Table 1. Age and BMI (mean £ SD) were
69.3 &+ 6.7 years and 26.4 £ 3.2 kg/m2 in the OA group, and 44.8 & 15.1 years and 27.6 £ 4.7
in control group, respectively.

Table 1. Demographic data of participants classified according to OA status.

OA Group (n = 50) Control Group (n = 25) p-Value
Age (years) 0.000 *
Mean =+ SD 69.3 £ 6.7 448 +£15.1
Gender 0.008 *
Male, 1 (%) 9 (18.0%) 13 (52.0%)
Female, n (%) 41 (82.0%) 12 (48.0%)
Height (cm) 0.000 *
Mean =+ SD 1549 £ 9.6 1659 £ 8.4
Weight (kg) 0.000 *
Mean £ SD 63.3+9.0 76.3 £ 16.1
BMI (kg/m?) 0.247
Mean =+ SD 264+ 3.2 27.6 4.7
Side 0.624
Right, 1 (%) 23 (46.0%) 13 (52.0%)
Left, n (%) 27 (54.0%) 12 (48.0%)
Alignment classification 0.000 *
Normal, 1 (%) 13 (26.0%) 23 (92.0%)
Mild varus, 1 (%) 15 (30.0%) 2 (8.0%)
Severe varus, 1 (%) 22 (44.0%) 0 (0%)
OA grade (KL) 0.000 *
KL 0, 1 (%) 0 (0%) 4 (16.0%)
KL 1, n (%) 0 (0%) 11 (44.0%)
KL 2, n (%) 0 (0%) 10 (40.0%)
KL 3, 1 (%) 5 (10.0%) 0 (0%)
KL 4, n (%) 45 (90.0%) 0 (0%)

OA: osteoarthritis, SD: standard deviation, BMI: body mass index, KL: Kellgren/Lawrence. * statistically significant.

3.1. OA Grade Differences in Thigh Muscle CSA Measurements

The CSA of the total quadriceps and each component was significantly smaller in the
OA group than in the control group. Additionally, we analyzed the ratio of percentages
between each component. As a result, no significant differences of the CSA ratio between
the knee OA patients and the control group were found (Table 2).

Table 2. CSA ratio of the quadriceps components.

OA Group (1 = 50) Control Group (n = 25) p-Value
RF 10.52 £ 2.15 10.94 +£1.92 0.408
VI 33.14 £3.48 32.26 £4.27 0.338
VM 22.39 £2.77 21.67 £ 3.39 0.327
VL 33.94 £ 2.65 35.13 £ 4.17 0.203

CSA: cross-sectional area, RF: rectus femoris, VI: vastus intermedius, VM: vastus medialis, VL: vastus lateralis.
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3.2. Muscle CSA in Relation to Knee Alignment

Table 3 shows participant characteristic data classified according to mechanical align-
ment. The CSA ratio of the vastus lateralis was significantly smaller in the severe varus
group than in the normal (Z = —2.452, p = 0.014) or mild varus groups (Z = —2.251,
p =0.011) (Table 4). There was a significant positive correlation between the mechanical
tibiofemoral angle and vastus lateralis CSA (o = 0.282, p = 0.014), and between the anatomi-
cal tibiofemoral angle and vastus lateralis CSA (o = 0.294, p = 0.011). There was a significant
negative correlation between the mechanical tibiofemoral angle and vastus intermedius
CSA (p = —0.263, p = 0.023), and between the anatomical tibiofemoral angle and vastus
intermedius CSA (p = —0.243, p = 0.036).

Table 3. Demographic data of participants classified according to mechanical alignment.

Group I (n = 36)

Group II (n =17)

Group III (n = 22)

Normal Alignment  Mild Varus Alignment Severe Varus Alignment p-Value
Age (years) 0.000 * I <IL 1II
Mean + SD 5124+17.4 66.4 +10.5 693+77
Gender 0.247
Male, 11 (%) 14 (38.9%) 3 (17.6%) 5(22.7%)
Female, 1 (%) 22 (61.1%) 14 (82.4%) 17 (77.3%)
Height (cm) 0.008 * I<II
Mean + SD 163.5£9.8 1554 £ 89 154.6 £ 10.6
Weight (kg) 0.028 * I<II
Mean + SD 732 £14.6 65.5 £12.8 62.1 £10.6
BMI (kg/m?) 0.564
Mean + SD 273+ 41 27.1+£4.0 26.0 £3.7
Side 0.594
Right, 1 (%) 20 (55.6%) 5(29.4%) 11 (50.0%)
Left, n (%) 16 (44.4%) 12 (70.6%) 11 (50.0%)
OA grade (KL) 0.000 *
KL 0, n (%) 4 (11.1%) 0 (0%) 0 (0%)
KL 1, n (%) 10 (27.8%) 1(5.9%) 0 (0%)
KL 2, n (%) 9 (25.0%) 1(5.9%) 0 (0%)
KL 3, 1 (%) 2 (5.6%) 1(5.9%) 2 (9.1%)
KL 4, n (%) 11 (30.6%) 14 (82.4%) 20 (90.9%)

OA: osteoarthritis, SD: standard deviation, BMI: body mass index, KL: Kellgren/Lawrence. * statistically significant.

Table 4. CSA ratio of the quadriceps components in each alignment group.

Group I (n = 36)

Group II (n = 17)

Group III (n = 22)

Normal Mild Varus Severe Varus p-Value
Alignment Alignment Alignment
RF 10.86 +2.12 9.92 £2.17 10.90 = 1.86 0.251
VI 31.88 £3.71 33.05 £ 2.62 3427 £4.21 0.058
VM 22.31 £3.22 21.96 £ 3.00 22.04 £2.70 0.907
VL 34.94 £ 3.67 35.06 & 3.00 3278 £2.14 0.027 * LII>1I

REF: rectus femoris, VI: vastus intermedius, VM: vastus medialis, VL: vastus lateralis. * statistically significant.
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4. Discussion

Our study examined differences in thigh muscle CSA among participants with knee
OA and a control group. While overall quadriceps CSA was reduced in OA patients,
the disproportionate atrophy of the vastus lateralis in the severe varus group suggests a
targeted impact of knee alignment on muscle morphology.

Notably, the CSA ratio of the vastus lateralis was considerably smaller in the severe
varus group compared to the normal or mild varus groups. Additionally, there were
significant correlations found between knee alignment and CSA. There was a positive
correlation with the vastus lateralis and a negative correlation with the vastus intermedius,
highlighting how changes in knee mechanics are associated with muscle morphology in
knee OA.

The quadriceps femoris muscle is commonly associated with tibiofemoral OA and
is a critical factor in determining disability [12]. Thomas et al. found that women with
radiographic OA had 22% less quadriceps strength compared to women without OA,
aligning with various reports of isometric and isokinetic knee extension torque deficits
ranging from 20% to 40% [13-15]. Adequate quadriceps strength in knee OA patients is
essential for performing daily activities, and strengthening this muscle has been shown
to improve physical function in those affected by the disease [12,16,17]. Pietrosimone
et al. reported that individuals with high physical activity levels had significantly greater
quadriceps strength compared to those with lower activity levels, indicating a positive
association between quadriceps strength and physical activity [18]. Greater quadriceps
muscle strength is also linked to a lower risk of developing symptomatic knee OA [19].
However, evidence supporting the quadriceps muscle’s significant role in the incidence of
radiographic knee OA remains limited.

There are several methods used to evaluate the quadriceps muscle change in patients
with osteoarthritis [20-22]. Using ultrasonography to measure muscle thickness and echo
intensity in various lower extremity muscles, Taniguchi et al. measured muscle quantity
and quality in 21 women with knee OA and 23 healthy individuals. Their results indicated
that muscle changes associated with OA, such as decreased muscle thickness and increased
echo intensity, are more pronounced as OA severity increases and vary among different
muscles, particularly in the vastus medialis and intermedius [21]. Segal et al. conducted
their study using dual-energy X-ray absorptiometry. They found that, contrary to previous
beliefs about the protective role of quadriceps strength, greater thigh muscle mass does
not protect against the development or worsening of knee OA or joint space narrowing.
Instead, higher specific strength in the knee extensors significantly lowers the risk for
symptomatic knee OA and joint space narrowing. This result suggests that neuromuscular
activation and muscle physiology may be more crucial factors to consider than muscle
mass alone [23].

Research suggests that muscle atrophy and fatty infiltration are common in the
quadriceps of knee OA patients, often with disproportionate atrophy in the vastus medi-
alis [7,8,11,24]. Van der Noort et al. found that a higher percentage of non-contractile tissue
in the VM muscle is linked to weaker muscle strength and longer performance times in
mobility tests in patients with knee OA measured by MRI. Their results also showed that
women with a high BMI were more at risk for having a high amount of non-contractile
tissue [24]. Fink et al. performed histopathological examination of the vastus medialis mus-
cle. In their study, patients with end-stage OA revealed widespread atrophy and changes
indicative of neurogenic muscular atrophy and pain-associated disuse, highlighting the
multifactorial nature of muscle deterioration in osteoarthritis. Their findings suggest a
complex interaction between structural muscle changes and clinical symptoms like leg axis
deviation [11]. Our findings of targeted vastus lateralis atrophy in severe varus alignment
complement previous studies showing muscle-specific changes in OA, suggesting that
muscle morphology may be influenced by joint mechanics. We are also not sure which came
first. However, we think that this group of patients may require strengthening exercises
focused on the vastus lateralis before and after surgery for alignment correction.
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Our study had several limitations. First, the retrospective nature of this study limited
the ability to establish causality between muscle cross-sectional area changes and knee
osteoarthritis progression. The second limitation was measurement bias. While muscle
CSA measurements were performed by experienced orthopedic surgeons, manual tracing
and reliance on clinical MRI may have introduced variability that could affect the precision
and repeatability of the measurements. If automated three-dimensional reconstruction
had been used as a measurement method, accuracy may have been even higher. Third,
this study sample was comprised only of patients with advanced knee osteoarthritis and
a control group, which may not be representative of all stages of the disease or broader
demographic characteristics. We also did not perform an age- and sex-matched study
because we wanted to compare an old-age OA group with a young healthy group.

5. Conclusions

When compared to healthy individuals, patients with advanced knee OA had extensor
muscle atrophy. However, there was no difference in the ratio of each component. Patients
with severe varus alignment exhibited vastus lateralis atrophy. Although it is not clear
whether this unbalanced atrophy is a result or a cause of varus knee OA, our results suggest
that vastus lateralis atrophy may contribute to the severity of varus knee OA. To establish
the cause—effect relation of vastus lateralis atrophy and varus knee OA, longitudinal and
prospective studies on the causal relationship between muscle atrophy and knee alignment
are needed.
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Abstract: Background and Objectives: The negative effects of smoking on the musculoskeletal system
were presented by many authors, although the relationship between smoking and osteoarthritis
remains unclear. The aim of this paper was to investigate the negative effects of smoking on meniscal
tissue in osteoarthritic knees by microscopic examination, by adapting the Bonar scoring system
and its modifications. Materials and Methods: The study involved 34 patients with varus knees,
from whom 65 samples of knee menisci were obtained. The mean age in the studied group was
65.385 years. The smoking status of the patients concluded that there were 13 smokers and
21 nonsmokers. Results: Among smokers, the mean classical Bonar score was 8.42 and the mean
modified Bonar score was 6.65, while nonsmokers were characterized by scores of 8.51 and 7.35, re-
spectively. There was a statistically significant negative correlation between the number of cigarettes
and the collagen in the medial meniscus (p = 0.0197). Moreover, in the medial meniscus, the mod-
ified Bonar score correlated negatively with the number of cigarettes (p = 0.0180). Similarly, such
a correlation was observed between the number of cigarettes and the modified Bonar score in the
lateral meniscus (p = 0.04571). Furthermore, no correlation was identified between the number of
cigarettes and the classical Bonar score in the lateral meniscus. There was a statistically significant
difference in the collagen variable value between the smokers and nonsmokers groups (p = 0.04525).
Conclusions: The microscopic investigation showed no differences in the menisci of smokers and
nonsmokers, except for the collagen, which was more organized in smokers. Moreover, the modified
Bonar score was correlated negatively with the number of cigarettes, which supports the role of
neovascularization in meniscus pathology under the influence of tobacco smoking.

Keywords: meniscus; meniscus tear; osteoarthritis; smoking; Bonar score system; varus knees

1. Introduction

Nowadays, there is a growing interest and understanding of the knee menisci and
their crucial role in maintaining proper knee joint congruence and kinematics, despite the
fact that in the past they were considered to be functionless, vestigial structures and were
often excised with an open total meniscectomy [1-3]. The menisci can be described as a
fibrocartilaginous, crescent-shaped wedge structure located between the condyles of the
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femur and tibia [2,4]. They cover 75% to 93% of the articular surface of the corresponding
tibial plateau, forming the acetabulum of the knee joint [1,5]. Their function allows them
to maintain proper knee joint performance and biomechanical functions. They are mainly
involved in load-bearing, load transmission, and shock absorption. Moreover, they partici-
pate in proprioception, articular cartilage nutrition, lubrication, and protection. They are
also important passive joint stabilizers (Figure 1) [2,6,7].

Figure 1. Microscopic evaluation of the meniscal sample stained with H&E showed a red-white zone
of the menisci.

The Bonar score system is the most common and established scale to assess the
microscopic evaluation of tendon pathology. This semiquantitative scoring system has
been modified many times in order to improve diagnostic and microscopic evaluation [8—
14]. Thus, it can be modified to quantify the pathological changes in meniscal tissue. Park
et al. were the first to present the use of the Bonar score in meniscus root pathology in knee
osteoarthritis (OA). Their study presented the similarity between meniscus root fibrous
connective tissue, and tendons connective tissue microstructure [15].

Osteoarthritis is characterized by knee cartilage volume loss and structural modi-
fication of cartilage, subchondral bone, Hoffa’s fat pad, synovial membrane, ligaments,
and muscles. All of these features distinguish OA as a whole-joint disease [16,17]. Menis-
cal damage or meniscal excision are known as primary risk factors for rapid cartilage
loss [18,19]. Both the excision of the meniscus and meniscal tears are factors resulting in
cartilage lesions leading to knee joint OA [20]. Meniscal tears can easily lead to OA, and, on
the other hand, osteoarthritis knees may develop meniscal tears. However, healthy menisci
rarely occur in knees with OA [21]. Early knee OA is associated with either meniscal tears
or symptoms such as synovial inflammation. Synovial inflammation is known as a major
risk factor for OA’s rapid progression. Meniscal tissue with synovial inflammation differs
with an enhanced level of metalloproteinase-13, which plays a major role in the degen-
eration of cartilage tissue in OA [22]. Menisci in OA knees display signs of pathological
changes. They are often torn, macerated with cracks, have structural disorganization and
fractures, or are even completely damaged, rather than without signs of degeneration [21].
Awareness of their importance prompts people to avoid meniscectomy and encourages
the evolution of modern treatment methods for meniscal repair in order to save meniscal
tissue [23,24].
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Even though meniscal injuries are the second most common trauma to the knee, the
data are still lacking in epidemiology and prognostic factors [23]. Blackwell et al. observed
that current smokers were significantly more likely to undergo meniscectomy shortly after
meniscus repair [25]. The negative association of smoking and pack-years with knee joint
cartilage suggests that cartilage loss and defect may be inducted by smoking [26-29]. On
the other hand, a few authors showed no negative association between smoking habits
and meniscal tissue [30-33]. Nevertheless, smoking is commonly known as an important
negative factor in orthopedics. Tobacco smoking results in decreased healing, complica-
tions, and poor postoperative outcomes in orthopedic surgery [23,34]. The relationship
between smoking and OA remains unclear. Tobacco users may have an enhanced risk
of OA due to cartilage damage and the ongoing inflammation process [35]. Nicotine,
one of the constituents of tobacco smoke, promotes chondrocyte proliferation, migration,
capillary formation, and decreased collagen synthesis [36,37]. Moreover, it stimulates
the neovascularization process, which is known to take part in OA [38]. However, the
effects of smoking on meniscal tissue have not been well explored yet. However, many
authors present the negative effects of smoking on the musculoskeletal system, although
there are still papers that undermine these outcomes. We hypothesized that the known
negative effects of nicotine, such as neovascularization and stimulating inflammation, may
negatively affect meniscal tissue healing. It would lead to the degeneration of meniscal
tissue, which could be quantified using the Bonar scoring system. Thus, the aim of this
study was to assess degeneration of the meniscal tissue in OA knees in correlation with
smoking using the Bonar score in microscopic examination. Smoking may turn out to be
an important negative factor in the degeneration of meniscal tissue in the OA knees. In this
study, we attempted to investigate the negative association between smoking and meniscal
tissue.

2. Materials and Methods

The study followed the principles outlined in the Declaration of Helsinki for experi-
ments involving human subjects. Before the commencement of the study, approval was
obtained from the local institutional Bioethics Committee (approval number KB 131/2022).
The study included consecutive patients who underwent total knee arthroplasty for symp-
tomatic OA between 2022 and 2023. All participants included in the survey were preoper-
atively diagnosed with gonarthrosis based on a clinical examination, as well as imaging
modalities such as X-rays or magnetic resonance.

Inclusion criteria included the presence of severe unilateral OA with varus knee
deformity (Kellgren—Lawrence score II or more), rheumatological diseases, and informed
consent from the patient. Genu varum malalignment is characterized by <4° valgus knee
axis or mechanical axis falling medial to the center of the knee. The following exclusion
criteria were selected: secondary OA, previous surgical procedures within the affected
knee, valgus deformity of the knee joint, severe deformity (>20 degrees varus), advanced
OA in other joints, diabetes, advanced atherosclerosis of the lower limbs, cancer, and
immunological diseases.

Patient demographic data, preoperative ROM, and preoperative X-rays (a long leg
standing X-ray and an AP, lateral X-ray of both knee joints) were recorded. Written informed
consent was obtained from all patients before they participated in the study.

The patient population was categorized as smokers or nonsmokers (those who had
never used any nicotine supplement, such as nicotine gum or patch, oral snuff or moist
snuff, cigars, or cigarettes). Also, dose-dependent and time-dependent data about smoking
habits were collected, including the period of cigarette smoking (smoking years), the
mean number of cigarettes smoked per day, and the pack-years index (one pack contains
20 cigarettes in Poland. The surgeons were blinded to the smoking status of the patients.
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2.1. Surgical Technique

Total knee arthroplasty was performed in each case. All procedures were performed
using an anteromedial approach; a tourniquet was applied in each case. In patients, the
infrapatellar fat pad was bluntly divided from the patellar ligament and resected using
electrocautery. However, surgeons incised it at the medial border of the patellar ligament
to gain exposure to the knee joint. In all cases, the anteromedial joint capsule was routinely
released from the tibia. The surgeries were performed following the concept of mechanical
alignment; femoral components were implanted using the posterior referencing technique,
while the rotation of tibial components was established parallel to a line drawn from the
posterior cruciate ligament to the medial third of the tibial tuberosity. In all cases, the
patella was neither resurfaced nor denervated, although large patellar osteophytes were
removed if present. During the surgery, the menisci (both lateral and medial in each case)
were dissected totally to preserve their original shape.

2.2. Histopathological Assessment

The menisci samples were fixed in 10% buffered formalin that was fresh and sterile.
The samples were prepared using the hematoxylin and eosin (H&E) staining method, as
well as the Alcian blue protocol. They were examined under light microscopy (Olympus
BX46, Tokyo, Japan) using 5 pm sections. Alcian blue staining was explicitly employed
to inspect the presence of ground substance glycosaminoglycans. It was carried out in
accordance with the alcian blue protocol, respectively: deparaffinization of slides and
hydrating to distilled water, staining in alcian blue solution for 30 min, washing in running
tap water for 2 min, rinsing in distilled water, counterstaining in nuclear fast red solution
for 5 min, washing in running tap water for 1 min, dehydrating through 95% alcohol,
2 times changing of absolute alcohol for 3 min each, clearing in xylene, and, in the end,
mounting with resinous mounting medium.

The microscopic evaluation was carried out by two experienced observers who spe-
cialized in connective tissue. They were blinded to the identity of the samples. The extent
of histopathological changes was assessed based on the classical Bonar score assumptions
and their modifications. The classical Bonar scoring system evaluates four main variables:
fibroblast/chondrocyte morphology, accumulation of ground substance elements, neovas-
cularity, and collagen architecture. A scoring range of 0 to 3 points was assigned to each
variable, with 0 indicating normal tissue and 3 representing extreme pathology. An utterly
normal tissue would score 0, while a severely degenerated tendon would score 12.

In the second step of the examination, meniscal samples were evaluated using the
modified Bonar scores developed by Zabrzyriski et al. [14]. In this modified scoring sys-
tem, a new Bonar score, the attributes of the neovascularization variable in the original
Bonar scale were reversed. A score of three points was assigned to normal tissue with
minimal occurrence of blood vessels (absent neovascularization), two points for the inci-
dental presence of capillary clusters of less than one per 10 high-power fields (HPFs; mild
neovascularization), one point for 1-2 clusters per 10 HPFs (moderate neovascularization),
and zero points for more than two clusters per 10 HPFs (abundant neovascularization).

2.3. Statistical Analysis

Group comparisons and statistical analyses were conducted by two independent inves-
tigators using GraphPad Prism version 8.0.1 for Windows, GraphPad Software, Dotmatics,
UK, www.graphpad.com (accessed on 24 December 2023). A p-value less than 0.05 was
considered statistically significant. The normality of the variables was assessed using the
Shapiro-Wilk test. Relationships between the studied parameters were evaluated using
Spearman’s rank correlation coefficient. According to the nonnormal distribution of the
data, intergroup comparisons were performed using nonparametric tests, specifically the
Mann-Whitney U-test, for comparing two groups.
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Correlation Analyses

The results of the Bonar and new Bonar scores were correlated with smoking indexes
such as smoking years, the mean number of cigarettes smoked per day, and the pack-years
index.

3. Results

The study involved 34 patients with varus knees, from whom 65 samples of knee
menisci were obtained. The mean age in the studied group was 65.385 years (range:
54-81; SD = 6.88) at enrollment; the gender distribution was 21 women to 13 men. The
demographic data are presented in Table 1.

Table 1. Summary of demographic and clinical characteristics of patients.

Characteristics Total Smokers Nonsmokers
No. of patients 34 13 21
Female 21 7 14
Male 13 6 7
Age 65.385 (54-81) 64.231 (54-72) 66.154 (55-81)
Classical Bonar score 8.4462 (4-12) 8.4231 (6-12) 8.5128 (4-11)
Modified Bonar score 7.0462 (3-11) 6.6538 (3-10) 7.3590 (4-11)

By smoking status, there were 13 smokers (including 14 women and 7 men) and
21 nonsmokers (including 7 women and 6 men). No patients changed their smoking
habits during the follow-up. Specifically, the mean age in the smoker group was 64.231
(range 54-72, SD = 6.0286) and 66.154 (range 55-81, SD = 7.3683) in the nonsmokers group
(Table 1).

The mean classical Bonar score was 8.4462 (range 4-12, SD=1.5715). The mean mod-
ified Bonar score, which includes the reversed neovascularization variable, was 7.0462
(range 3-11, SD = 1.7804). Among smokers, the mean classical Bonar score was 8.4231
(range 6-12, SD = 1.6775) and the mean modified Bonar score was 6.6538 (range 3-10, SD =
1.8318), while among nonsmokers it was 8.5128 (range 4-11, SD = 1.5706) and 7.3590 (range
4-11, SD = 1.7089), respectively (Table 1).

The mean classical Bonar score for the medial menisci was 8.5000 (range 4-11, SD=1.5240),
and for the lateral menisci, it was 8.3939 (range 6-12, SD = 1.6382). Regarding the modified
Bonar score, the mean score for the medial menisci was 6.9375 (range 3-10, SD = 1.7586),
and for the lateral menisci, it was 7.1515 (range 3-11, SD = 1.8221) (Table 2).

Table 2. Summary of meniscus characteristics.

Characteristic Total Meniscus
Medial Lateral
No. of samples 65 32 33
No. of cigarettes 5.2308 (0-25) 7.5000 (0-25) 3.0303 (0-25)
Classical Bonar score 8.4462 (4-12) 8.5000(4-11) 8.3939(6-12)
Modified Bonar score 7.0462 (3-11) 6.9375 (3-10) 7.1515 (3-11)

The mean number of cigarettes smoked per day was 5.2308 (range 0-25); for the medial
menisci group it was 7.5 (range 0-25, SD = 9.5883), and for the lateral menisci group it was
3.0303 (range 0-25, SD = 6.9529) (Table 2).

Macroscopically, all examined menisci displayed signs of degeneration, including
cracks, structural disorganization, and fractures. Histological examination of the meniscal
specimens under a light microscope revealed tissue degeneration in all cases, both in the
medial and lateral menisci (Figure 2).

113



Medicina 2024, 60, 323

(@) (b)

Figure 2. Microscopic evaluation of the meniscal sample stained with H&E. (a) Red—white zone

in smokers groups with randomly scattered clusters of vessels (arrows). (b) Red-white zone in
nonsmokers group with randomly scattered clusters of vessels (arrows).

The three variables of the classical Bonar score (chondrocyte morphology, ground
substance, and vascularity) and modified neovascularization variable [14] showed no
association with the number of cigarettes in medial menisci (p = 0.3072, p = 0.3052,
p = 0.1910, p = 0.1910) (Figure 3A,B,D,E). However, there was a statistically significant
negative correlation between the number of cigarettes and collagen in the medial menisci
(p = 0.0197) (Figure 3C).

Additionally, we noted that the modified Bonar score correlated negatively with the
number of cigarettes (p = 0.0180), but the classical Bonar score showed no association with
the daily number of cigarettes smoked, in the medial menisci (p = 0.0635) (Figure 4).

Furthermore, no correlation was identified between the number of cigarettes and all
four variables of the classical Bonar score in the lateral menisci (p = 0.06078, p = 0.3060,
p =0.4067, p = 0.09576) (Figure 5A-D). The number of cigarettes did not exhibit a correlation
with the modified neovascularization variable [14] as well (p = 0.09576) (Figure 5E).

On the other hand, we observed a statistically significant correlation between the
number of cigarettes and the modified Bonar score (p = 0.04571), but no correlation with
the classical Bonar score in the lateral menisci (p = 0.3959) (Figure 6A, B).

Chondrocyte morphology, accumulation of ground substance, vascularity, collagen,
age, and modified neovascularization variables did not show any significant difference
between the smokers and nonsmokers groups in the lateral menisci (p = 0.3416, p = 0.9561,
p=0.1681, p = 0.6394, p = 0.7777, p = 0.1681) (Figure 7A-F).

Moreover, there were no statistically significant differences, either in the classical
Bonar score or the modified Bonar score, between smokers and nonsmokers for the lateral
menisci (p = 0.8314, p = 0.4636) (Figure 8).

Similarly, between smokers and nonsmokers, no statistically significant differences
were observed in the chondrocyte morphology (p = 0.5267), ground substance (p = 0.5827),
vascularity (p = 0.4326), reversed vascularity (p = 0.4326), and age (p = 0.7834), assessing
medial menisci (Figure 9A-C,E,F). Regarding the collagen variable, there was a statisti-
cally significant difference between the smokers and nonsmokers groups, as presented in
Figure 9D (p = 0.04525).

When comparing the classical Bonar score and modified Bonar score in the medial
menisci in terms of smoking status, no statistically significant differences were found
(p =0.3433 and p = 0.2062) (Figure 10A,B).
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Furthermore, there were no statistically significant differences between the smokers
and nonsmokers group when comparing the chondrocyte morphology (p = 0.2214), ground
substance (p = 0.8215), vascularity (p = 0.1063), collagen (p = 0.2964), reversed vascularity
(p = 0.1063), and age (p = 0.6816) in both medial and lateral menisci, as presented in
Figure 11A-F.

Moreover, the classical Bonar score and modified Bonar score variables exhibited no
differences based on smoking status in both the lateral and medial menisci (p = 0.6763,
p = 0.1511) (Figure 12A,B).
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Figure 3. Summarized statistical analysis based on the chondrocyte morphology, ground substance,
collagen, vascularity, and reversed vascularity in the medial menisci. (A) Correlation between the
chondrocyte morphology and number of cigarettes smoked per day. (B) Correlation between the
ground substance and number of cigarettes smoked per day. (C) Correlation between the collagen
composition and number of cigarettes smoked per day. (D) Correlation between the vascularity
and number of cigarettes smoked per day. (E) Correlation between the reversed vascularity and
number of cigarettes smoked per day.

115



Medicina 2024, 60, 323

[A]

307 r=-0.2755 305 =.0.3721

p=0.0635 . p=0.0180 .

20 e o 0o o o 20 o o o o o

Number of cigarettes
°

Number of cigarettes
[ ]

T T T T T+ 01—
012 3 456 7 8 9101112 0123 456 7 8 9101112
Bonar score Modified Bonar score by Zabrzynski et al.

[scale] [scale]
Figure 4. Summarized statistical analysis based on the classical Bonar score and modified Bonar
score in the medial menisci. (A) Correlation between the classical Bonar score and the number of
cigarettes smoked per day. (B) Correlation between the modified Bonar score [14] and the number
of cigarettes smoked per day.
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Figure 5. Summarized statistical analysis based on the chondrocyte morphology, ground substance,
collagen, vascularity, and reversed vascularity in the lateral menisci. (A) Correlation between the
chondrocyte morphology and the number of cigarettes smoked per day. (B) Correlation between
the ground substance and the number of cigarettes smoked per day. (C) Correlation between the
collagen composition and the number of cigarettes smoked per day. (D) Correlation between the
vascularity and the number of cigarettes smoked per day;(E) Correlation between the reversed
vascularity and the number of cigarettes smoked per day.
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Figure 6. Summarized statistical analysis based on the classical Bonar score and the modified Bonar
score in the lateral menisci. (A) Correlation between the classical Bonar score and the number of
cigarettes smoked per day. (B) Correlation between the modified Bonar score [14] and the number
of cigarettes smoked per day.
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Figure 7. Summarized statistical analysis based on the chondrocyte morphology, ground substance,
vascularity, collagen, reversed vascularity, and age in the lateral menisci (ns meaning not statistically
significant). (A) Comparison of the chondrocyte morphology between the smokers and nonsmok-
ers groups. (B) Comparison of the ground substance between the smokers and nonsmokers groups.
(C) Comparison of the vascularity between the smokers and nonsmokers groups. (D) Comparison
of the collagen composition between the smokers and nonsmokers groups. (E) Comparison of
the reversed vascularity between the smokers and nonsmokers groups. (F) Comparison of the age
between the smokers and nonsmokers groups.
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Figure 8. Summarized statistical analysis based on the classical Bonar score and the modified Bonar
score in the lateral menisci (ns meaning not statistically significant). (A) Comparison of the classical
Bonar score between the smokers and nonsmokers groups. (B) Comparison of the modified Bonar
score [14] between the smokers and nonsmokers groups.
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Figure 9. Summarized statistical analysis based on the chondrocyte morphology, ground substance,
vascularity, collagen, reversed vascularity, and age in the medial menisci (ns meaning not statistically
significant and * meaning statistically significant). (A) Comparison of the chondrocyte morphology
between the smokers and nonsmokers groups. (B) Comparison of the ground substance between
the smokers and nonsmokers groups. (C) Comparison of the vascularity between the smokers and
nonsmokers groups. (D) Comparison of the collagen composition between the smokers and non-
smokers groups. (E) Comparison of the reversed vascularity between the smokers and nonsmokers
groups. (F) Comparison of the age between the smokers and nonsmokers groups.
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Figure 10. Summarized statistical analysis based on the classical Bonar score and modified Bonar
score in the medial menisci (ns meaning not statistically significant). (A) Comparison of the classical
Bonar score between the smokers and nonsmokers groups. (B) Comparison of the modified Bonar
score [14] between the smokers and nonsmokers groups.
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Figure 11. Summarized statistical analysis based on the chondrocyte morphology, ground substance,
vascularity, collagen, reversed vascularity, and age in both menisci (ns meaning not statistically sig-
nificant). (A) Comparison of the chondrocyte morphology between the smokers and nonsmokers
groups. (B) Comparison of the ground substance between the smokers and nonsmokers groups.
(C) Comparison of the vascularity between the smokers and nonsmokers groups. (D) Comparison
of the collagen composition between the smokers and nonsmokers groups. (E) Comparison of
the reversed vascularity between the smokers and nonsmokers groups. (F) Comparison of the age

between the smokers and nonsmokers groups.
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Figure 12. Summarized statistical analysis based on the classical Bonar score and modified Bonar
score in both menisci (ns meaning not statistically significant). (A) Comparison of the classical
Bonar score between the smokers and nonsmokers groups. (B) Comparison of the modified Bonar
score [14] between the smokers and nonsmokers groups.

4. Discussion

In our study, we found no evidence of an association between nicotine and the de-
generation of meniscal tissue using the Bonar score system. The effect of nicotine on
meniscal tissue was quantified using the Bonar scoring system and its modifications in
microscopic examination. The most important finding of this study was the negative
correlation between the modified Bonar score and the number of cigarettes. To the best of
our knowledge, this is the first study aimed at assessing the differences in human meniscal
tissue histopathology between smokers and nonsmokers. This study is also another attempt
to explore the use of the Bonar score in meniscus pathology.

Nicotine product use has doubtless adverse effects on human health. Numerous stud-
ies confirm that tobacco smoking is the main contributor to lung and upper respiratory tract
cancer and a significant risk factor for cardiovascular diseases, prostate, and bladder can-
cers [39-41]. It makes tobacco use the leading avoidable cause of death worldwide [39]. The
advent of tobacco use associated with e-cigarette vaping seems to postpone the perspective
of a nicotine-free society [42—44].

The effect of nicotine’s use on the musculoskeletal system is well established, too. It
directly toxifies osteoblast and osteoclast activity and indirectly negatively regulates sex
and adrenocortical hormones, vitamin D, intestinal calcium absorption, vessels, and oxygen
supply [45]. It leads to lower bone mineral density, increased fracture risk, impaired fracture
or soft tissue healing, and increased joint disease activity. Moreover, it adversely affects
muscles, tendons, cartilage, and ligaments [26,46]. Rose et al. proved that secondhand
smoke caused more severe OA in medial meniscus destabilized mice models compared to
room-air-exposed mice when assessed by the histopathological Mankin score because of
increased expression of proinflammatory molecules [47].

Despite the well-known adverse effects of smoking on soft tissues, few papers have
focused on the impact of tobacco on meniscal tissue, providing inconclusive outcomes.
Domzalski et al. proved that smokers used to have a lower KOOS score and prolonged time
to return to activities of daily living and sport when compared to nonsmokers after outside-
in meniscal repair [48]. Blackwell et al. documented the failure rate after meniscal repairs in
smokers to be 27%, compared to 7% in nonsmokers [25]. In Uzun et al.’s material, there was
a higher failure rate in medial and lateral menisci repairs in smokers than in nonsmokers
in the follow-up of 51.2 and 63.2 months, respectively [28,29]. Haklar et al. observed that
smoking significantly affected meniscal healing [49]. Overall, many authors highlight the
negative effect of smoking on meniscal surgery postoperative outcomes [25,28,29,48,49].
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Franovic et al. noted that active smoking not only has an impact on patients’ postoperative
outcomes but also their smoking history [50]. On the other hand, Astur et al. found no
difference in the quality of life of nicotine users and nonsmokers six months after anterior
cruciate or meniscal surgery [51]. Moses et al.’s evaluation proved no association between
smoking and failed meniscus repair in bucket-handle tears [32]. Also, Zabrzyniski et al. [14]
found no connection between smoking indices (smoking years, number of cigarettes per
day, pack-year index) and functional outcomes after all-inside repair of chronic medial
meniscus tears [23]. Moreover, smoking was not associated with failure after all-inside
meniscus repair in Laurendon et al.’s material [31]. What is interesting, on the other
hand, is that the literature is quite univocal when it comes to the detrimental effect of
cigarette smoking on ligament and tendon health and the results of their reconstructions
and repairs [34,52-59].

In this study, we aimed to assess the differences in human meniscal tissue histopathol-
ogy between smokers and nonsmokers. The comparison did not prove significant differ-
ences in the total Bonar score and the new Bonar score in the medial and lateral menisci
between both groups. No differences existed in every variable assessed (chondrocyte
morphology, ground substance, collagen composition, vascularity score, and reversed
vascularity score) in the lateral menisci groups. The only difference in scores was in the
collagen organization of medial menisci, which was, surprisingly, more organized in the
smoker group. Unexpectedly, the present study showed a weak negative correlation be-
tween the number of cigarettes per day and the new Bonar score result. This might suggest
that the higher the number of cigarettes smoked daily, the less severe the negative involve-
ment of meniscal histology. It should be pointed out that the correlation is weak, and
enrolling more patients in the study could strengthen this correlation.

Park et al. introduced the use of the Bonar score for the first time in assessing meniscus
root pathology in knee osteoarthritis. In their study, the mean Bonar score for patients with
degeneration was higher (8.5 and 13.5) than those without degeneration (4) [15]. Quite
the opposite was true in our study, in which smokers should have a higher Bonar score,
although they had an 8.42 and nonsmokers had an 8.51. On the other hand, in our study,
the modified Bonar score was lower in smokers than in nonsmokers. This can indicate
the much more advanced pathological process of neovascularization, implying that the
degeneration process is developed to a lesser extent. However, compared to Park et al.’s
results, the more advanced the process of meniscal degeneration, the higher the degree
of neovascularization. Moreover, Zabrzynski et al. [14] observed that neovascularization
occurs in pathological conditions such as OA in tendons [14]. Noting similarities in the
microstructure of fibrous connective tissue between meniscus roots and tendons, it can
also confirm that neovascularization is related to a higher degree of degeneration. As
mentioned above, our study results showed the opposite.

Nevertheless, this finding, interpreted with caution, might be hypothetically explained
by the fact that low-metabolism tissues like menisci may paradoxically benefit from tran-
sient ischemia caused by cigarette smoking. Hypoxia caused by tobacco smoke triggers
vascular endothelial growth factor (VEGF) synthesis, which is responsible for capillary
expansion and stimulates the angiogenesis process in tissues. Many disorders related to
smoking: OA, retinopathy, inflammation, tumors, and advanced tendinopathy, are associ-
ated with neovascularization. Nicotine plays a major role in the neovascularization process,
stimulating endothelial growth, migration, survival, tube formation, and nitric oxide pro-
duction. This process is described as the pathological formation process of new capillaries
with abnormal permeability [38,60-63], which can be the reason for lower modified Bonar
score in smokers group.

Even though pathological, the more significant number of vessels might be attributed
to the higher blood flow and partially explain the contraindicatory results in studies that
examined the effects of meniscal repair in smokers and nonsmokers. What supports this
hypothesis is the relatively low number of cigarettes smoked per day in our groups (the
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mean of 5.2308), which might be considered a factor contributing to interrupted hypoxia
events.

Several limitations were noted in this study. We recommend interpreting our findings
cautiously because one of the paper’s limitations is the relatively low menisci in the smokers’
group. If true, these “benefits” are not to overrule the disastrous effect of tobacco smoking
on the cardiovascular system and its neoplastic potential. Furthermore, the sample size
was modest, with a predominance of female participants and nonsmokers. To create a more
homogeneous population, strict exclusion criteria were applied to enhance the statistical
power. Additionally, the Bonar score system was developed primarily for tendon pathology
instead of meniscus. This could potentially introduce bias in our results.

5. Conclusions

The microscopic investigation showed no differences in the menisci of smokers and
nonsmokers, except for the collagen, which was more organized in smokers. Moreover,
the modified Bonar score was negatively correlated with the number of cigarettes, which
supports the role of neovascularization in meniscus pathology under the influence of
tobacco smoking.

We want to examine a more extended group, such as 200 patients, as this paper is
only the pilot study. Also, the neovascularization issue is very interesting, suggesting that
vascularization could be a game changer in meniscus histopathology, as we observed that
smokers had an abundant neovascularization process.
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Abstract: Complete tear of the posterior medial meniscus root can result in a loss of hoop tension
and increased contact pressure. Thus, medial meniscus posterior root tear (MMPRT) is increasingly
recognized as an important pathology. Although several surgical techniques for MMPRT have
recently been introduced, the ideal technique is not yet established. This technical note is aimed at
introducing a novel surgical technique using two transtibial tunnels with modified Mason—Allen
stitches in the treatment of MMPRT.

Keywords: meniscus; meniscus root tear; repair; arthroscopy; knee

1. Introduction

A complete tear of the medial meniscus posterior root (MMPR) can cause a complete
loss of hoop tension and increased contact pressure due to altered biomechanics of the nor-
mal knee joint, paralleling complete meniscectomy or radial tear [1,2]. As an aging society
progresses, the incidence of medial meniscus posterior root tear (MMPRT) is increased.
Furthermore, the high incidence in Asia (27.8%) has been attributed to squatting and sitting
on the floor with folded legs [3].

No benefit in halting arthritic progression was obtained by use of nonoperative treat-
ment or partial meniscectomy for the treatment of complete MMPRT [4,5]. Krych et al.
reported the results of partial meniscectomy for MMPRT. They found that patients who un-
dergo arthroscopic partial meniscectomy for MMPRTs still progress to significant arthritis
and concluded that repair should be considered in select patients without degenerative
changes [5]. Therefore, if possible, restoration of meniscal function by surgical repair
is necessary.

Numerous surgical methods have recently been suggested for the repair of the MMPR.
Among them, the popularity of a transtibial pullout technique has increased consequent
to the idea that the contact pressure and contact are normalized [6]. Of the currently
available stitches, the modified Mason—Allen (MA) stitch has been accepted as an effective
technical approach [2,7].

In this study, we describe the procedure for the repair of MMPRT using two transtibial
tunnels with modified MA stitches.

2. Methods and Results
2.1. Preoperative Evaluations and Indication

All included patients underwent plain radiography and MRI to confirm the MMPRT.
We defined an MMPRT when two or more of the following signs appeared on MRI: the
absence of an identifiable meniscus or a high signal that replaced the normal dark meniscus
signal (i.e., the ghost sign) in the sagittal view, a vertical linear defect at the meniscus root in
the coronal view, and/or a radial linear defect at the posterior insertion in the axial view [8].

Medicina 2023, 59, 922. https:/ /doi.org/10.3390/medicina59050922 126 https://www.mdpi.com/journal /medicina



Medicina 2023, 59, 922

The inclusion criteria were (1) an MMPRT on MRI in a patient with a Kellgren—
Lawrence (K-L) grade 1 or less, (2) those willing to follow a rehabilitation process postop-
eratively, (3) a symmetric hip—knee—ankle angle less than 5°, (4) Outerbridge classification
less than grade III, and (5) younger than 70 years of age.

2.2. Diagnostic Arthroscopy and Superficial Medial Collateral Ligament (sMCL) Release

General arthroscopic examination using anterolateral (AL) and anteromedial (AM)
portals was performed according to routine. An arthroscope (ConMed Linvatec, Largo,
FL, USA) was inserted through the AL portal, and working devices were inserted using the
AM portal.

If MMPRT was confirmed, we performed sMCL release to provide ample working
space. A ~3—4 c¢m vertical incision was made using a No. 15 blade at the anteromedial
aspect of the proximal tibia (Figure 1). Then, we found the sMCL and sartorius fascia. To
preserve deep MCL and proximal attachment of the sMCL, the sMCL was released more
downward than the sartorius fascia using a periosteum elevator.

14

Figure 1. Vertical incision made at the anteromedial aspect of the proximal tibia.

2.3. Preparation for Root Repair

An arthroscopic PassPort cannula (Arthrex, Naples, FL, USA) was inserted for the
performance of a convenient procedure and to prevent twisting of the stitch. Landmarks
relevant to the insertion of the MMPH, including tibial attachment of the posterior cruciate
ligament, tibial medial eminence, and articular surface of the tibial plateau, were then
identified. Unhealthy tissue removal of the torn meniscus edge was conducted using an
arthroscopic shaver (ConMed Linvatec, Largo, FL, USA). For the creation of a bony bed, a
curette was inserted through the AM portal, and bony preparation was performed (Figure 2).

2.4. MMPR Stitches

Passage of the Knee Scorpion suture passer (Arthrex, Naples, FL, USA) loaded with
a No. 2 Ultrabraid (Smith and Nephew, Andover, MA, USA) through the AM portal was
then performed. The separated segment of the medial meniscus posterior horn (MMPH)
was penetrated using a Scorpion needle at about 5 mm medial point to a detached margin.
The second stitch was penetrated in the anterior location of the first stitch, using the
same method. The upper two strands of the stitches were pulled out and tied. Using the
shuttle relay technique, the first stitch was exchanged with the second stitch to make a
horizontal loop (Figure 3).
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Figure 2. Arthroscopic findings: (A) arthroscopic view through the anterolateral portal of medial
meniscus posterior horn in left knee; (B) bone bed decortication at the attachment site of the me-
dial meniscus.

Figure 3. (A) The MMPH penetrated using a Knee Scorpion suture passer (Arthrex, Naples, FL, USA)
at about 5 mm medial to the detached margin. (B) The second stitch located in the anterior position
of the first stitch in the same manner. (C) Using the shuttle relay method, exchange of the first suture
with the second suture to create a horizontal loop.

The Knee Scorpion suture passer (Arthrex, Naples, FL, USA) was reintroduced
using the AM portal, and two vertical stitches penetrated just the medial side of the
horizontal stitch.

2.5. Tibial Tunnel Making

Insertion of the Meniscus Root Repair System (Smith and Nephew, Andover, MA,
USA) was conducted using the AM portal. The tip of the guide was placed in the most
medial side of the decorticated site of MMPR. A 2.4 mm Kirschner wire (K-wire) was
advanced through the guide system. The location of the K-wire was confirmed using an
arthroscope via the AL portal. The second K-wire was placed parallel and about 5 mm
laterally to the first tunnel (Figure 4). Once it was verified that the position of the K-wire
was acceptable, the medial-side K-wire was removed first. A metal wire was inserted
into the created tunnel, and then it was withdrawn through the AM portal using an
arthroscopic grasper.
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Figure 4. (A) Two vertical stitches overlaying and crossing the center of the horizontal suture.
(B) Meniscus Root Repair System (Smith and Nephew, Andover, MA, USA) advanced using the AM
portal, with the tip of the guide placed in the most medial side of the decorticated site of MMPR.
(C) The second K-wire placed parallel and about 5 mm lateral to the first tunnel.

2.6. Repair of MMRT

The wire was pulled through the tibial tunnel. For the medial tunnel, two horizontal
stitches and two inferior vertical stitches were passed, resulting in a total of four stitches.
For the lateral tunnel, the two superior vertical stitches were passed. The sutures from
both tunnels were tied over the anteromedial tibial cortex, with the knee at 30° flexion. An
arthroscopic re-evaluation was conducted to check for repair of the torn posterior root and
to restore tension within the entire medial meniscus (Figure 5).

Figure 5. (A) Metal wire inserted into the tibial tunnel and pulled out through the AM portal using
an arthroscopic grasper. (B) For the medial tunnel, passage of the two horizontal stitches and the
two inferior vertical stitches, resulting in a total of 4 stitches. For the lateral tunnel, passage of the
two superior vertical stitches. (C) An arthroscopic re-evaluation to confirm repair of the MMPH and
to restore tension of the meniscus using arthroscopic probe device.

3. Case Series

A total of 20 patients were included. Their mean age was 61.5 years (range: 55-68)
and their mean preoperative alignment was 2.0° (range: 0.6—4.4°).

The International Knee Documentation Committee (IKDC) score and Lysholm score
were compared preoperatively and 1 year postoperatively; preoperative and postoperative
mean IKDC scores were 40.9 & 11.8 and 69.5 £ 11.9, and preoperative and postopera-
tive Lysholom scores were 60.2 &+ 11.0 and 88.3 & 9.99, respectively. Both clinical scores
were significantly improved 1 year postoperatively compared with baseline. Upon im-
age evaluation, there was no significant difference in HKA angle at 1 year after surgery
(2.0° versus 2.8°, p = 0.08). Four of 20 knees had progressed osteoarthritis from KL grade 0
to grade 1.

4. Discussion

Findings from several clinical studies have shown an association between nonop-
erative treatment or meniscectomy with poor outcomes for the prevention or delay of
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osteoarthritis in patients with MMPRT [4,5]. Instead, repair of MMPRT can result in restora-
tion of the hoop tension biomechanically. According to a systematic review and long-term
clinical study, repair of the MMRT showed better outcomes and survivorship than other
treatments for long-term follow-up [9]. Chung et al. found that root repair showed better
results than meniscectomy in functional scores and survivorship for more than 10 years
of follow-up. According to their study, the survival rates of the repair and meniscectomy
groups were 79.6% and 44.4% at 10 years, respectively [9].

Among several techniques, repair of the MMPR using a transtibial pullout technique
was shown to restore contact pressures to the normal states and allow for the dispersal of
hoop stresses across the meniscus [10]. However, there is still considerable debate regarding
the number of tunnels.

The goal of the two-tunnel technique is to recover the normal anatomy of the MM-
PHR attachments. However, some authors have expressed concern that a problematic
tunnel coalition may lead to a narrow attachment area for the meniscus, which could
cause breakage. The single-tunnel technique reduces operation time and avoids these
disadvantages [2].

There are few clinical or biomechanical comparative studies with one or two tun-
nels. According to LaPrade et al., similar biomechanical results for the transtibial pullout
technique were shown using one- and two-tunnel techniques. They conducted a human
cadaveric study that involved a transtibial pullout repair using one or two tunnels, and
they found no significant difference in ultimate failure loads between both techniques [6].
Instead, similar studies are being actively conducted in the field of rotator cuffs [11,12]. Park
conducted a biomechanical comparative study of single-point and double-point repairs.
They found that double-point fixation (modified double row) had significantly more foot-
print contact than single-row repair [11]. Quigley et al. also reported that double fixation
was superior to single fixation biomechanically.

Therefore, we thought that the two-tunnel technique might provide greater advantages
than the one-tunnel technique in biomechanical and biological healing. In addition, as
a result of development of arthroscopic instruments such as the Meniscus Root Repair
System (Smith and Nephew) and the Knee Scorpion suture passer (Arthrex), the operation
time can be gradually reduced.

The MA stitch leads to minimal slippage and elongation of the longitudinally oriented
fibers of the meniscus or tendon and provides a greater holding power [2]. In a comparative
study of MMPRT repair using MA or simple stitches, the MA stitch showed significantly
superior outcomes with respect to postoperative extrusion and root healing. [13]. By using
these devices, there is also room for passing the thread through the tunnel, providing easier
use of the double Mason—Allen stitches.

5. Conclusions

Although several repair techniques for MMPRT have recently been introduced, the
ideal technique has not yet been established. Our technique might be beneficial in the
restoration of the function of the medial meniscus in patients who present MMPRT. How-
ever, further clinical and biomechanical studies are necessary to validate this technique.
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Abstract: Quadricep weakness is frequently observed in patients following anterior cruciate
ligament (ACL) injury or in those with knee osteoarthritis, often contributing to functional
impairments and persistent symptoms. While high-intensity resistance training has been
shown to effectively improve muscle strength, its application may be limited in certain
populations due to pain or the risk of surgical complications. In recent years, blood flow
restriction (BFR) training has emerged as a promising alternative. Growing evidence
indicates that low-load BFR exercise can significantly improve muscle strength, induce
hypertrophy, and enhance knee function, with outcomes comparable to those of high-
intensity resistance training. When implemented using appropriate protocols, BER training
appears to be a safe and efficacious rehabilitation strategy for individuals with knee
pathology.

Keywords: blood flow restriction; exercise; quadriceps muscle; anterior cruciate ligament
reconstruction; knee osteoarthritis

1. Introduction

Quadricep atrophy is commonly observed in patients undergoing knee surgery or
those with knee osteoarthritis, often leading to long-term complications such as abnor-
mal gait patterns, persistent pain, and even surgical failure [1-5]. Resistance training is
a primary intervention to prevent or mitigate quadricep atrophy, with exercise intensity
playing a critical role. It is generally accepted that loads exceeding 60-70% of one repe-
tition maximum (1RM) are required to improve muscle strength, while 70-85% of 1RM
is necessary to induce hypertrophy. However, high-intensity (HI) resistance training is
often contraindicated in individuals with knee osteoarthritis or in post-operative patients
due to pain, joint irritation, or the need to protect healing tissues [6-9]. Moreover, the
mechanical load associated with HI training may surpass the joint’s tolerable limits, mak-
ing it unsuitable during the early phases of rehabilitation. To address these limitations,
various alternative modalities—such as neuromuscular electrical stimulation, blood flow re-
striction (BFR) training, and biofeedback-guided exercise—have been explored [10,11].
Among these, BFR training has recently garnered attention as a viable and strategic
rehabilitation approach.

BER training, also referred to as occlusion training, was first developed by Dr. Sato in
Japan in 2004 [12,13]. This technique involves the application of a pressure cuff or elastic
band to the proximal portion of a limb, resulting in partial restriction of arterial inflow
and complete occlusion of venous outflow during exercise. The typical equipment used

Medicina 2025, 61, 1377 https://doi.org/10.3390/medicina61081377
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for BFR training includes a tourniquet cuff, a manometer, and a manual or automatic
pump (Figure 1) [6]. Despite growing interest in its potential benefits, there remains a lack
of well-organized clinical research regarding the standardized application protocols and
long-term outcomes of BFR training.

Tourniquet

cuff\ 2 k ‘

Pressure gauge

Figure 1. Blood flow restriction instruments consist of a tourniquet cuff, blood pressure gauge, and
pump. The tourniquet cuff is used to partially restrict arterial inflow and fully restrict venous outflow
during exercise. The blood pressure gauge is used to measure the pressure within the cuff. The pump
is used to inflate the tourniquet cuff to the desired pressure.

This narrative review aims to summarize and elucidate recent advancements in BFR
training, with a particular emphasis on its application in knee-related pathologies. The
review is structured as follows: (1) an overview of the fundamental principles and applica-
tion techniques of BER training; (2) an evaluation of its safety profile; and (3) a discussion
of its analgesic effects, which are critical for assessing clinical feasibility. Subsequently, we
review clinical outcomes in two major patient populations—individuals with (4) anterior
cruciate ligament (ACL) injuries and those with (5) knee osteoarthritis—where BER train-
ing is being increasingly utilized. Based on the current body of evidence, we then outline
(6) practical application strategies commonly employed in clinical settings and conclude
with (7) a discussion of limitations and directions for future research.

2. Principle and Application Methods of Blood Flow Restriction
Training

The principle of BER devices is to restrict blood flow to the muscles, thereby creating a
hypoxic environment within the tissues and inducing temporary ischemia in the exercised
area [14]. This hypoxic condition generates metabolic stress, which activates the mam-
malian target of the rapamycin signaling pathway responsible for muscle protein synthesis
and anabolism [15,16]. This process stimulates the production of several growth factors,
such as insulin-like growth factor and growth hormone, which promote muscle fiber re-
cruitment and muscle hypertrophy [17]. In addition, BFR training activates vasoactive
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metabolites and vascular endothelial growth factor, thereby stimulating angiogenesis and
eventually increasing post-obstructive blood flow to the limb [18].

These effects are systemic, leading to strength gains and muscle hypertrophy not
only in the proximal and distal musculature of the tourniquet site but also in the con-
tralateral limb muscles [19]. The level of muscle protein synthesis and activation of the
mammalian target of rapamycin pathway achieved through BFR training is comparable
to that observed with HI resistance training [20]. Furthermore, signaling pathways in-
volving protein tyrosine kinase may help inhibit mitochondrial permeability transition
pores and reduce the overall concentration of reactive oxygen species, thereby minimizing
cellular damage and supporting the metabolic demands of skeletal muscle, which in turn
improves exercise performance capacity [15]. These mechanisms may also reduce pain
and inflammation associated with HI training, thus enhancing the effectiveness of BFR
training in functional recovery programs for postoperative patients or individuals with
osteoarthritis [21] (Figure 2).

Metabolic stress activates mTOR s
ignaling pathway leading to produ
ction of growth hormone, IGF-1,

VEGF

Increased angiogenesis, m
uscle strength and muscle
hypertrophy

Hypoxia increasing
muscle oxygen dema
nd

Figure 2. The physiological processes of the blood flow restriction exercise.

When implementing BFR training, specific parameters such as the degree of restriction
pressure, cuff width, duration of restriction, and rest intervals vary across studies. The re-
striction pressure has been reported as either a fixed value of 160-200 mm Hg [9,22-25], or as
a relative value set at approximately 60-80% of the arterial occlusion pressure measured us-
ing Doppler ultrasound [6,8,26-29]. Cuff widths have ranged from 6 to 20 cm [6,8,23-25,29],
and rest intervals between sets have varied from 30 s to 1 min [6,8,23-29]. Some studies
applied BFR only during exercise [7,22,25], whereas others maintained BFR continuously
throughout the training session [8,9,23,24,26,27,29].

Due to these methodological variations, recent efforts have been made to establish
standardized guidelines to enhance both the safety and efficacy of BFR training. Patterson
et al. [6] proposed that, given individual differences in arterial occlusion pressure, applying
restriction at 40% to 80% of the measured pressure is the safest and most appropriate
approach. In a clinical trial, Mattocks et al. [30] divided participants into groups with
occlusion pressures of 0%, 10%, 20%, 30%, 50%, and 90%, and found that while higher
restriction pressure increased cardiovascular responses such as enhanced blood flow, it also
elevated exercise intensity to a level that reduced total training volume and diminished
hypertrophic adaptations.

Conversely, Hughes et al. [31] compared low-intensity (LI) exercise under low (40%)
and high (80%) arterial occlusion pressures and found significantly greater pain reduction
in the high-pressure group. Neto et al. [32] examined the effects of continuous versus
intermittent BFR training on maximal voluntary strength (isometric and dynamic), muscle
hypertrophy, and muscular endurance. While strength and hypertrophy outcomes were
similar between groups, the continuous BFR group demonstrated superior gains in muscu-
lar endurance. Nielsen et al. [33] reported no muscle damage when BFR was applied at
100 mm Hg with high-frequency exercise to voluntary failure, using 30 s rest intervals and
continuous restriction. Lastly, Mouser et al. [34] concluded that when restriction pressure
is standardized based on arterial occlusion, variations in cuff width have minimal impact
on training outcomes.
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3. Safety of Blood Flow Restriction Training

Potential complications associated with BFR include cardiovascular responses, limb
ischemia, and thrombosis [35]. Patterson et al. [18] reported that fluctuations in peripheral
hemodynamics may occur following LI BFR exercise. However, Clark et al. [36] found
no significant changes in pulse wave velocity or ankle-brachial index, both of which are
indicators of arterial stiffness. Takano et al. [37] demonstrated that although systolic blood
pressure and heart rate increased in BFR compared to non-BFR, there were no statistically
significant changes in total peripheral resistance index or cardiac output, and stroke vol-
ume was significantly decreased in BFR due to reduced preload. These findings suggest
that BFR does not impose a greater cardiovascular or hemodynamic risk compared to
non-BFR exercise.

Furthermore, the degree of blood pressure elevation induced by LI BFR was compara-
ble to that seen with HI non-BFR, indicating no additional risk [38]. Clark et al. [36]
also conducted a study in 16 young adults who performed BFR training for four
weeks, reporting no significant increases in D-dimer, high-sensitivity C-reactive protein
(hs-CRP), or prothrombin time, thereby supporting the safety of BFR with respect to
venous thromboembolism.

Tennent et al. [39] investigated 17 patients aged 18-65 years who underwent knee
arthroscopy and were divided into BFR (80% arterial occlusion pressure) and non-BFR
exercise groups. No thrombus formation was observed in either group. Calatayud et al. [40]
studied eight patients with hemophilia and found that low-load resistance training with
BFR at 40% of arterial occlusion pressure resulted in no adverse effects such as bleeding,
and no significant differences in pain, rate of perceived exertion (RPE), or tolerability
compared to the control group.

Madarame et al. [41] reported that in patients with stable ischemic heart disease
who were not on anticoagulants, BFR led to significant increases in heart rate and plasma
noradrenaline levels, but no significant changes were observed in D-dimer, fibrin degra-
dation products, or hs-CRP, suggesting that BFR may be relatively safe in this population.
However, due to the cardiac load it induces, caution is warranted, and the use of BFR is
contraindicated in patients with unstable ischemic heart disease.

The application of BFR is not recommended for individuals with arterial calcification,
sickle cell traits, severe hypertension, heart failure, unstable ischemic heart disease, or
those taking procoagulant medications. Local complications may include subcutaneous
hemorrhage and transient numbness due to peripheral nerve compression, though these
symptoms typically resolve over time [42]. To minimize the risk of systemic or local
complications, BFR should be applied under the supervision of trained professionals,
following appropriate screening and individualized assessment.

4. Analgesic Effects of Blood Flow Restriction Training

The results of studies investigating the analgesic effects of BFR training have been
variable. In patients who have undergone anterior cruciate ligament (ACL) reconstruction,
research indicates that the initial perception of pain and exercise intensity, as measured
by the rating of perceived exertion, in the LI BFR group is comparable to or even higher
than that in the HI non-BFR group [38,43]. This heightened pain sensitivity is believed
to result from the hypoxic environment within the muscle and the accumulation of lactic
acid, which stimulate the release of algogenic substances such as substance P, bradykinin,
histamine, and prostaglandins.

However, Martin-Herndndez et al. [44] reported that although the perceived exer-
cise intensity was similar between the LI BFR and HI non-BFR groups at the onset of
training, it significantly decreased in the LI BFR group over the course of repeated ses-
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sions. In addition, anterior knee pain was found to be lower in the BFR group. Hughes
et al. [31] compared four groups—low-intensity, high-intensity, low-intensity low BFR
(40% arterial occlusion pressure, 30% of one-repetition maximum), and low-intensity high
BFR (80% arterial occlusion pressure, 30% of one-repetition maximum)—and observed in-
creased pressure pain thresholds and exercise-induced hypoalgesia in both BER groups. Fur-
thermore, the BFR groups maintained a reduced level of exercise-induced pain 24 h after the
training session.

In studies by Segal et al. [23,24] involving patients with knee osteoarthritis, the LI BFR
group demonstrated significantly greater reductions in pain following a 12-week exercise
program compared to the non-BFR group.

5. Application and Clinical Outcomes of Blood Flow Restriction
Training in Patients with Anterior Cruciate Ligament Injuries

Most patients who undergo ACL reconstruction exhibit quadricep weakness and mus-
cle atrophy, which can persist for a significant period after surgery [45,46]. This condition
has been associated with an increased risk of re-injury and residual instability [47]. To
address this issue, BFR training after ACL reconstruction has demonstrated improvements
in strength and hypertrophy of the quadriceps, hamstrings, and adductor muscles in most
studies [6,22,25,28,48].

Research indicates that BFR applied for more than three months is clinically effective
(Table 1). For instance, a study by Ohta et al. [22] evaluated 44 young men and women
who underwent ACL reconstruction, comparing a BFR exercise group with a non-BFR
exercise group over a three-month period. The results showed significant improvements in
maximal strength during knee extension and flexion, as well as in the cross sectional area
of the quadriceps, hamstrings, and adductor muscles in the BFR group. Muscle biopsies
assessing type 1 and type 2 muscle fiber diameters in eight patients per group revealed an
increase in fiber diameter in the BFR group, although the difference was not statistically
significant. The Cochrane risk of bias for each study is summarized in Table 2.

Table 1. Outcomes of blood flow restriction exercise in anterior cruciate ligament reconstruction.

Author Study Design Population Method Outcomes
-Knee extensor and flexor strength:
BFR > Control
Ohta ot al SF 53%‘) =22, mean CC60 86 + 14: 84 + 13
[22] (20035 . RCT -ngon BFR (n = 22 180 mmHg, 16 weeks CC18090 +9: 84 + 14
mean age 28)_ ! IM60 94 + 21: 92 + 19
& -CSA ratio of knee extensor: BFR (101 4 11)
> Control (92 4+ 12)
Lambert et al. BFR (n =7) vs. non _T.hlgh lgan muscle mass: B.FR > Control
RCT 12 weeks, 20% 1RM -Similar improvements in single leg squat
[28] + (2019) BFR (n=7) .
distance, Y-balance
Zargi et al. RCT BFR (n = 10) vs. non 12 weeks, 150 mmHg, -Isometric endurance: BFR > control
[25] 1 (2018) BFR (n =10) 14 cm, 30% 1RM -Muscle blood flow: BFR > control
-10RM and Isokinetic strength: increased in
both groups (104% and 106%)
8 weeks -Muscle thickness: increased in both groups
Hughes et al. RCT BFR (n=12) vs. non  -BFR:80% LOP 11.5 (5.8% and 6.7%)
[6] 2019) & BFR (n =12) cm, 30% 1RM -Self-reported function, Quality of life and

-non BFR: 70% 1RM

Y-balance performance(18-59 > 18-33):
BFR > HL-RT
-Joint pain and effusion: HL-RT > BFR
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Table 1. Cont.

Author Study Design Population Method Outcomes
Vieira de 12 weeks -Isometric strength: BFR > control
BFR (n=12) vs.non  -BFR: LOP 80% 30% -Lysholm, IKDC and KOOS questionnaires:
Melo et al. RCT
[29] (2022) L BFR (n =12) 1RM BFR > control
-non BFR: 70% 1RM -Quality of life improvement: BFR > control
12-18 w
Karampampa BER (n = 8) vs. non -BFR: LOP 60-80% Thigh circumference: BFR > control
etal. [27] RCT BER (n : 8) ’ 10-20% 1RM Isokinetic strength: BFR (13.4) > control (9.6)
(2023) t - -non BFR: 10-20% No significant difference in quality of life
1RM
LE-LM: BFR (—0.39) > control (—4.67)
12 weeks LE bone mass: BFR (—2.58) > control
i?ge;tt ﬁ ][321]‘ RCT BFR (n=17)vs.non  -BFR: LOP 80% 20%  (—16.95)
(2023) L ' BER (n = 15) 1RM Similar improvement in single-leg squat,

-non BFR: 20% 1RM

single-leg eccentric step-down, Y-balance
Return to sports time: BFR group < control

RCT; randomized control study; BFR; blood flow restriction; CSA; cross sectional area; EMG; electromyography;
LOP; limb occlusion pressure; HL-RT; heavy-load resistance training; IKDC; the international knee documentation
committee; KOOS; the knee injury and osteoarthritis outcome; LE; lower extremity; LM; lean mass. Risk of bias:
high risk *; some concern t; low risk L

Table 2. Cochrane risk of bias 2.

Randomization Deviations Measurement Missing Selection of Overall Risk of
from Intended  of the the Reported .
Process . Outcome Data Bias
Interventions Outcome Result
(Ozg(t)g)e tal-[22] Some concerns  High risk High risk Low risk Low risk High risk
Lambert et al. . . . .
28] (2019) Low risk Some concerns Low risk Low risk Low risk Some concerns
(Zzzrlgg)et al [25] Some concerns  High risk Some concerns  Low risk Low risk Some concerns
Hughes et al. Low risk Some concerns Low risk Low risk Low risk Low risk
[6] (2019)
Vieira de Melo . . . . . .
et al. [29] (2022) Low risk Low risk Low risk Low risk Low risk Low risk
Karampampa . . . .
et al. [27] (2023) Low risk Some concerns Low risk Low risk Low risk Some concerns
Robert A Jack
2nd et al. [26] Low risk Low risk Low risk Low risk Low risk Low risk

(2023)

Additionally, Hughes et al. [6] investigated the effects of exercise following ACL

reconstruction by dividing 24 young men and women into a LI BFR exercise group and a

HI non-BFR exercise group. The authors compared outcomes including muscle strength,

muscle mass, knee range of motion, physical function scores, and pain levels. The LI BFR

group showed improvements in strength and muscle mass that were comparable to those

observed in the HI non-BFR group. Moreover, the LI BFR group demonstrated greater

gains in knee range of motion, higher physical function scores, and lower pain levels [6].
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6. Application and Clinical Outcomes of Blood Flow Restriction
Training in Patients with Knee Osteoarthritis

Quadriceps weakness and thigh muscle atrophy are recognized as significant con-

functional performance and reductions in pain levels [7-9].

tributors to the development and progression of knee osteoarthritis [1]. In particular, as
the radiographic severity of osteoarthritis advances, quadricep strength has been shown
to be closely associated with the performance of daily activities and overall functional
capacity [49]. Numerous studies applying BFR training in patients with knee osteoarthritis
have reported improvements in muscle strength and mass, as well as enhancements in

Key studies examining the effects of BFR training in individuals with knee osteoarthri-

the groups.

tis are summarized in Table 3. Some discrepancies have been noted regarding the short-term
efficacy of BFR training based on gender. Segal et al. [23,24] conducted separate studies
in men and women. In a study involving 41 men aged 45 years and older with knee
osteoarthritis or risk factors for osteoarthritis, a four-week intervention comparing a BFR
exercise group with a non-BFR group showed no significant differences in maximal strength.
However, knee clinical pain scores were higher in the BFR group. In contrast, a similar
four-week study in 40 women aged 45 to 65 years with osteoarthritis or osteoarthritis risk
factors demonstrated significantly greater improvements in maximal strength in the BFR
group, while no significant differences in knee clinical pain scores were observed between

Table 3. Outcomes of blood flow restriction exercise in osteoarthritis patients.

Author Study Design Population Method Outcomes
-Bilateral leg press 1RM: Increased
Segal et al. RCT BER (n 21311:?{’ 58'11 %/;ears) 160-200 mmHg, 4 weeks SIIgIEf icaptly in bO}tlI.lBglr:cI){upsl |
[23] (2015) L vs. non (n=22, 30% 1RM -Isokinetic strength: (3.1) < contro
56.1 years) 4.7)
-KOOS scores: BFR (4.9) < control (14.2)
-Bilateral leg press 1IRM: BFR (28.3) >
control (15.6)
-Isokinetic strength: BFR (0.07) > control
Segal et al. RCT BFR (n =19) vs. non 160-200 mmHg, 4 weeks  (—0.05)
[24] (2015) & BFR (n =21) 30% 1RM -Quadriceps volume: no significant
group differences
-Knee pain: no significant group
differences
6]3‘113\715?12(80 He 30% -Improved strength, function, pain in
Bryk et al. [9] RCT BFR (n = 17) vs. non _1RM. mmtie U both groups
(2016) BFR (n=17) -Anterior knee discomfort: BFR <
-non BFR: Pressure not
described; 70% 1RM control
-Significant leg press (26% and 33%) and
knee extension 1RM (23% and 22%)
increase in BFR and HI-RT but not in
12 weeks LIRT
BFR with LIRT (n = 16, _BFR with LIRT: LOP -Quadriceps CSA (7% and 8%) increase
60.7 years) 70%. 20-30% 1I.{M in BFR and HI-RT but not in LI-RT
Ferraz et al. RCT non BFR HI-RT (n = 16, -non,BFR HI-RT: 50-80% -TST improvement in HI-RT and BFR
[8] (2018) t+ 59.9 years) 1RM ’ but not significant with TUG
non BFR LI-RT (n = 16, ) o -WOMAC physical function (—42% and
60.3 years) -non BER LI-RT:20-30%  _ 490/ improved in HI-RT and BFRT

1RM

-WOMAC pain (—49% and —42%)
improved in BFRT and LI-RT

-No difference in quality of life among
the three groups
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Table 3. Cont.

Author Study Design Population Method Outcomes
12 weeks gcs)?}l:;e:;cp sstrength: improvement in
-BER: [Pressure =05 b 1 fion (400 m walk, SPPB, LLEDI)
H t al BFR (n =19) vs. non SBP + 2(thigh improvement in both groups
arper et al RCT B 8- no circumference) + 5] 20% P sroup

[7] (2019) &

BFR (n = 16)

1RM

-non BFR MI-RT: 60%

1RM

-Pain (WOMAC and NPRS)
improvement in both groups

-No significant difference in Serum
P3NP, TWEAK, IGF-1 levels

RCT; randomized control study; BFR; blood flow restriction; KOOS; the knee injury and osteoarthritis outcome;
LI-RT; low-intensity resistance training; HI-RT; high-intensity resistance training; CSA; cross sectional area;
TST; Timed stands test; TUG; timed up and go test; WOMAC; the Western Ontario and McMaster universities
osteoarthritis index; MI-RT; moderate-intensity resistance training; SPPB; short physical performance battery;
LLFDI late life function and disability instrument; NPRS; numeric pain rating scale; PANP; N-terminal peptide of
procollagen type III; TWEAK; tumor necrosis-like weak inducer of apoptosis; IGF-1; insulin-like growth factor.
Risk of bias: some concern t; low risk L.

In contrast, most studies involving BFR applied for more than six weeks have reported
clinically meaningful outcomes. For example, Ferraz et al. [8] investigated 48 women with
Kellgren and Lawrence grade 2 or 3 knee osteoarthritis, who were assigned to one of three
groups, LI BFR, HI non-BFR, or LI non-BFR, over a twelve-week training period. The LI
BFR group demonstrated increases in maximal strength and muscle mass comparable to
those observed in the HI non-BFR group, whereas no significant improvements were noted
in the LI non-BFR group. Both the LI BFR and HI non-BFR groups exhibited significant
gains in functional performance, including improved results on the timed stands test
and enhanced knee clinical scores. Notably, only the LI BFR group showed a significant
reduction in clinical stiffness. Knee clinical pain scores decreased in both the LI BFR and LI
non-BFR groups, while 25% of participants in the HI non-BFR group withdrew from the
study due to pain experienced during exercise. Other studies have similarly reported that
the LI BFR group achieved significant improvements in muscle strength, muscle mass, and
functional performance compared to the LI non-BFR group. The Cochrane risk of bias for
each study is summarized in Table 4.

Table 4. Cochrane risk of bias 2.

Deviations

Measurement

Selection of

Randomization from Intended  of the Missing the Reported O'verall Risk of
Process . Outcome Data Bias
Interventions Outcome Result
(Sze(;glegl)et al. [23] Low risk Low risk Low risk Low risk Low risk Low risk
Segal et al. [24] . . . . . .
(2015, Men) Low risk Low risk Low risk Low risk Low risk Low risk
ggll‘g)er etal. [7] Low risk Some concerns Low risk Low risk Low risk Some concerns
grglllz)e tal. [9] Low risk Some concerns Low risk Low risk Low risk Some concerns
Ferraz etal. [8] Low risk Low risk Low risk Low risk Low risk Low risk

(2018)
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7. Current Methods and Recommendations of BFR Application Used by
the Authors

In patients with ACL reconstruction or knee osteoarthritis, BFR training can be applied
using a progressive algorithm (Figure 3), tailored to the individual’s ambulatory capacity
and tolerance to exercise intensity.

No

Contra-i i
for BFRT?

Yes

A 4 A4

s ~N
Interdepartmental Approved Ambulatory Yes \(20-40% of 1RM resistance High load resistance
consultation patient? - L training tolerable training tolerable
N J
N

Not approved No No

A A4

A\ 4
BFRT Passive BFRT BFR with aerobic BFR with low-load BFR with high-load
inappropriate exercise resistance training resistance training
—_

Figure 3. Algorithm for blood flow restriction training in a similar protocol as reported in the previous

review article by Brendan R. Scott et al. [50].

Passive BFR is indicated for patients who have difficulty with weight-bearing exercise
or walking. When ambulation is possible, aerobic exercises such as walking or cycling
are typically performed in combination with BFR (Figure 4A). BFR resistance training is
introduced when the patient is able to tolerate exercise at an intensity of 20-40% of 1RM
(Figure 4B).

Figure 4. Blood flow restriction aerobic exercise (A) and blood flow restriction resistance training (B).

According to current safety guidelines, BFR training is considered contraindicated in
individuals with severe cardiovascular disease, uncontrolled hypertension, active throm-
boembolic disorders, or sickle cell anemia, unless cleared through comprehensive interde-
partmental consultation. In patients with relative risk factors—such as hemophilia or stable
ischemic heart disease—BEFR training may still be implemented under appropriate clinical
supervision, with continuous monitoring of hemodynamic responses and neurovascular
status to ensure safety.

8. Limitations

Most of the studies cited in this review are small-scale randomized controlled trials or
pilot studies, which limits the overall strength and generalizability of the current evidence.
Additionally, substantial variability in BFR protocols—such as cuff pressure, cuff width,
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duration, and training frequency—poses challenges in establishing standardized clinical
recommendations. Many studies also lack long-term follow-up and fail to incorporate
functional outcome measures that accurately reflect real-world improvements in patient
function. To validate the clinical efficacy of BFR in the management of knee conditions,
large-scale, prospective, multicenter randomized controlled trials are warranted.

9. Conclusions

BER training may serve as an effective rehabilitation strategy for patients following
knee surgery or those with knee osteoarthritis who are unable to perform HI exercise and
are at risk of muscle disuse. Substantial evidence supports the efficacy of low-intensity
BER training in improving muscle strength, muscular endurance, quadriceps volume, and
patient-reported functional outcomes. However, findings related to performance-based
functional tests and pain relief remain inconsistent across studies, highlighting the need
for further investigation. Nonetheless, when applied using evidence-based protocols
and maintained for an adequate duration, BFR training can provide meaningful clinical
benefits while minimizing the injury risk associated with HI non-BFR exercises. Moreover,
adherence to established safety guidelines reduces the risk of adverse events, including
cardiovascular stress, muscle damage, thrombosis, and embolism, thereby supporting the
safety and utility of BFR as a rehabilitation modality.
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