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Abstract

Background

Medial meniscus posterior root tears (MMPRTs) are associated with meniscal extrusion and
can alter tibiofemoral contact mechanics. This accelerates chondral injury, leading to early
degeneration of the knee joint. Despite the success of root repairs, post-operative extrusion can
persist, with suboptimal healing and progressive osteoarthritis. Centralization techniques as an
adjunct to root repair have recently emerged to counter extrusion. This includes the transtibial
and suture anchor techniques. However, biomechanical comparison between the two are

required to determine the most suitable technique.

Purpose

To quantitatively compare the tibiofemoral contact mechanics and extent of meniscal extrusion
between an isolated root repair, and a repair in conjunction with a transtibial or suture anchor
centralization technique to determine which method closely restores the normal loading profile

of the knee.

Methods

Twelve porcine knee joints were used and underwent testing under the following conditions:
(1) intact state; (2) MMPRT; (3) anatomical transtibial pull-through repair (ATPR); (4) ATPR
and transtibial centralization (TTC); and (5) ATPR and two-anchor centralization (2AC). The
testing protocol loaded knees with a 200 N axial compressive force at 4 flexion angles (30°,
45°, 60° and 90°). Two-dimensional motion analysis using digital photography and imaging
software was used to measure extrusion. Peak contact pressure and contact area were analysed

in a customized MATLAB program.
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Results

Medial meniscus extrusion was significantly reduced after ATPR + TTC than after ATPR or
ATPR + 2AC at 60° (2.68 mm vs. 4.39 mm vs. 4.09 mm, p < 0.001), and 90° (2.99 mm vs.
4.75 mm vs. 4.36 mm, p < 0.001). The contact area was significantly greater with ATPR +
TTC compared to ATPR + 2AC at 60° (693.31 mm? vs. 603.13 mm?, p = 0.011), and with
ATPR at 60° (693.31 mm? vs. 601.01 mm?, p = 0.008) and 90° (619.68 mm? vs 563.97 mm?,
p = 0.037). ATPR + TTC significantly reduced peak contact pressure compared to ATPR at
45° (4.97 MPa vs. 5.60 MPa, p = 0.02), and 60° (5.20 MPa vs. 5.99 MPa, p = 0.03), whilst
ATPR + 2AC only reduced such pressure at 60° (5.23 MPa vs 5.99 MPa, p = 0.03). Both

centralization techniques showed similar peak contact pressure at all angles.

Discussion

The ATPR + TTC best restored extrusion and contact mechanics of the knee when compared
to other fixation methods. Except for contact pressure at 60°, there were no differences
between ATPR and ATPR + 2AC. Future comparative trials are required to determine the true

clinical efficacy between the techniques.
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CHAPTER 1

1. Introduction

The meniscal roots for both the medial and lateral meniscus of the knee are responsible for its
anchorage on the tibial plateau. On loading, they convert axial loads to circumferential hoop
stresses across the meniscus (Andrews et al., 2017), helping to preventing meniscal extrusion

and maintain normal knee kinematics (Kennedy et al., 2020; Pache et al., 2018).

Meniscal root tears are either complete radial tears within 1 cm of its tibial attachment point or
bony or soft tissue avulsion injuries (LaPrade CM et al., 2015a). Medial meniscus posterior
root tears (MMPRT) are becoming increasingly recognized, with it accounting for up to 30%
of all medial meniscus tears (Bin et al., 2004). Furthermore, they are more susceptible to injury
than lateral meniscus posterior root tears (LMPRT) as they bear more load and are less mobile
than their counterpart (Bonasia et al., 2015). Often, they are degenerative injuries resulting
from low energy mechanisms, and present commonly in the middle-aged population (Carreau

et al., 2017; Hwang et al., 2012)

In the presence of a meniscal root tear, axial compressive forces are no longer distributed
intrinsically as tensile hoop stresses within the meniscus (Banovetz et al., 2022). This can
subsequently force the meniscus to extrude out of the joint space (Costa et al., 2004; Johannsen
et al., 2012; LaPrade et al., 2015b; LaPrade et al., 2015c¢), leading to a decrease in contact area
over which the tibiofemoral compressive loads are distributed, and an increase in tibiofemoral
contact pressures (LaPrade et al., 2014; LaPrade CM et al., 2015b; LaPrade et al., 2021; Marzo
et al.,, 2009; Mueller et al., 2016). A landmark paper revealed that meniscal root tears are
equivalent to total meniscectomies in the resulting biomechanical function of the knee (Allaire

et al., 2008).



Meniscal extrusion, defined as the excursion and subluxation of the meniscus outside of the
meniscotibial compartment (Crema et al.,, 2012; Kim et al., 2020), will eventually
defunctionalize the meniscus. The link between extrusion and progression of degenerative joint
disease is well established in the literature. Numerous studies have identified extrusion as an
independent predictor of tibiofemoral cartilage loss, joint space narrowing and osteoarthritis
(OA) in the knee (Adams et al., 1999; Berthiaume et al., 2005; Gale et al., 1999; Wang et al.,
2010). Extrusion can however be seen in healthy knees on weightbearing, where values less
than 3mm between the outer edge of the meniscus and tibial plateau are considered
‘physiological’ (Patel et al., 2016). Values greater than 3 mm show high sensitivity to chondral

injury, bone marrow lesions and OA and are deemed ‘pathological’ (Svensson et al., 2019).

Prognosis is generally poor with meniscal root tears associated with pathological extrusion.
Non-operative treatment has shown to negatively impact joint longevity, with poor clinical
outcomes, progressive OA, and high conversion to total knee arthroplasty (Krych et al., 2017;
Neogi et al., 2013; Tagliero et al., 2021). Despite patients experiencing initial symptomatic
relief, partial meniscectomy demonstrates similar outcomes to non-operative treatment,
providing no benefit in halting arthritic progression (Krych et al., 2018; Salata et al., 2010). In
view of these findings, there is growing interest in its surgical repair, particularly for medial
meniscus posterior root tears (Chung et al., 2016; Feucht et al., 2014; Pache et al., 2018).
Biomechanical models of meniscal root repair have demonstrated that techniques returning the
meniscus to its native orientation restores several key metrics of the loading profile, namely
tibiofemoral contact area and pressure, to values indistinguishable from the root intact state

(Johanssen et al., 2012; LaPrade et al 2015b; LaPrade et al., 2021a).



The commonest repair techniques described in the literature are the transtibial pull-through
repair (TPR) and suture anchor repair (SAR). The transtibial method involves suture passage
through the meniscal tissue adjacent to the root tear, which is then pulled through a drilled

tibial tunnel and secured over the tibia with a fixation device (Figure 1).

Figure 1. Anatomical transtibial root repair (Reprinted from ‘Biomechanical evaluation of the transtibial pull-out
technique for posterior medial meniscal root repairs using 1 and 2 transtibial bone tunnels’ by LaPrade et al.
(2015). Reproduced with permission from SAGE)

Suture anchor repairs are an all inside arthroscopic technique that require the standard
anterolateral and anteromedial portal, and a more technically challenging posteromedial portal.
However, they do not require bone tunnels, making it useful in patients with concomitant multi-
ligamentous pathology or skeletal immaturity (Engelsohn et al., 2007; Lee et al., 2018).
Following the insertion of two number 0 polydioxanone (PDS) sutures adjacent to the torn
edge, two suture anchors with their own suture strands are placed at the same location. The
latter is through the posteromedial portal. One suture strand of each anchor is coupled with one
limb of the number 0 PDS. Following this, a shuttle relay occurs by pulling on the remaining
limb of the number 0 PDS, which subsequently pulls the suture of the anchor through the
meniscus, and the 0 PDS out of the knee. The suture strands can be tied securely, and the same

step is repeated for the second anchor (Figure 2).



Figure 2. Suture anchor repair. a. Following penetration of the posterior 1/3 of the meniscus adjacent to root edge
with Number 0 PDS, the anterior 1/3 of the meniscus (white dotted line) is penetrated in the same manner b & c.
Schematic diagram showing the knee position and insertion of a curved guide through the posteromedial portal
for the insertion of suture anchors d. Following coupling of one suture strand within anchor and one limb of
Number 0 PDS, the remaining limb of Number 0 PDS (white arrow) is pulled, creating a shuttle relay allowing
the suture strand of anchor to pass through the meniscus and then be tied e. Two suture anchors with sutures tied
securely, with posterior root of the medial meniscus repaired to the insertion site (Reprinted from ‘Medial
meniscal root repair using curved guide and soft suture anchor’ by Lee et al. (2018). Reproduced with permission

from Clinics in Orthopaedic Surgery)

Whilst both techniques are well-established with equivalent outcomes regarding reduction in
meniscal extrusion and rate of complete healing (Kim et al., 2011), the transtibial approach
represents a more pragmatic approach as it is less technically demanding, omits the need for
posterior portals adjacent to critical neurovascular structures and does not require dedicated
suture passing devices. In view of this, the transtibial fixation is advocated with an established

record of positive mid-term to long-term results (Ahn et al., 2007; Lee et al., 2014; Peterson et

al., 2014).

Despite numerous clinical results showing successful clinical outcomes following transtibial
repair, post-operative extrusion can persist, and in such a scenario the meniscus is unlikely to
remain chondroprotective. A recent systematic review found that although there was

improvement in post-operative clinical scores, there was progressive osteoarthritis with



pathological extrusion and suboptimal healing at three years (Chang et al., 2022). It is likely
the extrusion led to these pathological conditions, and the improved clinical results have been
influenced more by the relatively older age of patients (mean age, 57.1 years) at which point
high impact activity and competitive sports would be expected to decline. One potential
explanation for persistent extrusion despite repair is the chronic scarring of the meniscal body
to the capsule in a non-anatomical position, either due to delayed repair or a root tear that’s

remained undetected for a period of time (Homan et al., 2023).

Advances in surgical techniques have been made to optimise the transtibial root repair to
maintain the normal loading profile of the knee and reduce pathological extrusion. This
includes investigating the position and number of transtibial tunnels (LaPrade et al., 2015b;
LaPrade et al., 2015b; Padalecki et al., 2014), number and type of sutures (Feucht et al., 2015a;
Matthews et al., 2020; Nakama et al., 2019; Okimura et al., 2019; Robinson et al., 2018;
Rosslenbroich et al., 2013), suture configuration (LaPrade et al. 2015d), location of sutures
(Kim et al., 2016; Robinson et al., 2018) and fixation devices on the tibial side (Robinson et
al., 2020; Wu et al., 2020). Despite this, meniscus extrusion is not fully addressed by isolated
repair of the medial meniscus posterior root tear (Chung et al., 2017). Based on these

implications, a focus on newer surgical techniques to reduce meniscal extrusion has emerged.

One technique includes centralization. This is the process of re-attaching the meniscal midbody
complex just central to the peripheral rim of the tibial plateau (Koga et al., 2012). Several
techniques have been described. This includes the insertion of suture anchors at the edge of the
tibial plateau and, following the passage of sutures under the extruded meniscus and through
the meniscocapsular junction; the centralization stitch is subsequently tensioned down to
reduce the extruded meniscus and tied (Koga et al., 2012; Koga et al., 2017). More recently,

this has been refined for the use of knotless fixation (Koga et al., 2021, Leafblad et al., 2021).



It is thought knotless fixation helps to better facilitate anchorage at the most extruded locations
of the tibial plateau, whilst also increasing the contact area between the meniscocapsular
attachments and edge of the tibial plateau (Koga et al., 2021). Theoretically this can lead to a
better reduction in meniscal extrusion. In addition, knotless anchors can avoid knot
impingement, control suture tension without knot tying, and eliminate the possibility of rigid
material loose bodies in the joint. Another centralization technique includes the use of a
transtibial stitch. This involves the passage of a peripheral stabilization suture on the extruded
meniscus, and through a transtibial tunnel that is independent of the tunnel for the conventional
meniscal root tear repair. Once pulled through the tunnel, appropriate tension is applied to the
suture to centralize the meniscus, and it is then tied over a tibial cortical button (Daney et al.,
2019; Dean et al., 2020). Compared to anchor-based centralization, it may enhance meniscal
healing and maintain a better reduction through the transosseous drilling and extent of tissue-
bone interface it incorporates. Furthermore, posterior portals are not required, reducing the risk
of neurovascular injury (Feucht et al., 2014). A recent systematic review by the author found
biomechanical studies investigating centralization techniques for meniscus extrusion to restore
the load-distribution function of the meniscus to the native state (Boksh et al., 2024a).
However, the review identified key limitations with avenues for potential exploration. In
particular, this included no comparison between the centralization techniques used, nor the
extent to which biomechanical outcomes were attributed to centralization itself rather than a

root repair.

Consequently, the aim of this thesis was to biomechanically compare the anchor-based and
transtibial centralization techniques following transtibial pull-through repair of a medial

meniscus posterior root tear in porcine knees.



The primary objectives were to a) investigate which technique better restores both the
tibiofemoral contact mechanics of the knee, to include contact area and pressure, and b) which
technique better reduces pathological extrusion under loading over a range of flexion angles.
It is expected the results of this study to subsequently enable the performance of novel clinical
trials to evaluate patient outcomes using the biomechanically optimum centralization technique
in combination with root repair to fully determine its efficacy. This would be of immense
benefit to both patient and surgeon for the provision of alternative treatment options to salvage

the native knee joint.

1.1 Thesis overview

Chapter 2 acts as the foundation of the thesis and outlines the background information to
understand the subsequent chapters in the thesis. The background details the anatomy and
function of the meniscus to include the similarity and differences between human and porcine
knees, the appropriate techniques to optimise the transtibial pull through repair, and a review
of the development of meniscus centralization with detailed explanation of the centralization

methods to be compared.

Chapter 3 focuses on the materials and methods that have been used. Information on the
development of a testing rig for the knee joints and surgical technique are discussed here.
Furthermore, measurements for tibiofemoral contact mechanics with the use of Fujifilm
Prescale film (Tokyo, Japan) and its analysis on the custom MATLAB program (MathWorks,
Natick, Massachusetts) are included. In addition, the measurement of meniscal extrusion with
its calibration on ImageJ software are also discussed. In essence, the method section provides

knowledge of the experiments and data analysis.



Chapter 4 describes the results of the study, in particular the contact area and pressure and

meniscus extrusion between the techniques described.

Chapter 5 presents the overall discussion, including the future work the findings in the thesis

could be applied to, and final conclusions.



CHAPTER 2

2. Background
2.1 Chapter Introduction

This chapter discusses the meniscal tissue including its structural and physiological properties,
as a principal focus for the biomechanical exploration presented in this thesis. To begin, its
anatomy in human and porcine knees is discussed in Section 2.2. Pictures from anatomical
dissection of the porcine knees within the thesis are provided in this section to clarify the
similarity and differences between the two species. The structure, composition, and function
of the meniscus is described in Section 2.3. Following this, literature on the conventional
techniques to optimise repair of a medial meniscus root tear is critically analysed in Section
2.4. Section 2.5 outlines the recent history and emergence of centralization techniques, with its
application in surgical practice. Section 2.6 details the methods that have been used to assess
tibiofemoral contact mechanics in meniscus root-torn and repaired knees. Section 2.7 provides

the chapter summary.

2.2 Anatomy of the meniscus and root

The medial (MM) and lateral (LM) meniscus are two C-shaped borders filling the triangular
space between the tibial and femoral articular cartilage surfaces and joint capsule. Both menisci
have anterior and posterior segments of their curvature, referred to individually as a ‘horn’, and

a central portion of their curvature, referred to as the ‘body’ (Figure 3).

Figure 3. Photograph of a superoposterior view of the meniscus and its anatomy in a cadaveric right knee. MM, medial meniscus; LM, lateral meniscus;
B, body; AH, anterior horn; PH, posterior horn; Rt, root; SWFs, shiny white fibers; AIL, anterior intermeniscal ligament (Reprinted from ‘Meniscal Root
Tears: A Decade of Research on their Relevant Anatomy, Biomechanics, Diagnosis, and Treatment’ by Banovetz et al. (2022). Reproduced with permission
from Archives of Bone and Joint Surgery).



The medial meniscus can be divided into five anteroposterior zones (Hathila et al., 2019;
Smigielski et al., 2014). This includes the anterior root attachment (zone 1), the anteromedial
zone between the posterior border of the anterior root and anterior border of the superficial
medial collateral ligament (MCL) (zone 3), the posterior horn (zone 4) and the posterior root
(zone 5). The lateral meniscus can be divided into six anteroposterior zones (Zdanowicz et al.,
2016). These include the anterior root (zone 1), the anterolateral zone between the anterior root
and the anterior border of the popliteal hiatus (zone 2), the popliteal hiatus (zone 3), the
posteroinferior popliteomeniscal fascicle (zone 4), the ligamentous zone (zone 5), and the

posterior root (zone 6) (Figure 4).

Shiny white fibres

Shiny white fibres
Popliteal hiatus
Medial posterior
root attachment
Posterior horn
Lateral anterior
root attachment
Anterior
intermeniscal
attachment Anterior horn

Medial anterior
root attachment

Figure 4. Photographic illustration of a dissected porcine right knee within this study. Medial and lateral zones
and relevant anatomical relations. ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; MTE,

medial tibial eminence

The anterior and posterior roots of both medial and lateral menisci contain a dense central fibre
attachment with surrounding ‘supplementary’ fibres, known as shiny white fibres (LaPrade et

al., 2010). The posteromedial and posterolateral attachments of the root attachments for both
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posterior roots make up 46.5% of the attachment surface area and contribute 37.4% of the
strength of the native root attachment (Ellman et al., 2014). Incorporating these fibres within
the root repair can potentially enhance the biomechanical properties of the repair technique
(Ellman MB et al., 2014). In human knees, the anterior and posterior roots of both menisci
attach to the tibial plateau. Furthermore, the posteromedial aspect of the lateral meniscus
posterior horn is additionally attached onto the medial femoral condyle via the meniscofemoral
ligament (MFL) (Figure 5). This structure is of clinical importance as it acts as a secondary
stabilizer to excessive anterior tibial translation and internal rotation of the knee in an anterior
cruciate ligament (ACL) deficient knee (Frank et al., 2017). The anterior meniscal root
attachments in both medial and lateral menisci for porcine knees are similar to humans, running
horizontally from the body to their insertion sites on the tibial plateau, with thin layers of
transparent septa surrounding the bundles (Figure 6). However, the posterolateral horn root
attachment differs to human knees. In porcine knees, they solely attach to the medial femoral
condyle without any connection to the tibial plateau and hang freely after separation from the
condyle (Figure 4, 5 & 7). Furthermore, although the anterior root of the lateral menisci
attaches to the tibial plateau, it splits the anteromedial and posterolateral bundles of the anterior

cruciate ligament, a feature not observed in human knees (Proffen et al., 2012) (Figure 8).

Figure 5. Photograph of the posterior right knee in a. human and b. porcine specimen. The posterior root of the
lateral meniscus partly inserts on the medial femoral condyle in human knees, whilst it fully inserts at the
condyle in porcine knees (Reprinted from ‘A comparative anatomical study of the human knee and six animal

species’ by Proffen et al (2012). Reproduced with permission from Elsevier)
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Figure 6. Photographic illustration of a right porcine knee with its anterior root attachments and septa surround
the ACL. (Reprinted from ‘Comparison of the morphology of the anterior cruciate ligament and related bony
structures between pigs and humans’ by Shi et al (2022). Reproduced with permission from Frontiers). AHMM,
Anterior horn of medial meniscus; AM, anteromedial bundle of ACL; PCL, posterior cruciate ligament; PL,

posterolateral bundle of ACL

No attachment of the horn to the
tibial plateau (circular white dash
lines)

-3 Insertion of lateral meniscus

" posterior horn onto medial
femoral. condyle

¥

Figure 7. Photographic illustration of a left porcine knee with the attachment side of the lateral meniscus posterior
horn (Reprinted from ‘Anatomical study: comparing the human, sheep and pig knee meniscus’ by Takroni et al

(2016). Reproduced with permission from Springer Open)

Figure 8. Photographic illustration of a left porcine knee with ACL bundle separation by the lateral meniscus.
(Reprinted from ‘Anatomical study: comparing the human, sheep and pig knee meniscus’ by Takroni et al (2016).

Reproduced with permission from Springer Open)
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Despite the differences for the posterior root of the lateral meniscus, the focus of the thesis is
on the posterior root of the medial meniscus. Cadaveric and porcine specimens both denote the
posterior root attachment on the tibial plateau to be located posterolateral to the medial tibial
eminence, and anterior to the superior tibial attachment of the posterior cruciate ligament
(Johannson et al., 2012; Proffen et al., 2012; Takroni et al., 2016) (Figure 4 and 9). Based on
these observational features, surgical repair techniques for medial meniscus posterior root tears
in porcine knees are appropriate proxy models for biomechanical investigation prior to the

translation of such techniques into clinical practice in humans.
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Figure 9. Illustration of the attachment of the medial meniscus posterior root. It is located 9.6mm posterior and
0.7mm lateral to the apex of the medial tibial eminence. It is also 9.2 mm anterior to the tibial attachment of the
PCL (Reprinted from ‘Understanding posterior medial meniscus root lesions: from basic science to treatment’ by

Cruz et al. (2017). Reproduced with permission from Elsevier)

The anatomical features of the medial meniscus posterior root in humans are complex. It
consists of a ligamentous mid-substance (root ligament), a transition zone between the
meniscal body and root ligament, and bony insertion of the root ligament onto the tibial plateau
(Figure 10a). A recent biomechanical study noted that the strength of a medial meniscal
posterior root repair may vary with the position of the suture repair within the root itself. The
strongest repairs were found for insertion within the body of the meniscus and either side of

the central part of the transition zone (Robinson et al., 2018) This can be explained by the
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orientation of the collagen fibres which are discussed in detail in Section 2.3. Such landmarks

can be also delineated in porcine knees (Figure 10b)

Root ligament ~ Transition zone Body of meniscus

Medial Posterior

Meniscus Root -
BODY

TRANSITION

ZONE

ROOT
LIGAMENT

Figure 10 (a). 3D from a micro-computed tomography scan of a representative meniscus showing the meniscal
root and its landmarks (Reprinted from ‘The Strength of Transosseous Medial Meniscal Root Repair Using a
Simple Suture Technique Is Dependent on Suture Material and Position by Robinson et al. (2018). Reproduced
with permission from SAGE) (b). Photographic illustration of a porcine right knee medial meniscus with these
corresponding features (Reprinted from ‘Anatomical study: comparing the human, sheep and pig knee meniscus’

by Takroni et al (2016). Reproduced with permission from Springer Open

Other similarities between both species are noted for the rest of the medial meniscus. This
includes the anterior horn being more anterior than that of the lateral meniscus (Figure 8), and
the body of the MM becoming wider posteriorly. Although the medial meniscus is connected
to the medial collateral ligament medially in both species, the body and posterior horn in
porcine knees are more tightly attached to the capsule throughout its peripheral border, which
can further restrict its mobility (Figure 11a). However, the body of the lateral meniscus in both
specimens has a small area located at the middle third devoid of capsular attachment, and the
capsule itself is more elastic (LaPrade et al., 2021b) (Figure 11b). Additionally, the popliteus
tendon partially disrupts the capsular circumferential attachment. These properties allow the
lateral meniscus to have more mobility relative to the more static medial meniscus (Simonian

et al., 1997).
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e .
Devoid of capsule

Figure 11 (a) Photographic illustration of a medial meniscus on the femoral side of a porcine knee. The capsule
is tightly attached to the body of the medial meniscus within its peripheral border (see white arrows). (b).
Photographic illustration of a lateral meniscus on the femoral side of a porcine knee. A small area devoid of
capsule is noted in the middle third of the peripheral border. (Reprinted from ‘The continuous structure of the
joint capsule and meniscus in the pig knee’ by Natsuyama et al (2013). Reproduced with permission from Wiley.

FJC, femoral joint capsule; PT, popliteal tendon.

Anatomical understanding of the posterior medial meniscal attachments is imperative, as
posteromedial arthrotomies within this region was performed for the study. This was so
Fujifilm prescale film (Tokyo, Japan) could be inserted under the medial meniscus for the
measurement of tibiofemoral contact mechanics in various testing scenarios (see section 2.6).
The key anatomical attachments leading to its rigid meniscocapsular structure include the
posterior meniscocapsular attachment, posterior meniscotibial ligament, the posterior oblique
ligament, the deep medial collateral ligament (AMCL) and the semi-membranosus muscle
(Mameri et al., 2022). The posterior meniscotibial ligament joins and blends within the
posteromedial capsule on its internal surface, forming a conjoined attachment onto the

posterior horn and root of the medial meniscus (Figure 12a) (LaPrade et al., 2021b). The
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superficial medial collateral ligament (sMCL) blends with the capsule externally (Figure 12b),
and the posterior oblique ligament (POL) is located posterior to this structure. The POL
consists of two elements — the POL meniscofemoral ligament that attaches the meniscus to the
femur and the POL meniscotibial ligament, attaching the medial meniscus to the tibia
(DePhillipo et al., 2019). Blended with the POL meniscofemoral ligament is the deep MCL,
which is clearly visualised following cut-down of the sSMCL. It consists of a meniscotibial and
meniscofemoral ligament. The oblique popliteal ligament, arising from the semimembranosus
runs superolaterally, attaching to the lateral femoral condyle. This is an important landmark as
it marks the medial border of the posteromedial arthrotomy, as described in earlier studies
(Allaire et al., 2008; Muriuki et al., 2011). In view of these posteromedial attachments, previous
biomechanical studies on porcine knees advocate for the incision of the described meniscotibial
ligaments in order for insertion of pressure sensors under the medial meniscus for measurement
of tibiofemoral contact mechanics (Allaire et al., 2008; Amano et al., 2023; Chung et al., 2018;
Muriuki et al., 2011; Seo et al., 2009). Anteromedial capsulotomy was also required to ensure
the Fujfilm prescale film (Tokyo, Japan) was fully seated under the meniscus (see section 2.6).
As there is much fewer complex meniscocapsular attachment here, the arthrotomy was made
between the patellar tendon and anterior border of SMCL (Figure 13), in keeping with previous
biomechanical studies (Allaire et al., 2008; Daney et al., 2019; Muriuki et al., 2011; LaPrade

et al., 2015b; Padalecki et al., 2015; Park et al., 2023; Saltzman et al., 2020).
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Figure 12. (A) Axial view illustration of the anatomic relationships of the posterior horn of the medial meniscus,
posterior capsule, posterior oblique ligament (POL), deep medial collateral ligament (MCL) and
semimembranosus tendon. (B) Posterior medial anatomy with the posterior capsule reflected. This figure
illustrates the intimate relationship of the static and dynamic structures of the posteromedial corner, including the
semimembranosus tendon fascial expansion that attached directly to the posterior horn of the medial meniscus.
ACL, anterior cruciate ligament; AM, anteromedial, SM, semimembranosus PCL, posterior cruciate ligament;
PM, posteromedial (Reprinted from ‘Quantitative and Qualitative Assessment of the Posterior Medial Meniscus

Anatomy’ by DePhillipo et al (2018). Reproduced with permission from Sage)

Figure 13. Anterior schematic of a dissected knee, showing the anteromedial arthrotomy of interest preserving
the patellar tendon and superficial medial collateral ligament (mcl). Reprinted from ‘Biomechanical consequences
of a tear of the posterior root of the medial meniscus: similar to total meniscectomy’ By Allaire et al. Reproduced

with permission from JBJS)
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2.3 Structure, composition and biomechanics of the meniscus and its roots

2.3.1 Structure and composition

The meniscus is a dense extracellular matrix composed primarily of water (72%) and collagen
(22%), interposed with cells. Proteoglycans, non-collagenous proteins, and glycoproteins
account for the remaining dry weight (Arnoczky et al., 1992; Brindle et al., 2001). Water
composition is greatest at the posterior horns, generating a drag force during axial loading

(Markes et al., 2020).

Collagen composes 75% of the dry weight of the menisci (Gee et al., 2021) and are primarily
responsible for the tensile strength of the meniscus, with type 1 predominating and providing
the primary structural framework of the meniscus. The arrangement of the fibres is ideal in
transferring axial compressive load into circumferential hoop stresses during weight bearing
(Ghosh et al., 1975). In the most superficial layer, the type I fibres are orientated radially, whilst
a circumferential arrangement is present in the deeper layers. Radially oriented “tie” fibres are
also present in the deep zone and are interspersed or woven between the circumferential fibres
to provide structural integrity (Peterson et al., 1998), which helps to prevents longitudinal
splitting (Markes et al., 2020) (Figure 14). As described in section 2.2, the meniscal root
consists of a complex structure of root ligament, transition zone and body. In the root ligament,
only circumferential fibres are present which are parallel to its direction (Smith et al., 2015).
The transition zone contains predominantly parallel fibres, whilst the body contains a mixture
of radial and circumferential fibres (Bullough et al. 1970). This fibre orientation likely
contributed to the increased ultimate yield load for medial meniscus posterior root repairs when
suture location was in the substance of the meniscus body rather than the root ligament and

transition zone (Robinson et al. 2018).
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Figure 14. Schematic diagram demonstrating the collagen fibre ultrastructure and orientation within the
meniscus: 1, superficial network; 2, lamellar layer; 3, central main layer. Arrowheads, radial interwoven fibres;

arrow, loose connective tissue. (Reprinted from ‘Collagenous fibril texture of the human knee joint menisci’ by.

Peterson et al. (1998). Reproduced with permission from Springer)

Proteoglycans are located within a fine meshwork of collagen fibrils. The proteoglycan consists
of a hyaluronic acid backbone (Figure 15). Off'this, they are connected to a protein core through
link proteins. Within the protein core are the keratin sulphate and chondroitin sulphate (Muir
et al., 1969). The proteoglycan provides the meniscus its compressive strength by trapping

water, and its concentration is greatest in the meniscal horns due to their weight bearing nature

(Fox et al., 2012)
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Figure 15. Schematic drawing of a proteoglycan
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2.3.2 Vascularity

The meniscus is a relatively avascular structure with a limited peripheral blood supply, which
thereby has important implications in its ability to heal. The medial, lateral, and middle
geniculate arteries (which branch off the popliteal artery) provide the major vascularization to
the inferior and superior aspects of each meniscus (Figure 16). A peri-meniscal capillary plexus
arises from these branches that penetrate the meniscal stroma in a radial fashion at a depth of
2-3 mm. This is roughly 10-30% of the periphery of the medial meniscus border, and 10-25%
of the lateral meniscus border (Kean et al., 2017; Perreira et al., 2019). A second distinct
vascular fringe provides vascularity in the anterior horns of both menisci, and to the posterior
horn to a lesser degree (Arnoczky et al., 1992). The central meniscus is avascular and receives
nutrition through diffusion of the synovial fluid (Gee et al., 2021), or mechanical pumping (i.e.

joint motion) (Mow et al., 1989).
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Figure 16. Confluence of geniculate arteries (posterior view), a, artery

The relative avascular nature of the meniscus has led to the categorization of the meniscus into
three zones based on the Cooper classification (Cooper et al.,1991). This includes the red-red,

red-white and white-white zones. These zones were calculated by dividing the distance
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between the meniscocapsular junction and the most centrally located blood vessel in cross

section of the meniscus by the total width of the meniscus, multiplied by 100 (Figurel7).

Figure 17. A schematic cross-section of the meniscus. The extent of vascularization is calculated by dividing the
distance between the meniscocapsular junction and the most centrally located blood vessel (I) by the total width
of the meniscus (II) multiplied by 100%. 1 = Zone 1 or ‘‘Red-red” zone, 2 = Zone 2 or ‘‘Red-white” zone, 3 =
Zone 3 or ‘“White-white” zone, C = Capsule, T = Tibia, M = Meniscus. (Reprinted from ‘The role of patient
characteristics and the effects of angiogenic therapies on the microvasculature of the meniscus: A systematic
review’ by van der Leljj et al (2022). Reproduced with permission from Elsevier)

The red-red zone represents the vascular peripheral region supplied directly by the peri-
meniscal capillary plexus. The white-white zone is avascular and represents the thin concave,
cartilaginous region of central menisci with unattached free edges. The red-white zone is
located between the two and has characteristics of the other two zones (Kean et al., 2017). In
clinical practice, meniscal tears will have different healing potential according to the involved
vascular region (Crawford et al., 2020). Red-red zone tears, and to some extent red-white zone
tears, have acceptable healing potential so repair is indicated. White-white zone tears are

avascular with poor healing potential and are thus amenable to partial meniscectomy.

2.3.3 Biomechanics — meniscus kinematics

As described, the medial meniscus is less mobile than the lateral meniscus. Kinematic studies
report 2-3 mm anteroposterior movement of the medial meniscus during flexion compared to
9-10 mm for the lateral meniscus (Brantigan et al., 1941; DePalma. 1954). A landmark

cadaveric study reported the mean medial excursion to be 5.1 mm compared to 11.2 mm for
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the mean lateral excursion (Thompson et al., 1991). These were taken from the average of the
movement of both the anterior and posterior horns for each meniscus. Furthermore, the
excursion of the anterior and posterior horn of the lateral meniscus was similar, suggesting the
meniscus to move more as a single unit. In contrast, the anterior horn excursion for the medial
meniscus was 2.2 times greater than that of the posterior horn (Figure 18). This suggests the
posterior horn to be constrained, and as described in section 2.2, is largely down to its rigid
posteromedial attachments to include the posterior meniscotibial ligament, posterior oblique
ligament, and deep MCL. Biomechanically, a reduction in both the motion of the posterior horn
and greater differential between the anterior and posterior horn of the medial meniscus is a
potential mechanism for meniscal body and root tears with a resultant “trapping” of the
fibrocartilage between the femoral condyle and the tibial plateau during full flexion. This can
explain why medial meniscus posterior root tears are more susceptible to injury than its lateral

counterpart and underlines the focus of the medial side in this thesis.
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Figure 18. A schematic diagram showing the mean movement (mm) in each meniscus during flexion (shaded)
and extension (hashed). ANT, anterior; POST, posterior; mme, mean meniscal excursion; P/A, ratio of posterior
to anterior meniscal translation during flexion (Reprinted from ‘Tibial meniscal dynamics using three-dimensional
reconstruction of magnetic resonance imaging’ by Thompson et al. (1991). Reproduced with permission from
SAGE)
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2.3.4 Biomechanics — load transmission

Seventy percent of the load in the lateral compartment and 50% of the load in the medial
compartment is transmitted through the menisci (Seedhom et al., 1979). The medial meniscus
bears a higher load, usually around 50-70% of the compressive load during weight bearing,
whilst the lateral meniscus bears less, typically around 30-50%. The posterior horn is involved
in 50% and 85% transmission of compressive load at 0 and 90° flexion respectively (Walker
et al., 1975). As the femur compresses the meniscus during loading, the vertical component is
resisted by a reaction force from the tibial plateau (Figure 19). The horizontal force component,
however, can potentially cause the meniscus to deform radially and extrude out the joint.
However, in response to the radial deformation in normal knees, the axial load is converted to
circumferential ‘hoop’ stresses (Aspden et al., 1985; Fox et al., 2012; Peterson et al., 1998).
The hoop stresses then exert tensile stresses along the circumferential collagen fibrils of the
meniscus. Ultimately, this reduces the compressive loads experienced by the chondral cartilage
of the knee. However, for this circular traction (tensile stress) to be initiated or maintained, it
requires the meniscus to be anchored to the tibial plateau via its roots (Krause et al., 1976).
Therefore, from a biomechanical perspective, if the integrity of the collagen bundles is
damaged from a meniscal tear, or the root is detached (meniscal root tear), then circular traction

is compromised. Radial deformation can subsequently occur, with resultant extrusion.
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Figure 19. Free body diagram of forces acting on the meniscus during joint compression. Radial deformation
upon loading is countered by the circumferential hoop stress (Fcir) generated in the menisci. This is maintained by
the anchorage of meniscus to the plateau via the roots. Vertical component of axial load (Fy) is counted by reaction
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force from tibia (Fib). (Reprinted from ‘Engineering the Knee Meniscus’ by Athanasiou et al. (2009). Reproduced
with permission).

Following meniscus extrusion from a root tear, the biomechanical profile of the meniscal-root
deficient knee is equivalent to a knee that has received a total meniscectomy (Allaire et al.,
2008; LaPrade et al., 2015¢; Padalecki et al., 2014). Allaire et al (2008) reported a 25% increase
in peak contact pressures following a medial meniscus root tear, with a 50% increase reported
following a lateral root tear (Schillhammer et al., 2012). Therefore, the integrity of the meniscal

roots is of paramount importance to preserve the knee kinematics of the joint and prevent

degenerative changes (Han et al., 2012; McDermott et al.. 2006; Ozkoc et al., 2008).

2.4 Conventional methods to optimize medial meniscus posterior root repair

The deleterious changes in tibiofemoral contact mechanics in patients with meniscal extrusion
following MMPRT are well established in the literature. Accelerated chondral injury and early
osteoarthritis have been noted in clinical studies (Berthiaume et al., 2005; Krych et al., 2017,
Krych et al., 2018). Early identification and appropriate treatment can theoretically be
important in preventing these pathological sequelae of events. Arthroscopic transtibial pull
through repair is considered the gold-standard treatment by many investigators (Feucht et al.,
2015b). However, despite the advances in surgical techniques to optimise the biomechanical

and clinical outcomes of transtibial root repair, post-operative extrusion can persist.

It is important one selects the appropriate combination of techniques available in the transtibial
repair stage to provide the best biomechanical and clinical construct possible prior to entering
the centralization phase. This subsection will focus on the options available to understand the

root repair technique that was performed in chapter 3.
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2.4.1 Number of transtibial tunnels

The transtibial method involves passage of sutures through the meniscal tissue adjacent to the
root tear, pulled through a single tunnel to then be securely tied over the tibia (Figures 1 and
20). However, several studies have demonstrated significant displacement to compromise the
meniscal function following cyclical loading with a single tunnel (Cerminara et al., 2014;
Feucht et al., 2014). It was thought this may not have incorporated the shiny white fibres, which
provides 37.4% of the strength of the native root attachment (Ellman et al., 2014). It was
proposed that multiple bone tunnels may be necessary to account for these fibres and improve
the biomechanical properties of the transtibial pull-out technique. However, only one study
investigated this (one vs two tunnels) and found that there were no difference between the two
techniques regarding displacement under cyclical loading (1, 100, 500 and 1000 cycles) and
ultimate load to failure (LaPrade et al. 2015c) (Figure 20). Theoretically the addition of extra
bone tunnels could stimulate more healing at the tissue-bone interface with a torn meniscal root
held down over a wider surface area. However, there are no clinical studies to date to compare

this between the two techniques.
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Figure 20. Two transtibial bone tunnels. First tunnel (conventional tunnel) placed at the middle of the central
main attachment fibres of the MMPRT. A second tunnel (new tunnel) reamed parallel and Smm posterior to the
first to capture the shiny white fibres (Reprinted from ‘Biomechanical evaluation of the transtibial pull-out
technique for posterior medial meniscal root repairs using 1 and 2 transtibial bone tunnels’ by LaPrade et al.
(2015c¢). Reproduced with permission from SAGE.
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2.4.2 Position of transtibial tunnel

The position of the transtibial tunnel within the tibial plateau has important implications on the
biomechanical properties of the root repair. Starke et al. (2010) reported non-anatomical
positioning of the root attachment had a significant effect on hoop tension. Their model
demonstrated that lower levels of meniscus hoop tension caused increased cartilage
deformation, indicating increased local stress. Preservation of meniscus tension is important as
decreased meniscal tension impairs the ability of the meniscus to support hoop stresses (Seo et
al., 2009). One cadaveric biomechanical study compared an anatomical repair with the tunnel
at the root insertion site with a non-anatomical repair. The tunnel for the latter was 5 mm
posteromedial to the root insertion site, synonymous to the position where a MMPRT generally
extrudes to if it remains undetected or undergoes delayed repair (Lerer et al., 2004; Magee et
al., 2008). The anatomical tunnel position was 9.6 mm posterior and 0.7 mm lateral to the apex
of the medial tibial eminence. It was also 9.2 mm anterior to the tibial attachment of the PCL
(figure 9). The study found that both native medial meniscus posterior root and the one that
was repaired anatomically had significantly greater contact area and lower contact pressure
than for the non-anatomical tunnel across all flexion angles (0 — 90°). Furthermore, the non —

anatomical tunnel performed only slightly better than a root tear.

2.4.3 Suture configuration

The meniscus-suture interface has been identified as the primary source in eliminating TPR
displacement (Cerminara et al., 2014), and whilst one cannot enhance the structural property
of the injured root, the properties at the interface can be targeted. Several suture techniques
have been developed to identify the optimum method to gain a strong-hold in the meniscus.

Feucht et al. (2013) compared the biomechanical properties of meniscus-suture constructs
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among four different suture techniques currently used for transtibial pull-out repair of posterior
meniscus root tears (Figure 21). In this study, the modified Mason-Allen (MMA) suture
technique provided superior biomechanical properties of the meniscus-suture construct

compared to the others.

Figure 21. (a) Two simple sutures (TSS). 2 sutures placed Smm medial to lateral edge of posterior meniscal
horn. One suture placed next to meniscosynovial junction and the other Smm more anteriorly (b) Horizontal
mattress suture. 1 suture passed twice through the meniscus, creating horizontal loop on superior surface. Suture
penetration same location as TSS technique (c) Modified Mason Allen. Horizontal mattress suture created first.
A second suture passed through meniscus immediately medial to and in centre of horizontal loop (d) Two
modified loop stitches. A folded suture passed through meniscus so that the loop of the suture placed at the
superior surface of the meniscus. Free ends of suture passed through the loop, creating new loop. Loop stitch
tightened. Second loop stitch in the same fashion. Suture penetration same location as TSS. (Reprinted from
‘Biomechanical evaluation of different suture techniques for arthroscopic transtibial pull-out repair of posterior
medial meniscus root tears’ by Feucht et al. (2013) Reproduced with permission from SAGE)

In contrast, however, LaPrade et al (2015D) found no difference biomechanically between the
MMA and the simpler two simple stitch (TSS) technique (LaPrade RF et al. 2015). In fact, they
found the TSS was less prone to displacement after cyclical loading. Furthermore, the MMA
is technically more challenging and entails a longer surgical time. In view of these findings,
the two simple stitch technique was concluded to be a more feasible and appropriate option for
posterior meniscal root repairs. This was further underlined in a systematic review by the
author who found TSS performed just as well as the MMA technique at one year follow-up,
regarding patient reported outcome measures, meniscal extrusion, and healing (Boksh et al.

2024b).
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2.4.4 Type of suture

In recent years, the influence suture material has at the meniscus-suture interface have been
evaluated. The ideal material should provide low displacement, high stiffness, and maximum
load to failure to keep the re-attached root in place during healing (Burgess et al., 2010).
Various materials are available, from conventional braided polyesters (Kim et al., 2011a; Kim
etal., 2011b), to the stronger and stiffer ultra-high molecular weight polyethylene (UHWMPE)
sutures (Nicholas et al., 2009). The common UHMWPE sutures used in practice include
FiberWire (Arthrex, Naples, Florida, USA) and UltraBraid (Smith and Nephew, Andover,
Massachusetts, USA) (Figure 22). FiberWire is made of a multi-strand, long-chain UHMWPE
core with a braided polyester jacket. UltraBraid consists of an UHMWPE jacket, but this is

absent in its central core.

More recently, UHMWPE tapes have become popular, with the 2 mm FiberTape (Arthrex,
Naples, Florida, USA) and 2 mm UltraTape (Smith and Nephew, Andover, Massachusetts,
USA) commonly used in practice. Unlike their suture counterparts, both the core and jacket
contain the UHMWPE construct, and it is theorized that this provides it superior biomechanical
properties (Figure 22). Furthermore, its wider structure is thought to fill the hole created for
suture passage through the meniscus more effectively and distributes load over a broader area
(Ahn et al., 2009). In theory, this should increase the load required for failure at the meniscus-
suture interface and promote meniscal healing. Suture tapes have an established practice in
rotator cuff injuries, with a recent systematic review by the author showing it to have superior
biomechanical properties to that of conventional sutures (Boksh et al., 2022). This was
regarding contact pressure, load to failure, stiffness and gap formation. Several biomechanical
studies on the use of UHMWPE Tapes over sutures have shown superior biomechanical

properties, particularly in relation to load to failure, stiffness and elongation at failure
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(Bachmaier et al., 2024; Matthews et al., 2020; Nakama et al., 2019; Robinson et al., 2018;
Takahashi et al., 2023). To date, only one clinical study has compared the two materials, with

greater meniscal healing observed at one year with the Tape construct (Hiranaka et al., 2022)

Figure 22. (a) Number 2 FiberWire (b) Number 2 UltraBraid (¢) 2mm FiberTape (d) 2mm UltraTape
(Reprinted from ‘Biomechanical evaluation of different suture materials for arthroscopic transtibial pull-out repair
of posterior meniscus root tears’ by Feucht et al. 2015, and ‘Biomechanical Comparison of Two Different Sutures
for the Tensile Strength of the Pullout Repair of Posterior Meniscal Root Tear’ by Takahashi et al. (2023).
Reproduced with permission from Springer)

2.4.5 Number of sutures

As previous described in section 2.4.1, capturing the shiny white fibres following repair of the
posterior medial meniscus root tear is thought to enhance the transtibial root repair (Ellman et
al., 2014). Furthermore, the red-red zone and meniscocapsular junction tissues are not torn as
easily when the suture material is pulled through the tunnel, and out of the proximal tibia for
tying (Kim et al., 2016). The insertion of two or more sutures compared to one is likely to
ensure these factors are accounted for. Only one biomechanical study has investigated this,
albeit on the lateral posterior meniscal root (Rosslenbroich et al., 2013). They found using two
stitches with the simple stitch technique had greater stiffness, greater load to failure and lower
displacement after cyclical loading compared to one stitch. Furthermore, it performed similarly

to an intact root.
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2.4.6 Fixation on the tibial side

From the evidence described in subsections 2.4.3 to 2.4.5 it can be suggested that the use of
two UHMWPE tapes in a simple stitch manner will optimise the repair strength at the
meniscus-suture interface, minimising repair displacement. However, to have appropriate
fixation to withstand physiological loading, adequate fixation is required on the anterior aspect

of the tibia following its passage through the tibial tunnel.

There is currently no consensus on MMPRT tibial fixation techniques. Different techniques
have been described based on surgeons’ preference. This includes the use of a cortical button
(Lee et al., 2013), screw and washer (Vyas et al., 2012), transosseous suture (Ahn et al., 2009),
and anchors (Moon et al., 2012) (Figure 23). Two biomechanical studies have compared these
fixation techniques (Robinson et al., 2020; Wu et al., 2020) and found cortical fixation devices
(screws and buttons) to perform better than anchors, particular regarding load to failure and
construct stiffness. However, this should not be interpreted as anchors perform poorly when
used for centralization, the main scope of thid thesis. Centralization involves the insertion of
anchors directly within the plateau, whilst the anchors fixed in the tibial bone for transtibial
repair have tapes passing through it which have shuttled through a tunnel. It is possible these
tapes to become coated with bone marrow fat, reducing the friction co-efficient between the
tape, bone and anchor. Ultimately, this can lead to tape slippage and lower load to failure
(Wieser et al., 2012). Despite buttons and screws performing similarly, cortical buttons have a
lower profile meaning the need for implant removal and likelihood of knot-induced skin

irritation will be lower.
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Figure 23. Fixation techniques on the tibial side (a) Endocortical fixation button (b & ¢) suture anchors (d) cortex
screw (e) cortex screw with washer. (Reprinted from ‘Knotless Anchor Fixation for Transosseous Meniscal Root
Repair Using Suture Tape Is Inferior Compared With Button or Screw Fixation: A Biomechanical Study’ by
Robinson et al. (2018). Reproduced with permission from SAGE)

2.4.7 Suture position following meniscal root tear

The position of the suture within the medial meniscus posterior root tear partly depends on the
tear morphology. Two-thirds of root tears are radial tears within 0 — 9 mm from the root
attachment site (Type 2 tears) (Figure 24). In over fifty percent of such cases, these are within
0 —3 mm (Type 2a tears). A biomechanical study performed by Padalecki et al. (2014) reported
that the position of the transtibial tunnel within the plateau should be directly under the torn
root. That is, if the tear is at the tibial attachment site, 3 or 6 mm from the attachment site, then
the tunnels should also be at these corresponding positions. This will ensure the meniscus
tension is kept constant, otherwise its ability to absorb hoop stresses becomes impaired (Starke
et al., 2010). Section 2.4.2 describes the benefits of an anatomical tunnel, that is, immediately
under the root insertion site. Therefore, in this thesis creating the root tear at its insertion site
would be appropriate. The additional benefit in doing this includes it being the commonest tear

type as described, thereby closely reflecting the study population.
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Figure 24. Meniscal root tear classification Type 1. Stable partial lesion within 9mm of the root attachment (7%)
Type 2. Complete radial tears within 9 mm of root attachment (67.6%). Separated into: 2A: 0 — 3 mm (38%); 2B:
3 — 6 mm (16.9%); 2C: 6 — 9 mm (12.7%). Type 3. Complete root detachment with bucket handle tear (5.6%)
Type 4. Complete root detachment with oblique tear (9.9%) Type 5. Bony avulsion fracture at root attachment
site (9.9%). (Reprinted from ‘Meniscal root tears: a classification system based on tear morphology’ by LaPrade
CM et al. (2015). Reproduced with permission from SAGE)

The position of the suture can now be explored. Very close proximity to the torn edge may
result in suture cut out, loss of fixation, and failure of the root repair. Alternatively, capturing
the horn at a distance may lead to excessive tension on the meniscal body. One biomechanical
study reported the strongest repairs to be within the body of the meniscus or on either side of
the central part of the transition zone of the root ligament (Figure 10a) (Robinson et al., 2018).
A further two biomechanical studies reported that following a medial meniscus posterior root
tear, the load to failure and tibiofemoral contact mechanics was markedly improved if the
suture construct was positioned 5 — 8 mm from the root attachment site (Kim et al., 2016;

Padalecki et al., 2014). Many studies have adopted this approach (Marzo et al., 2008; Chung

et al., 2018; Park et al., 2023; Saengpetch et al., 2023; Seo et al., 2009).
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2.4.8 Summary of surgical options in transtibial pull through repair for MMPRT

It is important one selects the best combination of techniques to construct the transtibial repair
for MMPRT. This is to limit its potential in deranging the extrusion value or tibiofemoral
contact mechanics prior to performing the centralization procedures. Furthermore, it will also

provide context in some of the constructs selected for centralization.

In summary from the evidence provided, a single tunnel anatomical transtibial pull through
repair with two UHMWPE tapes in a simple stitch configuration was used for this thesis. The
root tear was created at the insertion site and the tapes were passed 5 — 8 mm from the torn

edge. Once passed through the tunnel they were tied over a cortical button.

2.5 Centralization

Numerous studies have shown successful clinical outcomes after a transtibial meniscal root
repair (Kim et al., 2011; LaPrade et al., 2017; Lee et al., 2009; Moon et al., 2012). However,
the presence of pathological extrusion and osteoarthritis progression may worsen even if the
technique is performed well. This is particularly the case at two-to-three-year follow-up post-
operatively (Kaplan et al., 2018; Chung et al., 2022), suggesting that although clinical
outcomes in the short-term are optimistic, long-term outcomes regarding progression of OA
may not be as predictable. Therefore, concomitant techniques are required to anchor the
periphery of the meniscus to the rim of the tibial plateau following root repair to provide

additional protection to pathological extrusion.
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This stabilization technique is known as centralization. Its history, evolution and application
will now be explored, with a view to support our aims and objectives of the thesis. It will also

help to understand the surgical technique that was performed in the methodology.

2.5.1 Knotted anchor-based centralization

Centralization was first introduced by Koga for repairing lateral meniscus extrusion secondary
to a discoid lateral meniscus (Koga et al., 2012). This was with the use of a knotted anchor
system. Arthroscopically, the meniscal extrusion would be confirmed with a probe (Figure
25a). The meniscotibial capsule would be released from the tibia using a rasp to improve the
meniscal mobility to aid the restoration of the anatomical position of the meniscus (Feucht et
al., 2015b). A Jugger Knot soft anchor with two suture strands (Biomet, Warsaw, Indiana,
USA) is placed on the lateral edge of the lateral tibial plateau anterior to the popliteal hiatus
(Figure 25b & c; Figure 26a). A specialised instrument with a nitinol wire loop (Figure 26b)
called a Micro Suture lasso small curve is then inserted to penetrate the capsule from a superior
to inferior direction (Figure 25d). This passes between the meniscus and capsule. One suture
strand from the anchor is then placed into this nitinol wire loop underneath the extruded
meniscus. The other limb of the wire loop is pulled to pass the suture from an inferior to
superior direction through the capsule (Figure 25e; Figure 27). The same procedure is
performed again for the remaining suture of the anchor. Both strands are then tied to create a
mattress configuration and secured with a sliding locking knot, helping to tighten the capsule.
It is this tightening of the capsule that helps to ‘push’ the extruded body of the lateral meniscus

back to its anatomical position (Figure 25f).

34



< D e tomo E F
Extrusion of LM Anchor Centralized LM

Figure 25 Schematic drawing of the knotted arthroscopic centralization procedure (a) meniscal extrusion
confirmation with prob (b & ¢ ) anchor insertion lateral edge of tibial plateau (d) insertion of nitinol wire loop
between meniscocapsular junction (e ) both strands of the anchor passed through capsule from an inferior to
superior direction with help of nitinol wire loop (f) suture strands tied, tightening capsule and bringing extruded
meniscus back into position (Reprinted from ‘A narrative review of lateral meniscus root tears and extrusion:
techniques and outcomes’ by Nakagawa et al. (2022). Reproduced with permission)

T Limbs of the loop

Figure 26 (a) Jugger knot soft anchor — the U-curved anchor is placed into the tibial plateau. The two suture
strands will in turn go through the nitinol wire loop. (b) Micro SutureLasso Small Curve (Arthrex). Pulling on
one of the limbs of the loop will close the loop containing the suture strand from anchor, and pull it through the
capsule in inferior to superior direction (Reprinted with permission from Zimmer Biomet and Arthrex website)

" ¥——__ One suture strand
from anchor

Figure 27. Arthroscopic view of a lateral meniscus extrusion. Nitinol wire loop seen under the extruded meniscus.
One suture strand from anchor passed through the wire loop. Following this, the limb of the wire loop will be
pulled, closing the loop hole and pulling the suture strand from and inferior to superior direction through the
capsule. (Reprinted from ‘A narrative review of lateral meniscus root tears and extrusion: techniques and
outcomes’ by Nakagawa et al. (2022). Reproduced with permission)
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Three biomechanical studies investigated this technique for lateral meniscus extrusion
following a lateral meniscus posterior root tear (Ozeki et al., 2020; Kohno et al., 2022; Kubota
et al.m 2020) No root repair was performed in these studies. The overall findings were that
knotted centralization significantly improved tibiofemoral contact mechanics and reduced
extrusion, with values restored to the intact state. Clinical results with this centralization
technique for lateral meniscus extrusion were promising, with two-year post-operative results
showing significant improvement in patient-reported outcome measures (Lysholm and Knee
Injury and Osteoarthritis Outcome Scores (KOOS)), full range of motion and maintenance of

extrusion to physiological values (less than 3 mm) (Koga et al., 2016; Koga et al, 2020)

Following this, Koga et al (2017) then described the same technique but for centralization of
the medial meniscus, particularly in conjunction with transtibial repair for medial meniscus
posterior root tear. It is advised to perform the centralization technique prior to the root repair
(Lee et al., 2022). Two biomechanical studies have investigated knotted repair for MMPRT,
but no root repair was performed. Both showed significant improvement of tibiofemoral
contact mechanics with reduced extrusion, with values restored to the intact state (Debieux et
al., 2020; Ueki et al., 2023). Clinical results with this technique for MMPRT in conjunction
with a root repair are promising, with improved Lysholm and KOOS scores at 2.5 years post-
operatively with maintenance of extrusion to physiological values (less than 3 mm) (Mochizuki

etal., 2021).

2.5.2 Knotless anchor-based centralization

Centralization with a knotted suture has potential pitfalls. The knot stack can cause

impingement, and if is over-tensioned it can potentially over constrain the knee. In contrast,
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sub-optimal tensioning can undo the knot and loosen the capsule, leading to re-extrusion of the

meniscus. Furthermore, this can leave loose bodies in the joint, causing pain.

As discussed in subsection 2.4.2, the medial meniscus is most vulnerable to extrusion
posteromedially. Placing an anchor here arthroscopically through a posteromedial portal may
achieve more effective centralization and augmentation. This is best achieved with a knotless

system.

Koga et al. (2021) described such a system using a 1.8mm Knotless FiberTak Soft Anchor
(Figure 28). This consists of the following strands — a repair suture (blue and white), and a two
ended Fiberlink (black) with one looped end. The looped end is called the shuttling loop and

non-looped end the shuttling suture.

\.‘ - Repair suture
B
“\ Shuttle suture tape side

Shuttle rouded-loop side

Figure 28. (A) A single suture knotless 1.8-mm FiberTak Arthrex anchor (B) The end of the repair suture and the
2 different ends of the shuttle suture. (Reprinted from ‘Arthroscopic Superior Capsular Reconstruction (ASCR):
All Soft Anchors Technique’ by Avanzi et al. (2023). Reproduced with permission from Elsevier)

Following meniscotibial capsular release to mobilise the medial meniscus, the knotless anchor
is inserted on the edge of the medial tibial plateau, as posterior as possible. A position 10 mm

posterior to the posterior border of superficial MCL is acceptable. The repair suture passes
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between the meniscus and capsule from an inferior to superior direction through the capsule
and then back down to create a mattress configuration. The end of the repair suture is then
loaded into the fiberlink looped end (Figure 29). The shuttling suture (the other end of the
fiberlink) is then pulled, and the repair suture is then shuttled into the anchor’s locking
mechanism (‘Chinese finger trap”’) (Figure 29). The tension is controlled under direction vision,
and an appropriate amount can be applied to re-tighten the capsule and bring the meniscus back

to its anatomical position.

Figure 29. Schematic diagram of Knotless FiberTak anchor technique on an extruded meniscus (A — D): The
repair suture loaded within the looped end, and at same time the shuttling suture is pulled upwards. This brings
the repair suture down onto meniscus. (E — G): Capsule and meniscus tightened and held down by the repair
suture. (G — H) Note how fiberlink suture after being pulled leaves the knee joint

Koga et al. (2021) described this system but with the use of three anchors. The first anchor was
placed as described. The second anchor was 10 mm anterior to the first (at the posterior border
of the MCL) and third anchor 10 mm anterior to the second (Figure 30). Once all three anchors
were inserted, the repair suture of each anchor, having passed through the meniscocapsular

junction, was passed into the shuttling loop of the next anchor. When the shuttling suture of its
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own anchor is then pulled, the repair suture from the previous anchor then interlinks with this
anchor (see Figure 30). This is known as horizontal plane centralization and allows extensive

centralization across the meniscus.

first anchor

2
/10mm

second anchor

\10mm Posterior border
of the MCL

X third anchor

medial edge of tibia

Figure 30. Repair suture from first anchor enters shuttling loop of second anchor. Repair suture from second
anchor enters shuttling loop of third anchor. Repair suture from third anchor enters shuttling loop of first anchor.
After pulling the shuttling suture of first anchor, the repair suture from third anchor interlinks with first anchor.
After pulling shuttling suture of second anchor, the repair suture from first anchor interlinks with second anchor.
After pulling shuttling suture of third anchor, the repair suture from second anchor interlinks with third anchor.
(Reprinted from ‘Augmentation of a Nonanatomical Repair of a Medial Meniscus Posterior Root Tear With
Centralization Using Three Knotless Anchors May Be Associated With Less Meniscal Extrusion and Better
Compressive Load Distribution in Mid-Flexion Compared With Non-Anatomical Root Repair Alone in a Porcine
Knee Model’ by Amano et al. (2023). Reproduced with permission from Elsevier.

Around the same time, two other authors reported similar methods, albeit they used a mattress
suture technique for the repair suture of each anchor rather than the horizontal interlinkage
described in Figure 30 (Leafblad et al., 2021; Wu et al., 2022). To date, only one biomechanical
study has investigated the effects of this knotless centralization construct in medial meniscus
posterior root tears. This was performed also in the presence of a root repair (Amano et al.,
2023). The results of this study showed that not only did the knotless construct significantly

improve tibiofemoral contact mechanics and reduce extrusion in comparison to the root torn

state, but it also reduced it to the intact state and performed better than a root repair on its own
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throughout knee flexion (0 - 90°). Clinical results with this technique for MMPRT in
conjunction with a root repair are promising, with significant improvement in a number of
patient-reported outcome measures at two-years post-operatively to include subjective
International Knee Documentation Committee score (IKDC), KOOS, Tegner score and

subjective pain (Krych et al., 2024)

2.5.3 Transtibial centralization

Dean et al (2020) reported on a centralization technique for medial meniscus posterior root
tears without anchors, but with a tibial tunnel created at the posteromedial edge using the drill
guiding system used for the transtibial repair. This tunnel is created once the conventional
tunnel for the meniscal root repair has been performed and the repair sutures are passed through
it, pulling the root tear into place. A suture tape is placed for the peripheral stabilization of the
extruded meniscus. Its location is at the apex of the posterior horn of the medial meniscus from
the tibial to femoral side (Figure 31). This tape will pass through the meniscus from the tibial
to femoral side, and then back through the femoral to tibial side to create a double loaded

construct. Both suture tapes are then fixed to their own cortical fixation device.

Figure 31. Axial view looking down a (a) cadaveric and (b) porcine dissection in a right and left knee respectively.
The porcine dissection is from the experimental work presented in this thesis. The 2 small stars represent he
location of the sutures to pass through the conventional transtibial tunnel. The large star at the apex of the posterior
horn of the medial meniscus represents the location of the peripheral stabilization suture and the respective
transtibial tunnel (28 a reprinted from ‘Peripheral Stabilization Suture to Address Meniscal Extrusion in a
Revision Meniscal Root Repair: Surgical Technique and Rehabilitation Protocol’ by Dean et al. (2020).
Reproduced with permission from. Elsevier.
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To date, there is one biomechanical study that investigated the effects of transtibial
centralization for medial meniscus posterior root tears in the present of a transtibial repair
(Daney et al., 2019). They found adding the centralization stitch was beneficial in reduction
extrusion and restoring tibiofemoral contact mechanics to the native state. There are no clinical

studies to date.

2.5.4 Anchor based centralization vs Transtibial centralization for medial

meniscus posterior root tears

As outlined, multiple biomechanical and clinical studies have shown centralization to play a
beneficial role in improving meniscal extrusion, tibiofemoral contact mechanics and patient
reported outcomes in those with medial meniscus posterior root tears. This is further supported

by a recent systematic review by the author (Boksh et al., 2024a).

However, to date there is no study identifying the optimal centralization technique. There is
insufficient evidence to evaluate the extent to which improved biomechanical outcomes are
attributed to centralization itself. Knotless anchor-based and transtibial centralization are
routinely now used in practice, yet no biomechanical comparison exists to determine the
superiority of either technique. Transtibial centralization has its potential pitfalls; an additional
tunnel and suture fixation device is needed, which can increase the risk of intra-operative
fracture and cause increased irritation. It is also technically challenging. Knotless anchors
require a posteromedial portal and thus are near critical neurovascular structures. The
arthroscopic instruments required such as the Microsuture Lasso, rasp and curved guide can
cause chondral injury if not handled carefully. Furthermore, if the meniscal body is penetrated
rather than the meniscocapsular junction, this will over constrain the medial meniscus,

impairing its hoop stress function.
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In view of these pitfalls, it is paramount to understand which technique would better restore
both the tibiofemoral contact mechanics of the knee, to include contact area and pressure, and
pathological extrusion following a medial meniscus posterior root repair. These results can

potentially direct appropriate treatment to salvage the native knee joint.

2.6 Assessment of tibiofemoral contact mechanics

2.6.1 History

Tibiofemoral contact mechanics (TFCM), in particular contact area and pressure, provide an
understanding in the development of chondral injury, and are accepted biomechanical metrics
for the evaluation of the menisci in its intact, torn, and repaired state (Frank et al., 2017; Krych
et al., 2020). Knowledge of the patterns of TFCM in these conditions will determine the
approach one takes to restore knee joint function (Martinelle et al., 2006). Pressure sensors and
and films are increasingly being used to quantify contact area and pressure (Allaire et al., 2008;
Becher et al., 2008; Lee SJ et al., 2006; Ostermeier et al., 2007; Wirz et al., 2002), with
importance placed on appropriate and correct utilization, as such outcomes in biomechanical

research can influence clinical practice and patient care.

Historically, the systems used included casting techniques such as silicone rubber (Xantropen
Blau) (Kurosawa et al., 1980; Walker et al., 1970) and silicon carbon powder suspensions (Yao
et al., 1991). The silicone rubber method involves the mixture of two liquid components which
following its solidification is placed on top of the meniscus. Its deformation under load
provides a contact area measurement. However, a limitation to this is that the minimum time
required to indicate contact areas clearly is at least one order of magnitude longer than the
physiological loading period. The contact area thus obtained is, therefore, much larger than the

actual one under the physiological joint loading, due to the viscoelastic nature of articular
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cartilage. Yao et al. (1991) described the 3S technique, a form of carbon powder suspension.
Silicon oil with a small quantity of Xerox V Toner photocopy carbon black powder is mixed,
then applied onto the contact surface of the meniscus and following loading, the suspension
squeezes out of the contact region. After unloading, the contact area is outlined on the surface
and measurement can be made. However, its main limitations include the inability to measure
pressure, and that the suspension requires constant wiping down from the meniscus surface,
thus posing a particular problem at different flexion angles. This risks overestimating the area

at each new test protocol.

2.6.2 Fujifilm Prescale film

Fujifilm prescale film (Fuji Ltd, Tokyo, Japan) is a pressure sensitive paper technique first
described by Fukubayashi and Hurosawa (1980). There are two types of films: a mono-sheet,
measuring pressure between 10 to 300 MPa and a two-sheet film, which measures pressure
between 50 KPa to 50 MPa. The latter can be further separated into sheets with different
measuring ranges: ultra-extreme low (SLW), extreme low (4LW), ultra-super low (LLLW),

super low (LLW), low (LW) and medium pressure (MW) (Figure 32).

The two sheets consist of a colour forming layer (A film) and colour developing layer (C film).
Both sheets are cut to the dimensions of the knee and meniscus. The rough surfaces of each
film are opposed to each other and inserted under the meniscus. Pressure can then be applied
onto the films in either one of two ways: a) gradually increasing the pressure to required level
in two minutes and maintaining at that pressure for another two minutes. This is known as
continuous pressure or b) applying pressure for five seconds and maintain pressure for another
five seconds. This is known as momentary pressure. For £ 10% precision, the recommended

temperature and room humidity range is 20°C-35°C and 35% - 80% respectively. Upon
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pressure application, micro-capsules on A film break down and interact with the C film (Figure
33). A red colour will present on the C film, with its intensity proportional to the applied load.
Patchy areas are suggestive of uneven pressure distribution. To roughly determine the pressure
values, one should correlate the colour intensity to a standard colour calibration key, and then
select the appropriate standard pressure densitometer chart.

An example of this is provided with the super-low-pressure sheet in Figure 34.

Measurable pressure range [MPa] 1MPa=10.2kgf/cm? PSFEZ';:'SE

Classification
0008 005 0.2 0506 2.5 10 50 130 300 Product size | Product size

width(mm) x length(m) |width(mm) x length(mm)

UtraExtreme Low Pressure (5W) | I 320x 2 - Two-Sheet Type
Extreme Low Pressure (4LW) 320x3 - Two-Sheet Type
Ultra Super Low Pressure (LLLW) 270 x5 270X200 (5Sheets)| Two-Sheet Type
Super Low Pressure (LLW) 270x 6 270X200 (5Sheets)| Two-Sheet Type
Low Pressure (LW) | 270x10 | 270X200 (5Sheets)| Two-Sheet Type
Medium Pressure (MW) | 270 x 10 - Two-Sheet Type
Medium Pressure (S) | 270x10 | 270X200 (5Sheets)| Mono-Sheet Type
High Pressure (HS) R | 270x10 | 270X200 (5Sheets)| Mono-Sheet Type
Super High Pressure (HHS) W | 270x10 | 270X200 (55heets)| Mono-Sheet Type

Figure 32. Table of the various Fujfilm prescale sheets. There are different sheets accustomed to measure different
pressure ranges. SLW: PSI, 0.87 — 7.25; MPA, 0.006 — 0.05. 4LW: PSI, 7.25 — 29, MPA, 0.05 — 0.2. LLLW:
PSI, 28 — 85; MPA, 0.2 — 0.59. LLW: PSI, 71 — 355; MPA, 0.49 — 2.4. LW: PSI, 355 — 1420; MPA, 2.4 —9.8.
MS & MW: PSI, 1420 — 7110; MPA, 9.8 — 49. High Pressure (HS): PSI, 7100 — 18500; MPA, 49.0 — 127.6.
Super High Pressure (HHS): PSI, 18500 — 43500; MPA, 127.6 — 300. (Reproduced with permission from
Fujifilm prescale film website)
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Figure 33. (i) Colour developing layers. (ii) upon load application, A capsules disperse colour layer on C film (iii

& iv) the lighter and darker red colour proportional to the amount of load exerted.
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Figure 34. Estimating the pressure following application of load on a super-low Fujifilm sheet. Following the

coordination of the colour density on the chart (A) and the label to choose based on the temperature and humidity
of the surroundings (B), one can then estimate the pressure value on the densitometer graph (C)
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2.6.3 Advantages and applicability of Fujifilm within study

Although it only provides a measure of TFCM at one time under one set of circumstances
(Bertsch et al., 2001; Rosenbaum et al., 2003), its use with instantaneous loads can help to
avoid the redistribution of fluid in articular cartilage, and in turn, pressure distributions, that
occur when testing a joint with a static load (Brown et al. 1984). The film is also thin and
pliable (0.4 mm thickness), allowing it to be inserted beneath the meniscus with minimal
disruption of joint ligaments and capsule, and also adaptable to the concave and convex shape
of the tibiofemoral joint. There are various ranges of films available as described, all of which
operate under different load levels to ensure pressure maps can be created without the film
becoming fully saturated. This may limit the acquisition of data based on the load applied.
However, the super-low (0.5 — 2.5 MPa) and to an extent the low range films (2.5 — 10 MPa)
have greater pressure resolutions compared to their counterparts (Liggins et al., 1995). Martens
et al. (1997) noted a load of 1.75 times body weight provides accurate pressure maps under
these circumstances. This was further underlined in studies that used Fujifilm to assess
meniscal root tear repairs (Allaire et al., 2008; Baratz et al., 1986; Muriuki et al., 2011). All
provided appropriate pressure maps and contact area with the low and super-low film at loads
between 1000 — 1800N, reflecting the calculated target described by Martens et al (1997).
Harris et al (1999) reported that although Fujifilm may under-estimate contact area across all
flexion angles of 0 — 90°, this difference is much reduced with the lower range films.
Furthermore, the under-estimation of TFCM with Fujifilm will occur across all testing
conditions, therefore, minimizing the potential difference between the intact, torn and repaired
meniscal root states. In fact, all 3 studies using these lower range films had shown similar
conclusions (Allaire et al., 2008; Baratz et al., 1986; Muriuki et al., 2011). In this context, low
and super-low Fujifilm, which is both cheap and readily accessible, is an appropriate

measurement source within the thesis to assess tibiofemoral contact mechanics.
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2.7 Chapter summary

This background chapter summarizes the function and anatomy of the meniscal root, its
similarity and differences between human and porcine knees, and the pathological
consequences following its injury. The chapter also focused on optimizing the conventional
repair technique, and how despite this, suboptimal biomechanical performance can persist.
Newer techniques, under the term centralization, have emerged, but it is not fully understood
which of these provide the best biomechanical outcomes following a medial meniscus posterior
root tear repair. This requires investigating, particularly its effects on a) tibiofemoral contact
area and pressure with the use of Fujifilm prescale, and b) on meniscal extrusion at various

degrees of flexion. The next chapter will present the materials and methods used in this study.
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CHAPTER 3

3. Materials and Methods

3.1 Chapter overview
This chapter will present the materials and methods used in biomechanically comparing the
knotless and transtibial centralization techniques for medial meniscus posterior root tears in
porcine knee joints. To begin, porcine knee storage, handling and dissection will be discussed
in section 3.2. The design of a testing rig for mechanically loading the knee at various flexion
angles will be discussed in section 3.3 Section 3.4 will describe the key surgical instruments
required for each testing state, the latter of which will be described step by step in section 3.5.
Sections 3.6 and 3.7 focuses on the measurement of meniscal extrusion and tibiofemoral
contact mechanics, respectively, along with their analysis on appropriate software. Section 3.8

presents the statistical methodology implemented.

3.2 Porcine knee storage, handling, and dissection
Fresh-frozen knee joints of approximately 90 kg, six-month-old commercially slaughtered pigs
were obtained from a supplier (breed of Large White, Landrace and Duroc bloodlines; The
Grassy Shire, Black Horse farm Partners, Slawston, Leicestershire, UK). As this was material

generated for food production, no ethical approval was required.

Two hindlegs were used in the preliminary phase of the investigation, to understand the
relevant dissection required and the working dimensions for the creation of the testing rig
(section 3.3). Twelve hindlegs were used for the main body of research. This sample size was
appropriate based on power calculations described in section 3.8. No gross evidence of
meniscal damage, ligament tears, fractures, or cartilage degeneration greater than Outerbridge

grade 1 classification were observed in any of the knees.
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On arrival in the laboratory, the specimens were sealed in plastic sheathing, stored in a freezer
at — 40 °C until they were required for testing (Li W et al., 2020; Mahmood et al., 2018). The
specimens were thawed for 24 hours preceding dissection and testing. Specimens were
dissected free of skin and subcutaneous tissue. Once down to the patella, the dissection
continued anteriorly with a supra-patellar incision that extended inferiorly on both sides to
remove the patella, patellar tendon and surrounding fat pad. Removal of the patella allowed for
clear visualization of the anterior joint structures. Then, the dissection was carried out
posteriorly to remove the popliteal blood vessels and all adherent soft tissue. The knee-
stabilizing structures were preserved in order to simulate the biomechanical properties of the
knee joint as closely as possible (Figure 35). This included the anterior cruciate ligaments
(ACL), posterior cruciate ligaments (PCL), and lateral collateral ligament (LCL). Sub-meniscal
arthrotomies were performed anteromedially and posteromedially for insertion of the Fujifilm
prescale films. These were kept within the boundaries described in Section 2.2 and Figures 12a
and 13. When performing the arthrotomies, the POL meniscotibial ligament and meniscotibial
ligament within the deep medial collateral ligament (MCL) were carefully preserved for the
intact testing condition. As the subsequent testing conditions were to investigate for

pathological extrusion, these meniscotibial ligaments were resected.

Initially the medial collateral ligament (MCL) was also preserved, but it was noted during the
experiment that it required resection for insertion of the pressure film, in keeping with previous
studies (Amano et al., 2023). As the focus of the thesis was on surgical techniques for medial

meniscus posterior root tears, the medial compartments were used for the analysis.

The waste generated from dissection was stored in a double heat-sealed plastic bag and taken

to the autoclave for disinfection and sterilization prior to its collection by an approved
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transporter for disposal. Samples that would be used again were covered in tissue paper, coated
with Ringer’s solution prepared to a full-strength mass concentration by dissolving 4.83¢g of
Ringer’s tablets (Oxoid Ltd, Hampshire, UK), per 500 ml of distilled water and separately

stored in a double heat-sealed plastic bag.

Figure 35. Dissection of a right porcine knee (a) anterior view with intact ACL (b) lateral view with intact LCL

(¢) medial view with intact MCL (d) posterior view with intact PCL

With a saw, the femur was cut 10 cm proximal and the tibia and fibula 12 cm distal from the
joint line. Previous studies performed such cuts between 15 — 20 cm (Morales-Avalos et al.,
2023; Chung et al., 2018; Saengpetch et al., 2023; Seo et al., 2009). The length chosen here

was to keep the specimen within the confinements of the testing rig (see section 3.3).

A galvanised bolt down circular round post support base was bought from an appliance store
and underwent refinement in the lab to pot the tibia and fibula (Figure 36). The total height
was reduced by 6 cm with a cut and several holes at different levels across the steel cylinder
was created for two to three M5.5 head self-tapping screws (60 mm in length) to insert into
(Figure 37a & b). The screws were then drilled perpendicular to the bone shaft, engaging both
cortices for secure fixation of the tibia and fibula (Figure 37c), with the tibial plateau orientated

parallel to the testing surface. Engaging the screws at multiplanar level helped to fix the tibia
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rigidly from multiple radial directions and at multiple superior-inferior levels (Koh et al.,
2016). Additional fixation of the tibia and fibula was provided with the use of Petrobond
casting sand (Blackbarn Design, UK), which can hold its shape and resist smaller rotatory

motions at the tibia (Figure 37d).

Figure 36 (a) Galvanised bolt down circular round post (b) Length 150 mm, cut down to 60mm and a number of
holes added onto it at multiplanar level

2 M3 self-drillingscrews,
mltiplanar level

Figure 37 (a - ¢) Tibia and fibula potted in a steel cylinder and secured at multi-planar direction with screws (d)
Petrobond casting sand to augment the fixation
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3.3 Test rig

3.3.1 Overview
The primary objective of this study was to investigate which centralization technique (knotless
anchor vs transtibial centralization) better restores both the tibiofemoral contact mechanics of
the knee, to include contact area and pressure, and pathological extrusion under axial load over
a range of flexion angles. In this respect, the potted dissected knee needs to be mounted onto a
test rig that will not only allow an axial load to be placed across the tibiofemoral joint, but can

also allow a selection of angles to be chosen.

3.3.2 Choice of load application
Previous biomechanical porcine studies examining tibiofemoral contact mechanics in the
meniscal root and following various repair techniques advocate a single axial load of 200 N
(Amano et al., 2023; Kohno et al., 2022; Kubota et al., 2020; Morales-Avalos et al., 2023;
Ozeki et al., 2020). The general mass of pigs from which their knees are used are approximately
80 — 100 kg. Their centre of gravity is near the forelegs and load on the hind legs is lower than
that of the forelegs. When standing on a quadruped, the load on a single hind leg is
approximately 160 — 200 N (Conte et al., 2014). Although 200. N may be small as an axial
compressive force compared to the 1000 N used in human cadaveric specimens (Daney et al.,
2019; Debieux et al., 2021; Saltzman et al., 2020), previous biomechanical studies have shown
this to be sufficient to examine the effects of meniscus extrusion and tibiofemoral contact
mechanics following root repair and centralization, and large enough to yield clinically
significant findings (Amano et al., 2023; Nakamura et al., 2019). In view of these findings, 200

N load was selected for this study.
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3.3.3 Selection of flexion angles
At higher angles of flexion, the contact pressure on the meniscus increases (Ahmed et al., 1993;
Thambyah et al., 2005). This is because at these angles, the area of contact of the femur and
tibia with the meniscus increases (Yao et al., 2008). This causes the meniscus to bear more
weight, particularly in the posterior direction and thus shows posterior movement (Yamamoto
et al., 2021) (Figure 38). In this respect, range of motion has an influence on the distribution
of load on the meniscus. Therefore, it is imperative to assess the centralization techniques on a
range of flexion angles to see which one better restores the meniscal kinematics across the full

range of motion to the native state.

Unlike human knees, the maximal extension of porcine knees corresponds to a human flexion
of 30 degrees (Fuss et al., 1991). In view of these findings, a range of flexion angles to include

30°, 45°, 60° and 90° was selected for this study.

Figure 38. Medial view of left porcine knee used in the preliminary phase at varying degrees of knee flexion.
Note the greater contact between the femur and medial menisci, and tibia plateau and medial menisci with
deepening flexion. This causes the meniscus to move posteriorly and continue to do so as flexion deepens.
virtual lines along the longitudinal axes of the femur and tibia, respectively, to visualize the knee flexion angles
illustrated.
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3.3.4 Creation of the test rig
Previous biomechanical studies secured the potted knee by drilling transversely two parallel
tunnels through the femur to which rods were then passed through and into a custom-made jig,
which was then fixed onto a materials testing machine that applied axial compressive load
(Geeslin et al., 2016; LaPrade et al., 2014a; Padalecki et al., 2014; Pasic et al., 2023). The
distal tunnel was drilled through the femoral condyles (transepicondylar axis) and parallel to
the tibial plateau to act as a load-bearing site and pivot point. The proximal tunnel was drilled
through the proximal aspect of the femur parallel to the distal tunnel, acting to select and
maintain the angle of knee flexion (Figure 39a). One study performed something similar, but
the load was applied through two vertical threaded rods, one on the medial and one on the
lateral side of the knee, transmitting the axial load to the transepicondylar rod (Figure 39b)
(Koh et al., 2016). The advantage of this was that the threaded rods could be adjusted in the
anteroposterior and superior-inferior directions to apply a balanced load to the medial and
lateral sides of the transepicondylar rod and to the femur. In view of these findings, a similar

test rig was created to conduct this experiment.
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Holes flexion

bar can pass B
through to
select flexion
angles
D
G

Loading bar

i

Figure 39. Custom made jigs to secure the femur onto the testing machine (i) Distal rod passing through
transepicondylar axis acting as load pivot axis, and proximal rod passing through femur into various holes in the
jig which coordinate with varying flexion angles (ii) Similar to (a), but the load pivot comes from the vertical
threaded rods that transmit the axial load onto the transepicondylar rod (see label c¢). (Reprinted from ‘A
Biomechanical Comparison of All-Inside Versus Transtibial Meniscus Root Repair Techniques’ by Pasic et al.
(2023), and ‘Tibiofemoral Contact Mechanics with Horizontal Cleavage Tear and Resection of the Medial
Meniscus in the Human Knee’ by Koh et al. (2016). Both reproduced with permission from SAGE and Wolters
Kluwer)

A test rig from previous experiments was re-designed so that its structural properties could
conform with the previously described studies to load the tibiofemoral joint at various angles

(Figure 40). After preliminary dissection of one of the three ‘practice’ porcine knees, it was

noted the following changes in the rig was required and thus performed:

a. The four 25 mm diameter mild steel support columns of 100 mm length were increased
to 300 mm (so that the 220 mm length of total femur and tibia could sit within the rig)
(Figure 41a & c).

b. The 30 mm linear bearing compression shaft through the flanged 30 mm linear bearing
slide was welded with a mild steel platform. As a result, a 200 N load was now able to

be applied (Figure 41a & b)
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Two thin metal sheets were drilled to create 4.6 mm holes at 30°, 45°, 60° and 90° for
a 4.5 mm pin to pass through. Multiple holes were created at each angle across a linear
line, with the use of a goniometer to aid accuracy. These were then welded onto the
sides of the support column (Figure 42a & b).

On the inferior surface of the compression shaft, a 30 mm circular locking collar was
engaged on to it with an 8mm locking grub screw (Figure 43a & b). Two steel extension
arms (horizontal bars) were welded onto the collar on either side with oval holes within
them to allow a vertical M12 x 1.75 mild steel threaded rod of 200mm length to pass
through. This was secured to the horizontal bar using M12 x 1.75 mild steel nuts on
either side (Figure 43b). As per Koh et al. (2016) study, this vertical rod could be
adjusted in the antero-posterior and superior-inferior directions.

The distal end of the vertical threaded rods had multiple holes of 7.0 mm diameter
created. This was so a 6.5mm transfix pin could pass through this, into the femoral

condyle, and out through the threaded rod on the other side (Figure 43 a).

Shaft modified with

rectangular bottom

end to transmit load
on sample

Linear ball bearing

Adjustable block
for sample fixation

Fixed on Bose ELF
3300 testing machine

Figure 40. Testing rig taken from previous experiments and re-designed to create a suitable rig for mechanical
testing of the knee joints
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20 kg of weight placed onto metal
Steel platform welded onto the / steel plalfo.rm

compression shaft

™

6 cm total length of
bearing slide &
Steel platforms compression shaft
increased in size
(300mm)
Femur of 10cm
length can be

placed in here 12cm total tibial length

with 6 cm sitting within
steel cylinder

Figure 41 (a) Stainless steel column increased in length to 300mm (b) Metal platform welded onto the linear
bearing compression shaft (¢) Schematic diagram of the working length now provided within the rig

pin passing through one
metal sheet, through the femur
and out of the corresponding hole
on the other metal sheet
Z 45° 300 O

)

60° -
Two metal sheets welded on
the steel column with 3.2mm
holes at various angles
90°*
%

A B

Figure 42 (a) Schematic diagram of the welded metal sheets with holes at multiple flexion angles. (b) Flexion

angle holes
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Vertically threaded rod engaged into
the extension arms and tightened with
steel nuts

Circular locking collar engaged onto
the compression shaft and tightened
with grub screw (white arrowhead)

Vertical threaded
rod

Multiple 7.0mm
holes created here
for the passage of

6.5mm pin

Figure 43. Mounting the circular locking collar onto the compression shaft (a) the collar with its extension bars

and the vertical threaded rods running through it (b) the collar engages with the compression shaft through a grub

screw. The vertical threaded rods tightened to the extension bar with nuts.

The final set up of the testing rig with a knee joint with the transmission of load is shown
illustratively in Figure 44. Preliminary testing of a porcine knee within the rig at various flexion

angles are shown in Figure 45 & 46.

pin passing proximally throsgh
the femur and parallel 10 the transfix pin

Locking collar with extensson Passes through the 3.3 mm holes for the
arms on either side various flexion angles in the metal shoet

l 1, kg weight pushing the compression shaft through
the lincar bearing slide

Threadod vertical rods coanccted
10 extersion arms provissally,
with 6 Smen transfix pin passing
theough it distally

is transmitted 10 the extension arms,
which then transmits the load to the

2. Load theough the compression shaft
} vertical threaded rods.

6.5mm transfix pin passing

theough the TEA, and through
the vortical rod on other side.

Trassfix pin 515 as the loading
beariag pivot axis

3. Threaded rod transanits the load
onto the transepscondylar rod,
which acts s a load bearing site

Thus causes compression at the
tbsofcmoral oint

a

Figure 44. Schematic diagram of the final testing set up of the porcine knee joint within the testing rig. (a) All
the key components of the rig are shown here (b) How load transmits through the rig and on to the tibiofemoral
joint

58



Metal sheet with " —
angle from 30-90 * 30° holes ——
Compression shaft s
45°holes —
) _ 60° holes — |
Circular locking

collar

90° hole /

Extension arm

Vertical threaded
rods
6.5mm transfix/ 6.5 mm transfix /
transepicondylar pin pin
/
A

4.5mm guide pin

Figure 45. Preliminary testing of a left porcine knee within the test rig (A) Knee mounted to the custom-made
rig through a 6.5 mm transfix pin passing through the transepicondylar axis (B) Testing performed at 30° with a
4.5 mm guide pin passing through the 30° hole in the metal sheet through the femur and out the other side

Figure 46. Specimen mounted at different flexion angles (A) 30° (B) 45° (C) 90°.
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3.4 Experimental Instruments

Table 1 describes the key surgical instruments that were used for each testing state

Table 1. Surgical instruments that were used within the experiment

Surgical Instruments

Picture

Part of experiment used

#11 and #22 blades and scalpel
handle

Dissection of porcine knees

Suturing tools: needle holder,
forceps, surgical scissors, mayo

needle

Soft tissue handling, suturing and

cutting, knot tying

Drilling the tibia to secure it within

Orthopaedic power tool with
chuck key, with bone drill and k-

wire attachments

the steel cylinder

Drilling the femur to create the two
transverse tunnels which are then

connected to the rig through rods

Drilling the tibial tunnels for the
meniscal root repair and transtibial
centralization state

4.5 mm Kirshner-wire pass through

4.5 mm Kirschner-wire, 6.5mm

transfix pin and 3.2mm drill bit

proximal femur and into rig to select

flexion angles

6.5mm transfix pin pass through
distal femur and into rig. Act as

load bearing pivot
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ACL tibial guide

3.2mm drill bit to drill the tibial
tunnels for root repair & transtibial

based centralization technique

2mm UltraTape and 1.3mm
SutureTape (Smith and Nephew)

To locate the anatomical root
attachment site so that the angle of
drilling for the tibial tunnel from
the anteromedial tibial cortex for
root repair is in the correct

orientation

To repair the torn meniscal root and
for the transtibial based

centralization technique

FirstPass Mini
(Smith and Nephew)

Suture Retriever

Device to pass the UltraTape or
SutureTape through the meniscus

for repair

Round TightRope Button
(Arthrex)

To pass the sutures in the repaired
meniscal root and/or in the
transtibial centralization technique
through the tibial tunnel and outside

the anterior tibial cortex
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1.8 FiberTak Knotless Anchor Used for the anchor-based
with curved guide and drill

(Arthrex)

centralization system

3.5 Experimental Conditions
Five meniscal conditions were tested: (1) intact (no surgery, best possible state) (n = 12 porcine
knees); (2) medial meniscus posterior root tear (worst possible state) (n = 12 porcine knees);
(3) anatomical transtibial pull-through root repair (ATPR) (conventional technique) (n = 12
porcine knees); (4) anatomical transtibial pull-through root repair with centralization using 2
knotless anchors (anchor-based centralization) (n = 6 porcine knees); (5) anatomical transtibial
pull-through root repair with centralization using a tibial tunnel (transtibial centralization) (n =

6 porcine knees).

3.5.1 Intact state
This is in keeping with the description provided in section 3.2. As described, the MCL required
resection to insert the Fujifilm sensitive film, and remained resected in all the subsequent

testing states.
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Figure 47. Right porcine knee with intact meniscus within testing phase of experiment (a) MCL precluding

Fujifilm insertion (b) Superficial MCL cut, with meniscofemoral ligament intact (c) posterior view of MCL cut

(d) Insertion of Fujifilm

3.5.2 Medial meniscus posterior root tear state (MMPRT)
The tear was created using a Number 11 scalpel blade (Swann-Morton, Sheftfield, England)
immediate at the bony root attachment site, which transected the main attachment and the shiny

white fibre attachments (Figure 48).

.ﬁ

Figure 48. Left porcine knee within testing phase of experiment. PCL lifted up and out to identify the bony root
attachment site (white arrows)

3.5.3 Anatomical transtibial pull through repair
The anatomical repair involved marking out the entry and exit site on the anteromedial tibial

cortex (1.5 cm medial to the tibial tubercle) and root attachment site of the tibial plateau
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respectively with the use of an ACL tibial guide (49a & b). A 3.2 mm orthopaedic power drill
under supervision was then used to drill the transtibial tunnel at a 50° inclination angle. The

hole exited at the anatomical site (Figure 49¢).

Two number 2 UHMPWE sutures (2 mm UltraTape, Smith and Nephew) were each loaded on
the FirstPass Mini suture passer (Smith and Nephew) and passed through the medial meniscus
posterior root using the two simple stitch technique (Figure 49d). They were placed 5 mm

medial to the torn edge and spaced 5 mm apart in the antero-posterior direction.

A suture retriever was passed through the tibial tunnel, captured the free ends of the suture
tapes through its eyelet which were then shuttled through the tunnel (Figure 49¢ & f). Once
the meniscus was confirmed to be reduced back into position with appropriate tensioning of
the free ends of the tapes (Figure 49g), the tapes were then tied over a round tightrope button
(Arthrex) using a surgeon’s knot followed by 5 half hitches on alternating posts of the fixation

button (Figure 49h). Confirmation of meniscus centralization was then undertaken (Figure 491).
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Figure 49. Anatomical transtibial pull through repair of a right porcine knee within the testing phase of the
experiment (a & b) Confirmation of transtibial tunnel site with ACL tibial guide (c) drill hole exit (d) two simple
stitch fixation with 2 mm UltraTape (Smith and Nephew) with the aid of First Pass Mini (Smith and Nephew) (e
& f) Tapes passed through tibial tunnel with the help of suture retriever (g — i) tapes tensioned down to ensure
adequate meniscus reduction and then tied over a surgical button.

3.5.4 Knotless Anchor based centralization

Centralization was performed using two 1.8 mm Knotless FiberTak Soft Anchors (Arthrex)

inserted at the edge of the medial tibial plateau. Based on previous studies, the first anchor was
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inserted at the posterior border of the MCL (Amano et al., 2023; Koga et al., 2017). Based on
another previous report that identified the medial meniscus to be most extruded at the posterior
border of the MCL (Daney et al., 2019), a second anchor was inserted 10 mm posterior to the
first (i.e., at the posteromedial region of the medial meniscus). The surgical steps are as per the
description in section 2.5.2, and the mattress suture technique for the repair suture of each
anchor was performed (Leafblad et al., 2021; Wu et al., 2022) rather than the horizontal plane

centralization technique (Koga et al., 2021)

A curved guide with a 1.8 mm drill bit was placed on the edge of the medial tibial plateau at
the respective location site for the first or second anchor (Figure 50a & b). The drill bit contains
a black mark to which the power tool was tightly secured onto (Figure 50c). A pilot hole was
drilled until the drill stopped at the handle of the curved guide. The drill bit was carefully
removed whilst the curved guide remained in position, and a 1.8 FiberTak soft anchor was then
placed through the curved guide, into the pilot hole and gently tapped down until it was fully
seated beneath the medial tibial plateau (Figure 50d). The repair suture passes between the
meniscus and capsule from an inferior to superior direction through the capsule and then back
down to create a mattress configuration (Figure 50¢). The end of the repair suture is then loaded
into the fiberlink looped end (Figure 50f). The shuttling suture is then pulled, which causes the
repair suture to shuttle into the anchor’s locking mechanism (‘Chinese finger trap’) (figure 50g
& h). The shuttling fiberlink exits the knee. The tension is controlled under direct vision, and
appropriate amount can be applied to re-tighten the capsule and bring the meniscus back to its

anatomical position. The same steps were undertaken for the next knotless anchor.
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Figure 50. Anchor based centralization for right porcine knee within testing phase of the experiment. The picture
depicts the most posterior anchor insertion (10mm posterior to MCL) (a — d) Drilling pilot hole through curved
guide with soft anchor insertion (e) mattress configuration of repair suture at meniscocapsular junction (f-i) repair
suture shuttled into the anchor locking mechanism using the ‘Chinese finger trap’ technique, and centralizing the

meniscus.
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3.5.5 Transtibial centralization
The transtibial centralization technique was performed in line with a previous biomechanical
study (Daney et al., 2019). Two 2 mm Ultratapes (Smith and Nephew) were passed through
the peripheral meniscus at the mid-point between the posterior root attachment and the
posterior border of the MCL (Figure 51a & b). This was in keeping with the apex of the
posterior horn of the medial meniscus (Figure 31). The tapes were passed through the meniscus
from the tibial to femoral side, and then through the femoral to tibial side to create a double
loaded construct (Figure 51b). Within the same location, a 3.2 mm drill bit was used to drill a
transtibial tunnel, originating 3 mm inside the articular cartilage border and exiting out of the
anteromedial tibial cortex 2 cm medial to the tibial tubercle (Figure S1¢ & d). The sutures were
passed through the eyelet of the suture retriever and through the peripheral tibial tunnel (Figure
51e). With appropriate tensioning, they were finally tied over a round tightrope button
(Arthrex) using a surgeon’s knot followed by 5 half hitches on alternating posts of the fixation

button (Figure 51f). The meniscus was now centralized.

Testing was performed with randomization of the order of the root repair alone and
centralization with either 2-anchor based or transtibial centralization. Specifically, the tests
were performed in the order of conditions 3 and 4 for 3 knees; conditions 4 and 3 for 3 knees;

conditions 3 and 5 for 3 knees, and conditions 5 and 3 for 3 knees.
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Figure 51. Transtibial based centralization for right porcine knee within testing phase of experiment (a) position
of transtibial tunnel confirmed (b) Tape construct within meniscus (¢-d) site and execution of peripheral transtibial
tunnel (e) sutures passed through tunnel with aid of suture retriever (f) tibial cortex fixation of transtibial stitch
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3.6 Measurement of meniscal extrusion

Two-dimensional motion analysis using digital photography and Image J (version 1.54,
Rasband, W.S, U.S. National Institutes of Health, Bethesda, Maryland, USA) software was
used to measure medial meniscus extrusion. This software has up to a 98.4% measurement
accuracy (Andrialovanirina et al. 2020), with a high test-reliability (Suzuki et. al. 2021), and
no difference in precision with digital calipers which have been considered the ‘gold standard’
(Makki L et al. 2017). Three 2mm markers were attached to the medial meniscus at 3 points:
the posterior marker at the centre of the tibial attachment of the PCL (first marker), the medial
marker on the posterior border of the MCL (third marker), and one marker in between the two
at the posteromedial edge (second marker) (Figure 52). A 2 mm scale bar was added within the
field of view. Previous studies have shown a MMPRT generally extrudes posteromedially if it
remains undetected or undergoes delayed repair (Lerer et al., 2004; Magee et al., 2008).
Furthermore, Daney et al. (2019) reported measuring meniscal extrusion at the level of the
posterior aspect of the MCL as performed clinically on coronal MRI scans, best quantifies the
degree of extrusion with respect to measurements made in the sagittal or axial planes). These
two explanations are why the second and third marker were placed in these positions. MM
extrusion was measured for each marker as the difference between the marker position with
application of a 200N compression loading and position in the unloaded condition in the intact

knee. This is in keeping with a previous study (Amano et al., 2023)
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Figure 52. Position of markers to measure meniscal extrusion including 2mm scale bar for calibration within

software

Images were imported into Image J. The scale bar was used to calibrate the images to convert
the distance between markers from pixels into mm (Figure 53 a). It is important to emphasize
that each porcine knee tested underwent their own calibration process on Image J. The images
in Figure 53 are examples of one porcine knee during the testing phase of the experiment.
As each small grid on the scale was known to be 2 mm in distance, the ‘line selection tool’ was
used to take a measurement of this grid, which gave a length in number of pixels (Figure 53b).
Three measurements were taken to get a mean for the number of pixels for 2mm (Figure 53¢
& d). The mean length was 36.752 pixels for this particular knee (Figure 53¢). Following this,
conversion from pixels to mm can now proceed. One selects ‘analyse’, followed by ‘set scale’
to set the measurements. The average pixel length was inputted, along with the number 2 for
the ‘known distance’ and ‘units’ were in mm. This calculated ‘18.376 pixels equated to 1 mm’.
‘Global’ was ticked so the method could be set to all images for that knee tested (Figure 53f).

Measurement in mm of the distances between markers could now be performed.

71



B (Fif s Aty bvage) = o ® L
Fle Edit image Process Analyze Piugins Window Help Fie Edt Image Process Analze Plugins Window Help
aloja|o| A4/ AORE d| ofofn| 7| s|a] = ojola|of £\ Al oM d] olsjm] s8] |=

", wlsplical or brush selections (st of bong click to swach) x= 17T W, y=2157, mﬁ*uﬁ 221 (Pefecdd)
B B R Nestive Unicaded 30ypeg (F5%)
03203024 plusds. RGE. 4TMB

| 403024 posls. RGE ATUB

1. Lin
Length in pixels given

Fie Edt Image Process Analze Plugins
oloja|ofll <[5\ Al L)

e (tracng) Lool

ng glass [of "+" and "-" kays, alt o long chok for menu)

File Edit image Process Anaslyre Plugns Wirdow Help
Ojo|c|of <N A|LlO A ofsmjw]s|s|a] [=

[P Native Unlcaded 30jpeg (75%
| 4002x3024 pocels. RGE, 4TMB  Natnee Undaaded J0gpeg (75%. 0

{
| a0a2v3024 pinnis. RGE. 4TE
|
{
|

Measurement taken at i Measurem t another site
' /
1
- | ]
{ o T ™1 111 L - |
s EEne o 1
et
 EEEsEEmEEEEEEREEEE
| | 1 1 4—t—1—1 1
- 1 ™+ 11 ! -
5 H 11 14
| ) I |
b . 1 11 | + 1 =
| D 8 Jl I—"'—". —tepepep=r=r1T1 1 1 1

f;eEdrhuneP:messMalyzzlesWrmm L
ool alofil <[\ A|[a| 4| o=lwls|s]a] |=F

x=1355, y=2157. value=220,217 212 (rdcdiad)

[ Results
File Edt Font Results
Label |Area [Mean Min  [Max  |Angle |Length |

|
35000 208405 167667 214333 883150 34010 e i S Scate x

40.000 208.017 167.000 216145 -88.531 39.013 Distance mpuets: [72

39.000 211676 170.000 220596 -86.493 38.013
36.000 200976 162019 209981 -86730 35057
40.000 215756 170000 226897 -87.064 39.051
34000 210392 193.000 214838 -86532 33.061
40.000 213603 159.667 227.000 -87.064 39.051
8 [Mean 37714 209832 169907 218827 87533 36752
9 8D 2628 4775 10908 6453 0877 2623
10 Min 34.[1{}[] 200976 159667 209981 -88531 33061
11 Max 40000 215756 193.000 227000 -86.532 39.051

E

Pusl aspectaato. (10

Unitof engh [

Chen by Remowe Scaie
g

Scate 18 374 pusisimm

= O N i LD PO ==

OK | Cancel| Meip

Figure 53. Calibration on Image J of a porcine knee within the testing phase of experiment. (a-d) multiple pixel
measurements taken from the 2mm scale bar to give (e) an average pixel length which then provided (f) a
measurement of the distance in mm
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For each testing state for the porcine knee examined, three measurements were taken between

markers 1 and 2, and markers 2 and 3, and an average calculated. Figure 54 provides an

example between markers 1 and 2.
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Figure 54. Measurement between marker 1 (white arrow) and 2 (black arrow) of a native knee unloaded at 30°.
(a-c) Three measurements taken and (d) a mean was calculated
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3.7 Contact area and force measurements
Tibiofemoral contact mechanics were measured with the use of Fuji prescale pressure-sensitive
film (Tokyo, Japan). Following the protocols previously described in Section 2.6.2, the packets
were cut to size and sealed to prevent the incursion of moisture up to three to seven days prior

to the test date (Liggins et al., 1992; Muriuki et al., 2011).

Prior to load application, the Fujifilm was inserted between the anteromedial and posteromedial
arthrotomies described, and positioned beneath the meniscus, covering the tibial plateau. Load
was applied for two minutes to comply with the manufacturer’s recommendations to allow
accurate quantification of the pressures. For each loading condition, one packet of low-pressure
range and one packet of super low pressure range Fujifilm were used. A total of twelve trials
were performed using Fuji film for intact, MMPRT and ATPR states at each flexion angle. Six

trials were performed for transtibial and two knotless anchor centralizations.

After loading, the imprinted Fujifilm was digitally photographed and imported into a
customised MATLAB programme (Mathworks, Natwick, Massachusetts) based on the optical
density of the scanned Fujifilm and a fifth-order polynomial developed from Fuji film
calibration data. The MATLAB programme was sourced, but with the codes modified, from a

study assessing tyre/road contact measurements using low and super low Fujifilm sensitive

film (de Sande., 2007)

3.7.1 MATLAB coding for pressure maps

A written MATLAB file was required to create the pressure maps for each testing state. The

file required the following information once the images were uploaded on MATLAB:
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a. Calibration data for both super-low and low-range Fujifilm. This included the
corresponding pixel values and colour densities. This is provided in the manufacturer
guidelines. In the case of super-low range films, pressure range is 0.5 — 2.5 MPa with

corresponding pixel values and colour density as detailed in Table 2:

Table 2. Density with according to mean pixel value for super-low range films

Colour Mean Pixel
Density Value

0.1 244

0.3 217

0.5 187

0.7 163

0.9 145

1.1 119

1.3 96

1.5 89

b. The expected pressure ranges for both super-low and low-range films. This is

described in Figure 32.

c. Specific visualization preferences. This was regarding preference to either a
combined colour map for both films or separate visualizations for each. Combined was
chosen for the thesis, enabling visualization of the pressure map with a proper colour

bar, reflecting the correct pressure ranges for each film.

The written file generated for pressure maps was used for all testing states and an example is

shown in Appendix 1.

Within this file, functions to include imread enabled the calculation whilst »gb2gray converted

the file into a grayscale for easier processing. Based on the calibration data, the pixel values
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were interpolated to pressure values for both films. After the pressure maps were combined, if
there were regions in the low-pressure maps with no contact, they were replaced with
corresponding regions from the super low-pressure map. This ensured the coverage of the full

range of 0.5 to 10 MPa in a single map. The colour maps were displayed under ‘turbo’ intensity.

3.7.2 MATLAB coding for contact area (mm?)
A written MATLAB file was required to create the contact area for each testing state. The file

required the following information once the images were uploaded on MATLAB:

a. Pixel size. This could only be calculated by providing the physical dimensions of the

area covered by the image (width (mm) and height (mm)).

As physical dimensions between images differ, a separate written file had to be written for each
testing state. An example of the contact area written file for an intact meniscus at 60° flexion
under 200N load application is provided in Appendix 2, where the width and height are 18 mm

and 40 mm, respectively.

This generates the pixel size (see Appendix 2) which can then help to calculate the contact

arca:

‘Contact area (mm?): pixel area (mm?) x number of contact pixels’

‘(pixel area mm?) = pixel width (mm) x pixel height (mm)’

The contact pixels are the ‘contact threshold’, and this is adjusted based on the definition of

minimum and maximum pressure and contact. In keeping with previous studies, it was set here
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as 50 (Allaire et al., 2008; Muriuki et al., 2011). Another code was written based on this

ppendix 3), which provided an area o .89 mm~ for this specific testing example.
A dix 3), which ided £711.89 2 for thi ifi i 1

3.8 Statistical Analyses
A one-way repeated measures ANOVA was applied to analyse the differences in mean values
between the dependent variables (medial meniscus extrusion, peak contact pressure and area)
recorded during tests across all flexion angles among the five meniscal conditions (independent
variable). The root repair was selected as the reference condition to identify statistically
significant differences with meniscus extrusion with the other testing conditions. The intact

knee was used as a reference.

A prior power analysis (power 0.8, a = 0.05) with five groups and an estimated detectable
difference of 2.0 for meniscal extrusion based on previous studies (Amano et al., 2023)
determined that a sample size of at least five subjects in each group was required for valid
comparison. The sample size within this study included twelve subjects each in the intact,

MMPRT and ATPR group, and six subjects each in both centralization groups.

Although group sizes differed, the variances were roughly equal. In view of this the Tukey-
Kramer test was performed for post hoc comparisons between all pairwise combinations of

knee states.

A p-value of less than 0.05 was considered to be statistically significant. All data are presented
as means with standard deviations, and with 95% confidence intervals where described. The
statistic software IBM SPSS V.29 (International Business Machines Corporation, Armonk.

NY, IBM Corp, 2024) was used for all plots and analyses.
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CHAPTER 4

4. Results

4.1 Medial meniscus extrusion

4.1.1 30 degrees
Analyses of the second marker (at the posteromedial edge of the MM) showed that following
a tear, the meniscus extruded by 6.07 mm. This was significantly reduced with ATPR (meniscal
extrusion (ME): 2.53 mm, p < 0.001), ATPR with transtibial centralization (ME: 2.46. mm, p
< 0.001), and ATPR with two-anchor centralization (ME: 2.58 mm; 95% CI, p < 0.001).
Similar results were also observed at the third marker (at the posterior border of the MCL)
(ME: 3.41 mm (MMPRT) vs. 1.33 mm (ATPR) vs. 1.36 mm (ATPR with TT centralization)
vs. 1.35 mm (ATPR with two-anchor centralization); p < 0.001). There were no differences

between the surgical groups in reducing extrusion. This is summarised in Table 3 and Figure

55.

30°

] p<0001 e SecondMarker

¢ A —#—{  Third Marker

N
I - p<0.001
\

Meniscal Extrusion (mm)

[ -
——
—a—

/
é

Intact MMPRT ATPR ATPR + TT ATPR + 2A
centralization centralization

Testing condition

Figure 55. The extent of medial meniscus extrusion at two markers of the medial meniscus in each condition at
30 degrees. The mean values with 95% confidence intervals are shown. All labelled significant differences are p
< 0.05. MMPRT, medial meniscus posterior root tear; ATPR, anatomical transtibial pull through repair; TT,
transtibial; 2A, 2 anchors

78



Knee condition

Knee
P p - value
Position ATPR + ATPR +2
Intact MMPRT ATPR Transtibial anchor
centralization centralization
300 0.33 +£0.30° 6.07 = 0.49 2.53 £0.90% 2.46 + 0.94° 2.58 +0.47° <0.00]
(0.14-0.51) (5.76 - 6.38) (1.95-3.10) (1.46 - 3.45) (2.09 -3.07) ’
450 0.84+0.21° 8.38 £ 0.87 2.79 £0.93* 256 +£0.37* 2.64+0.207 <0.00]
?6 (0.71-0.97) (7.83-8.94) (2.20-3.38) (1.79 - 2.56) (2.43 - 2.85) ’
<
=
= 60° 0.82+0.23? 13.62+£0.77 4.39 £+ 0.66° 2.68 £+ (.28abe 4.09+0.58* <0.001
(0.68 - 0.97) (13.1-14.1) (3.97 - 4.80) (2.38-2.98) (3.49 - 4.69) ’
90° 1.09 + 0.44% 17.08 £ 0.66 4,75+ 0.53? 2.99 £ (.19abe 436+ 0.67¢ <0.001
(0.81-1.37) (16.66 - 17.5) (4.41 -5.09) (2.78 - 3.19) (3.66 -5.07) ’
300 0.41+0.19° 3.41+0.64 1.33 £0.42° 1.36 £0.37* 1.35+0.43? <0.001
(0.28 - 0.53) (3.0-3.8) (1.06 - 1.60) (0.95-1.72) (0.90 - 1.81) ’
': 450 0.60 +£0.39* 4.81+0.53 229+ 097 2.15+0.25° 2.18+0.812 <0.001
% (0.35-0.85) (4.47 - 5.15) (1.67 - 2.90) (1.88-2.41) (1.33-3.03) )
s
60° 0.67 £ 0.34% 6.15+0.71 2.75+0.37° 243+ 0.27° 2.66+ 0.23? <0.00]
(0.46 - 0.89) (5.70 - 6.60) (2.51-2.98) (2.14-2.71) (2.41-2.90) )
90° 0.92 +£0.33% 1234+ 1.16 3.60 = 0.50? 2.62 £+ 0.20 2.95 + 0.24? <0.001
(0.71-1.14) (11.6 - 13.07) (3.29-3.92) (2.41 -2.84) (2.71-3.2) ’

Table 3. The extent of meniscal extrusion at two markers of the medial meniscus under each condition. Marker 2
was placed at the posterior border of the MCL. Marker 3 was placed 10mm behind marker 2, at the posteromedial
edge of the MCL. The mean values with standard deviation are presented, with 95% confidence intervals in
brackets. * Statistically significant, comparison to torn state (p < 0.001). ® Statistically significant, comparison to
ATPR (ATPR + Transtibial centralization: p < 0.001 at 60° and 90° for marker 2, p = 0.04 at 90° for marker
3). <Statistically significant, comparison to ATPR + 2 A centralization (ATPR + Transtibial centralization: p <
0.001 at 60° and 90° for marker 2). MMPRT, medial meniscus posterior root tear

4.1.2 45 degrees
Analyses of the second marker showed that following a tear, the meniscus extruded by 8.38
mm. This was significantly reduced with ATPR (ME: 2.79 mm, p < 0.001), ATPR with

transtibial centralization (ME: 2.56 mm, p <0.001), and ATPR with two-anchor centralization
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(ME: 2.64 mm; 95% CI, p < 0.001). Similar results were also observed at the third marker
(ME: 4.81mm (MMPRT) vs. 2.29 mm (ATPR) vs. 2.15 mm (ATPR with TT centralization)
vs. 2.18 mm (ATPR with two-anchor centralization); p < 0.001). There were no differences

between the surgical groups in reducing extrusion. This is summarised in Table 3 and Figure

56.
45°

<0.001 0 Second Marker
p<0.

8| q —e—{  Third Marker
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Meniscal Extrusion (mm)
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Intact MMPRT ATPR ATPR + TT ATPR + 2A
centralization centralization

Testing condition

Figure 56. The extent of medial meniscus extrusion at two markers of the medial meniscus in each condition at
45 degrees. The mean values with 95% confidence intervals are shown. All labelled significant differences are p
<0.05.

4.1.3 60 degrees
Analyses of the second marker showed that following a tear, the meniscus extruded by 13.62
mm. This was significantly reduced with ATPR (ME: 4.39 mm, p < 0.001), ATPR with
transtibial centralization (ME: 2.68 mm, p <0.001), and ATPR with two-anchor centralization
(ME: 4.09 mm; 95% CI, p < 0.001). Similar results were also observed at the third marker
(ME: 6.15mm (MMPRT) vs. 2.75 mm (ATPR) vs. 2.43 mm (ATPR with TT centralization)
vs. 2.66 mm (ATPR with two-anchor centralization); p < 0.001). Furthermore, at marker 2,

extrusion was significantly better reduced when ATPR with transtibial centralization was
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performed compared to either ATPR on its own (p < 0.001) or with two knotless anchor

centralization (p < 0.001). There was no difference between surgical techniques however at

60°
15
)
9 -IL b <0.001 Second Marker
E —— Third Marker
=
A=l 10
v
=
g
w
3 3 p<0.001
s - \ p<0.001
E £ — P i
i3 T _,.---""--..
) 3 * | p<0.001
é ¥
(1]
Intact MMPRT ATPR ATPR + TT ATPR + 2A

centralization centralization

Testing condition

Figure 57. The extent of medial meniscus extrusion at two markers of the medial meniscus in each condition at
60 degrees. The mean values with 95% confidence intervals are shown. All labelled significant differences are p
<0.05.

4.1.4 90 degrees
Analyses of the second marker showed that following a tear, the meniscus extruded by 17.08
mm. This was significantly reduced with ATPR (ME: 4.75 mm, p < 0.001), ATPR with
transtibial centralization (ME: 2.99 mm, p <0.001), and ATPR with two-anchor centralization
(ME: 4.36 mm; 95% CI, p < 0.001). Similar results were also observed at the third marker
(ME: 12.34 mm (MMPRT) vs. 3.60 mm (ATPR) vs. 2.62 mm (ATPR with TT centralization)
vs. 2.95 mm (ATPR with two-anchor centralization); p < 0.001). Similar to 60 degrees, at
marker 2, extrusion was significantly reduced when ATPR with transtibial centralization was
performed compared to either ATPR on its own (p < 0.001) or with two knotless anchor
centralization (p < 0.001). Furthermore, ATPR with transtibial centralization performed better

than isolated ATPR at marker 3 (p = 0.04). This is summarised in Table 3 and Figure 58.
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Figure 58. The extent of medial meniscus extrusion at two markers of the medial meniscus in each condition at
90 degrees. The mean values with 95% confidence intervals are shown. All labelled significant differences are p
<0.05.

4.2 Contact area of the medial compartment

4.2.1 Load distribution on mapping system
In the intact condition, the load distribution was concentrated on the whole medial meniscus
by application of the 200 N compressive loading and shifted from the middle to the posterior
meniscus as the knee flexion angle increased (Figure 59a). With a MMPRT, the meniscus
remained within the joint at 30°, but started to extrude as flexion angle increased, with the load

now mainly concentrated at the tibial cartilage (Figure 59a).

Following repair, with or without either centralization technique, the load distribution was

similar to that of the intact state (Figure 59a & b). This included load re-distributing to the
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anterior and middle portions of the meniscus at the low to mid-flexion angles (30 °to 60°) and

towards the posterior portion at 90°.
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Figure 59 Load distribution analysed on MATLAB following conversion of the Fujifilm prescale films. (a)
Representative load distribution at axial compression of 200N at various flexion angles for intact, root torn and
root repaired state.
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Figure 59 (b) Representative load distribution at axial compression of 200 N at various flexion angles for intact,
root torn and root repaired state.
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4.2.2 Statistical values

4.2.2.1 30 degrees
There was no difference in contact area between MMPRT (514.58mm?), intact state (594.13
mm?), and repaired states to include ATPR (579.24 mm?), ATPR with transtibial centralization
(591.90 mm?), and ATPR with 2 anchor centralization (585.49 mm?) (p = 0.07). All repaired

states restored contact area to that of the intact state (p > 0.05) (Table 4 and Figure 60).

4.2.2.2 45 degrees
MMPRT led to a significantly reduced contact area (529.33 mm?) compared to the intact
(654.27 mm?), ATPR (614.79 mm?), ATPR with transtibial centralization (635.54 mm?), and
ATPR with 2 anchor centralization (624.40 mm?) (p < 0.001). All repaired states restored

contact area to that of the intact state (p > 0.05) (Table 4 and Figure 60).

4.2.2.3 60 degrees
MMPRT led to a significantly reduced contact area (524.53 mm?) compared to the intact
(697.18 mm?), ATPR (601.01 mm?), ATPR with transtibial centralization (693.31 mm?), and
ATPR with 2 anchor centralization (603.13 mm?) (p < 0.001). Both the intact and ATPR with
transtibial centralization had significantly greater contact area to that of an isolated root repair
(p <0.001 and p = 0.008 respectively), and a root repair with two-anchor centralization (p =
0.007 and p=0.011 respectively). There were no differences between the intact state and ATPR

with transtibial centralization (p > 0.05) (Table 4 and figure 60).

4.2.2.4 90 degrees

MMPRT led to a significantly reduced contact area (478.37 mm?) compared to the intact

(638.77 mm?), ATPR (563.97 mm?), ATPR with transtibial centralization (638.68 mm?), and
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ATPR with 2 anchor centralization (598.73 mm?) (p < 0.001). Both the intact and ATPR with
transtibial centralization had significantly greater contact area to that of an isolated root repair
(p =0.006 and p = 0.037, respectively). There were no differences in contact area between the

centralization techniques and the intact state (p > 0.05) (Table 4 and Figure 60).

Mean contact area (mm?)

Knee
position ATPR 7 p - value
Intact MMPRT ATPR Transtibial ATPR + 2 anchor
.. centralization
centralization
30° 594.13 + 65.0 514.58 +30.62 579.24 +41.80 591.90 +42.82 585.49 +33.85 ~0.07
(552.86 - 635.40) (495.13 - 534.03) (552.68 - 605.80) (546.96- 636.83)  (549.96 - 621.01) )
450 654.27 + 64.122 529.33 £ 69.69 614.79 £ 32.88* 635.54 +77.30° 624.40 + 70.04* <0.001
(613.53 - 695.0) (485.06 - 573.61) (593.90 - 635.68) (554.42 -716.66)  (550.90 - 697.91) )
60° 697.18 + 37.31abc 524.53 £ 54.71 601.01 +57.95* 693.31 + 54.95qbc 603.13 + 58.202 <0.001
(673.47 - 720.88) (489.77 - 559.29) (564.19 - 637.83) (635.64 - 750.97)  (542.06 - 664.21) )
90° 640.77 + 56.842> 478.37 £30.36 563.97 + 54.24? 619.68 + 55.162° 598.73 + 55.322 <0.001

(602.66 - 674.88)

(459.08 - 497.66)

(529.51 - 598.43)

(580.80 - 696.57)

(540.67 - 656.79)

Table 4. Mean contact area in the medial compartment at various flexion angles under each testing condition. The
mean values with standard deviation are presented, with 95% confidence intervals in brackets “Statistically
significant, comparison to torn state (p <0.001). ® Statistically significant, comparison to ATPR (Intact: p <0.001
and p = 0.006 at 60° and 90° respectively; ATPR + Transtibial centralization: p = 0.008 and p = 0.037 at 60°
and 90° respectively. cStatistically significant, comparison to 2A centralization (Intact: p = 0.007 at 60°; ATPR
+ Transtibial centralization: p = 0.011 at 60°). MMPRT, medial meniscus posterior root tear

D Intact
RT RT C1 mmert
ATPR ATPR B arer
800.00 Il ATPR+TT centralization
ATPR+2AC ATPR+2AC RT RT [l ATPR+2Acentralization

RT RT RT
RT
600.00 |

400.00

Contact Area (mm?)

200.00

30° 45° 60° 90°
Flexion angle (degrees)
Figure 60. Medial compartment contact area with different medial meniscal root tear and repair states. Each bar
chart presents mean + 95% confidence interval. Abbreviations in the bar chart: RT, significant from root tear
condition; ATPR, significant from anatomical repair; ATPR + 2 AC, significant from anatomical repair with two
anchor centralization
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4.3 Peak contact pressure of the medial compartment

4.3.1 30 degrees
MMPRT led to a significantly increased peak contact pressure (5.52 MPa) compared to the
intact (4.13 MPa), ATPR (4.64 MPa), ATPR with transtibial centralization (4.36 MPa), and
ATPR with 2 anchor centralization (4.49 MPa) (p <0.001). All repaired states restored contact
pressure to that of the intact state (anatomic repair, p = 0.13; repair with transtibial

centralization, p = 0.90; repair with 2 anchor centralization, p = 0.63) (Table 5 and Figure 61).

4.3.2 45 degrees
MMPRT led to a significantly increased peak contact pressure (6.44 MPa) compared to the
intact (4.55 MPa), ATPR (5.6 MPa), ATPR with transtibial centralization (4.97 MPa), and
ATPR with 2 anchor centralization (5.07 MPa) (p < 0.001). Both the intact and ATPR with
transtibial centralization had significantly reduced peak contact pressure to that of an isolated
root repair (p < 0.001 and p = 0.02 respectively). There were no differences in contact pressure
between the centralization techniques and the intact state (transtibial centralization, p = 0.179;

two anchor centralization, p = 0.57) (Table 5 and Figure 61).

4.3.3 60 degrees
MMPRT led to a significantly increased peak contact pressure (6.93 MPa) compared to the
intact (5.16 MPa), ATPR (5.99 MPa), ATPR with transtibial centralization (5.20 MPa), and
ATPR with 2 anchor centralization (5.23 MPa) (p < 0.001). The intact state and ATPR with
either transtibial or 2 anchor centralization had significantly reduced peak contact pressure to
that of an isolated root repair (p < 0.001, p = 0.03 and p = 0.03 respectively). There were no
differences in contact area between the centralization techniques and the intact state (transtibial

centralization, p = 0.90; two anchor centralization, p = 0.85) (Table 5 and Figure 61).
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4.3.4 90 degrees

MMPRT led to a significantly increased peak contact pressure (6.64 MPa) compared to the

intact (4.98 MPa), ATPR (5.41 MPa), ATPR with transtibial centralization (5.02 MPa), and

ATPR with 2 anchor centralization (5.15 MPa) (p <0.001). All repaired states restored contact

pressure to that of the intact state (anatomic repair, p = 0.4; repair with transtibial centralization,

p = 0.88; repair with 2 anchor centralization, p = 0.85) (Table 5 and Figure 61).

Knee

Peak contact pressure (MPa)

. p - value
position ATPR +
Intact MMPRT ATPR Transtibial ATPftr:lizz :gcﬁor
centralization ce 0
300 4.13+0.61* 5.52 +£0.58 4.64 + 0.46* 436+ 0.32* 4.49 + (0.35* <0001
(3.74 -4.52) (5.15-5.39) (4.25 -4.93) (4.03- 4.69) (4.11 - 4.86) ’
450 4.55+0.37® 6.44 +0.34 5.6 £0.38 4.97 £0.58® 5.07+0.18 <0.001
(4.31-4.78) (6.22 - 6.65) (5.36 - 5.84) (4.37-5.58) (4.88 -5.27) )
60° 5.16 £ 0.42ab 6.93 £0.57 5.99 + 0.60° 5.20 £ 0.652 5.23 +£0.553 <0001
(4.89 -5.42) (6.6-17.3) (5.61 - 6.39) (4.98 - 5.52) (4.65-5.81) )
90° 498 + 0.60* 6.64 +£0.47 5.41 + 0.66% 5.02 +£0.752 5.15+£0.45¢ <0001
(4.60 - 5.37) (6.34 - 6.94) (4.99 - 5.83) (4.23 -5.81) (4.68 - 5.62) )

Table 5. Mean peak contact pressure in the medial compartment at various flexion angles under each testing
condition. The mean values with standard deviation are presented, with 95% confidence intervals in brackets
Statistically significant, comparison to torn state (p < 0.001). ® Statistically significant, comparison to ATPR
(Intact: p < 0.001 at 45° and 60°; ATPR + Transtibial centralization: p = 0.02 and p = 0.03 at 45° and 60°

respectively; ATPR + 2A centralization: p = 0.03 at 60°). MMPRT, medial meniscus posterior root tear
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Figure 61. Medial compartment peak contact pressure with different medial meniscal root tear and repair states.

Each bar chart presents mean + 95% confidence interval Abbreviations in the bar chart: RT, significant from root

tear condition; ATPR, significant from anatomical repair; ATPR + 2 AC, significant from anatomical repair with

two anchor centralizations
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CHAPTER 5

5. Discussion
This study showed several important findings. Surgical fixation with isolated anatomical
transtibial pull-through repair (ATPR), and ATPR in conjunction with either a transtibial or
two knotless anchor centralization technique improves meniscal function in terms of extrusion,
peak contact pressure and contact area following a medial meniscus posterior root tear.
Furthermore, the results of this study showed that the transtibial centralization restored contact
pressure and area to the intact meniscus at all flexion angles. Augmentation with two-knotless
anchors revealed similar findings except for contact area at 60° of flexion. An isolated root
repair was unable to restore contact area to the intact state at 60° and 90° of flexion, and peak

contact pressure at 45° and 60°.

Between the fixation techniques, augmentation with the transtibial centralization performed
better than both an isolated anatomical repair and one with a two-anchor centralization at
certain flexion angles. It was more effective than both techniques in reducing extrusion at the
posteromedial edge of the meniscus at 60° and 90° of flexion, and in improving meniscal
contact area at the same flexion angles. There were no differences between the centralization
techniques at any angle for peak contact pressure. Both performed better than an isolated repair
in reducing contact pressure at 60°, with the transtibial stitch also playing a beneficial role at

45°.

In summary, ATPR with a transtibial centralization showed the best improvement, closely
followed by the two-anchor technique in reducing meniscal extrusion and restoring
tibiofemoral contact mechanics. This was particularly the case at the mid to high flexion angles

(60-90°).
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Multiple biomechanical studies on root repairs for MMPRTs reveal superior properties of
suture anchor repair when compared to transtibial-pull through (Cerminara et al., 2014; Feucht
et al., 2014; Saengpetch et al.,, 2023), with meniscal healing compromised from the
micromotion created from the long meniscus-suture construct passing through the tibial tunnel,
and the resultant difficulty in providing adequate tension (Kim et al., 2011). In contrast, suture
anchor repair allows direct refixation of the root tear at its tibial insertion, eliminating the need
for tibial drilling. Based on these explanations, similar biomechanical results may have been
expected when comparing the centralization techniques used in this study. However, this was
not the case owing to important differences in the anatomy of the respective meniscus-suture
constructs. With transtibial centralization, a double-loaded suture construct is created through
a portion of meniscus (apex of the posterior horn) that captures the circumferential and radially
oriented ‘tie’ fibres within its deeper zone that provides its structural integrity (Peterson et al.,
1998). Although such fibre arrangement can additionally be captured with the transtibial root
repair, it will likely also capture circumferential collagen fibres within the root ligament and
transition zone that are predominantly arranged in a parallel manner (Smith et al., 2015). This
can weaken the repair integrity at the meniscus-suture interface, potentially leading to meniscal
micromovement and non-anatomical healing (Robinson et al., 2018). This can partially be
resolved by ensuring the capture of the shiny white fibres, which provide 37.4% of the strength
of the native root attachment (Ellman et al., 2014). Furthermore, using UHMWPE tapes for the
repair construct will hold the root down more broadly allowing a more even distribution of
load (Ahn et al., 2009; Bisson et al., 2010; Yokoi et al., 2017), potentially minimizing the stress
on the weaker circumferential fibres that are captured. However, these techniques were absent
in the studies that showed superiority of suture anchor repair for meniscal root tears (Cerminara

et al., 2014; Feucht et al., 2014; Saengpetch et al., 2023), and is thus a potential avenue for
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future investigation. Nevertheless, in view of the variation of the meniscus anatomy based on
its location, the biomechanical behaviour of the centralization tunnel, with respect to

micromotion, can be assumed to be different to that of the root repair tunnel.

Unlike the transtibial stitch which penetrates the meniscus, the knotless anchor centralization
technique involves the passage of sutures through the meniscocapsular junction and tensioning
to re-tighten the capsule to position the meniscus back to its anatomical position. This proved
to be successful in reducing extrusion at the lower flexion angles (30 - 45°). However, the
femoral roll back at higher flexion angles causes the meniscus to bear more weight in the
posterior direction (Yamamoto et al., 2021; Yao et al., 2008). Any resultant movement will
cause posteromedial extrusion, which is thought to be the physiological direction owing to the
bony anatomy of the tibial plateau, neighbouring PCL, and geometry of the medial tibial
plateau and femoral condyles (Johannsen et al., 2012; Lerer et al., 2004; Magee et al., 2008).
Directly holding the repaired meniscal tissue in place across a wider surface area would help
to counter such extrusion at higher flexion angles (LaPrade et al., 2015c). These features are
more consistent with the transtibial centralization technique, with better suture tension control
of the repaired construct to that of the two-anchor technique. This was underlined in its greater

contact area at 60°, and extrusion correction at 60° and 90°.

Whilst fixation techniques can be modified to optimize the transtibial pull through root repair,
it should be acknowledged that suture micromotion within the tunnel owing to its long
construct will remain a potential pitfall for extrusion. Despite the addition of a centralization
tunnel posteromedially to counteract this, its combination with the biomechanically superior
suture anchor root repair is yet to be explored. Thus, future biomechanical studies are required

to compare a variety of combinations of root repair (suture anchor and transtibial pull-through)
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and centralization (transtibial stitch and knotless anchors) techniques to ultimately determine

the most stable construct in restoring the normal loading profile of the knee.

Daney et al. (2019) showed no differences between ATPR and ATPR with transtibial
centralization across all flexion angles for extrusion and tibiofemoral contact mechanics.
Although the fixation techniques were similar, two UHMWPE tapes (2mm UltraTape, Smith
& Nephew) were used in this research compared to the single UHMWPE suture in the
aforementioned study. Tapes have higher load to failure and stiffness compared to their suture
counterpart (Bachmaier et al., 2024; Matthews et al., 2020; Nakama et al., 2019; Robinson et
al., 2018; Takahashi et al., 2023), and the use of two in this study enhanced these biomechanical
properties further (Rosslenbroich et al., 2013). In addition, their larger widths through a 4.5
mm size tunnel that is conventionally drilled in practice will help to minimise the ‘bungee
effect’ from the longitudinal motion of the suture within the tunnel (Cerminara et al., 2014).
These factors provide further peripheral stabilization to an extruded meniscus and may explain
why ATPR with transtibial centralization was found to perform better than ATPR alone at

certain flexion angles.

The results for root repair with two knotless anchor centralizations in comparison to isolated
root repair were significantly different to that of Amano et al. (2023). Amano et al. showed that
whilst an isolated root repair reduced extrusion better at 60° & 90°, its conjunction with a two-
anchor centralization improved meniscal contact area at 30° & 60° and reduced contact
pressure at 30°. This study found that the transtibial root repair with two knotless anchors only
performed better than the isolated repair for reducing contact pressure at 60°. These differences
can potentially be explained by the fixation techniques that were implemented. In the Amano

et al. study, a non-anatomical transtibial root repair (NATPR) was performed with the tunnel
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placed 4 mm lateral to the tear site. This positional variation in tunnel location on the plateau
and site of tear on the meniscal root can compromise meniscal tension, impairing its ability to
absorb hoop stresses (Starke et al., 2010). If the tunnel was moved more medially to sit directly
under the tear to maintain adequate tension, it will unfortunately shorten the functional
circumferential length of the meniscus with subsequent medial migration of the root attachment
(Padalecki et al., 2014). In this study, the tear and tunnel position were created at the attachment
site to keep tension close to the native state. By improving the root repair in this respect, the
results would more likely conform to the inverse relationship expected between peak contact
pressure and area amongst the various fixation methods, and reflect the desired technique
advocated in practice. Furthermore, this may narrow the differences between the two fixation
methods to an insignificant level which can explain why the results were mostly similar across
all outcomes and flexion angles. However, this would underline further the superiority of the
transtibial centralization where, despite ATPR optimisation, significant differences were still
observed in the contact area and pressure at the various flexion angles earlier described. When
comparing the knotless anchor centralizations, a mattress suture technique was perfromed at
the repair suture for each anchor (Lafblad et al., 2021; Wu et al., 2022), whilst Amano et al.
performed a horizontal plane technique in which the repair suture of each anchor was shuttled
in the loop of the adjacent anchor. Whilst a horizontal plane enables more controlled and
matched tension within the meniscocapsular tissue to keep the meniscus in situ, the mattress
technique has the benefit of maintaining its resistance to extrusion if one of the anchors were
to fail as they work independently to one another. However, no study to date has compared

these configurations, and this is an area for further investigation.

The results of this study suggest that adding a transtibial centralization stitch to an ATPR could

be beneficial clinically to reduce an extruded meniscus and restore the loading profile of the
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knee. However, this does not account for the biological factors such as soft tissue status, muscle
contractions, proprioception, healing and cartilage status. Furthermore, most post-operative
rehabilitation protocols involve 4-6 weeks of light loading before full weight bearing (Koga et
al., 2020; Krych et al., 2024; Mochizuki et al., 2021). Thus, investigating the combination of
these factors with the fixation methods will provide a clearer answer to the repair construct
providing the most robust resistance to mechanical stress, and the one that provides the higher
ceiling for meniscal healing. There is no clinical comparative study to date comparing isolated
root repair to those in conjunction with the centralization techniques described. Nor are there

studies comparing the centralization techniques. This is now required.

Limitations

This study has several limitations. As earlier noted, porcine knees were used to conduct the
experiment, and tibiofemoral contact mechanics after surgical fixation of MMPRTs in pigs
may not entirely correspond to those of human knees. Variations in its anatomy to human
cadaveric models are described in section 2.2. However, much similarity exists, particularly
for the medial meniscus to include its extensive meniscocapsular attachments along its
peripheral border, containing the posterior meniscotibial ligament, posterior oblique ligament,
deep medial collateral ligament, and the semi-membranosus muscle (Mameri et al. 2022).
Furthermore, porcine menisci have been shown to have similar biomechanical properties to
human menisci and are, therefore an accepted model for the study of meniscal repairs (Feucht

et al., 2015a; Kim et al., 2016; Mitchell et al., 2016; Robinson et al., 2018).

A static axial load was applied, which does not replicate the variable loading experienced in

the knee during gait or other physical activities. However, this loading scheme was consistent

and reproducible, which allowed for reliable comparisons between conditions, and has been
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used by numerous similar studies (Amano et al., 2023; Kohno et al., 2020; Kubota et al., 2022;
Ozeki et al., 2020), allowing for a more direct comparison to the literature. The lack of cyclical
loading is a weakness in this study, but one expects that this would reveal an even greater
negative effect between the isolated ATPR and ATPR with the centralization techniques. It is
hoped that it would not have a negative effect on the centralized knees, but this is a distinct

possibility.

No kinematic analysis of the knee joint was performed, to include axial loading with the knee
in internal/external rotation, valgus/varus and with anterior tibial translation. From previous
studies, increased external tibial torsion of up to 6° can occur with a medial meniscus posterior
root tear, causing lateral compartment changes owing to the impaction of the lateral tibial spine
on the corresponding femoral condyle (Allaire et al., 2008). This can pathologically load the
lateral menisci, and so exploring the effects of medial sided centralization on the lateral

meniscus is required.

A certain level of knee dissection was necessary to obtain intra-articular pressure
measurements. However, previous authors have disarticulated the knee, performed extensive
arthrotomies, and osteotomies to gain access to the knee (LaPrade et al. 2014a; Lee et al., 2006;
Padalecki et al., 2014), to which we kept to a minimum in this study. As a result, any potential
shifting of the femur during testing will have been diminished. Nevertheless, the MCL required
resection for the insertion of the Fujifilm, and this could have affected the rotational stability
of the knee joint. However, the effect would be to decrease the contact area and increase contact
pressure and extrusion, tending to minimize the potential differences between the intact state,
torn state, and repaired states. Amano et al also resected the MCL for pressure film insertion

during their centralization experiment on meniscal root tears (Amano et al., 2023), and again
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this remained resected through all testing states. Future studies are required to address
alternative options to that of MCL resection. Furthermore, it may have been technically easier
to place the film between the meniscus and femur to preserve the MCL, but previous studies

have shown it to slip frequently and give spurious data (Marzo et al., 2008).

Unlike their human counterparts, porcine knees are unable to fully extend beyond 30° (Olah et
al., 2021). Many biomechanical studies on porcine knees have tested knee states from 30°
onwards (Amano et al., 2023; Kohno et al., 2022; Kubota et al., 2020; Morales-Avalos et al.,
2023; Saengpetch et al., 2023; Seo et al., 2009). Therefore, the results of this biomechanical
study should be interpreted with caution when compared to human knees with full extension.
However, much of the load during extension is focused on the anterior meniscal root (Espejo-
Reina et al., 2023), and only when the flexion angle increases does it become more
concentrated on the medial meniscus posterior root (Yamamota et al., 2021). Therefore, testing
the repaired states within the porcine knees at higher angles, which was performed in this

experiment (60-90°), will provide more relevance to clinical practice.

The piezoresistive Tekscan Pressure Sensor (Tekscan, Boston, MA) is commonly used in
biomechanical practice, allowing continuous data collection through several load
configurations (Luo et al., 1998; Otto et al., 1999; Wilson et al., 2003). In the current study,
Fujifilm prescale film (Tokyo, Japan) was used. This is a static passive technology whereby its
colour intensity is proportional to the applied load. It only provides a measure of tibiofemoral
contact mechanics at one time under one set of circumstances. Harris et al. (1999) reported that
Fujifilm can under-estimate contact mechanics compared to the Tekscan across all flexion

angles, but this difference is reduced with the use of super-low films. Furthermore, the
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underestimation will occur across all testing conditions, thereby minimizing any potential

differences between them.

Conclusion

The anatomic transtibial pull-out repair with transtibial centralization better restores the
tibiofemoral contact mechanics compared to that of the knotless-anchor centralization
technique. This is particularly the case for contact area at 60°. Furthermore, it also better
restored extrusion to that of the knotless-anchor centralization technique at 60° and 90°. This
suggests that when there are concerns of residual pathological extrusion following a root repair
for a medial meniscus posterior root tear, the addition of a transtibial centralization will be
more biomechanically stable. Future comparative trials are now required to determine its effect

in clinical practice.
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Appendix 1 - MATLAB written file for pressure maps for the low and super low Fujifilm pressure films

image file super low = enter knee state.png'; % Super Low Pressure Image
image super low rgb = imread(image file super low);
image super low gray = rgb2gray(image super low rgb);

image file low = 'enter knee state.png'; % Low Pressure Image
image low rgb =imread(image file low);
image low_ gray =rgb2gray(image low rgb);

% Super Low Pressure Fujifilm (0.5 to 2.5 MPa)
pixel values super low =[244, 217, 187, 163, 145, 119, 96, 89]; % Example data
pressure_values_super low =[0.5,0.75, 1, 1.25, 1.5, 1.75, 2, 2.5]; % Pressure range for super low

% Low Pressure Fujifilm (2.5 to 10 MPa)
pixel values low =[244, 217, 187, 163, 145, 119, 96, 89]; % Example data
pressure_values low =[2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 10]; % Pressure range for low pressure

% Super Low Pressure

image super low double = double(image super low gray);

pressure_image super_low = interp1(pixel values_super low, pressure values super low,
image super low double, 'linear', 'extrap');

image low double = double(image low gray);
pressure_image low = interpl(pixel values_low, pressure values low, image low_double, 'linear', 'extrap');

combined pressure _map = pressure_image super low;
combined pressure map(isnan(pressure image super low)) =
pressure_image low(isnan(pressure_image super low));

figure;

imagesc(combined pressure map);

colorbar;

title('Combined Pressure Map: Super Low and Low Pressure Fujifilm');
xlabel('X Pixels');

ylabel("Y Pixels');

caxis([0.5 10]); % Combined pressure range from 0.5 to 10 MPa

colormap(turbo); % Use the 'turbo’ colormap for better color differentiation

¢ = colorbar;
c.Label.String = 'Pressure (MPa)';

Appendix 2 — MATLAB written file for contact area for each testing state part 1

image file = 'intact meniscus 60 loaded .png'; % Replace with the actual image path
image = imread(image _file);

[image height pixels, image width pixels, ~] = size(image);

physical width mm = 18; % mm
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physical height mm = 40; % mm

pixel size width mm = physical width mm /image width pixels; % Width in mm/pixel
pixel size height mm = physical height mm /image height pixels; % Height in mm/pixel

fprintf('Pixel Size (Width): %.5f mm/pixel\n', pixel size width mm);
fprintf('Pixel Size (Height): %.5f mm/pixel\n', pixel size height mm);

fprintf('Image Resolution: %d x %d pixels\n', image width pixels, image height pixels);
pixel size (width): 0.09474mm/pixel

Pixel size (height): 0.12658 mm/pixel =
Image resolution: 190 x 316 pixels

Appendix 3 — MATLAB written file for contact area for each testing state part 2

image file = 'intact meniscus 60 loaded.png'; % Replace with the actual image path
image = imread(image file);

image gray = rgb2gray(image);

contact threshold = 50;

contact mask =image gray > contact threshold;

pixel size mm2 =0.09474 * 0.12658; % Width (mm/pixel) * Height (mm/pixel)
contact area mm?2 =num contact pixels * pixel size mm2; % Contact area in mm?
figure;

imshow(contact mask);

title('Contact Area Mask');

fprintf('Contact Area: %.2f mm?\n', contact area mm?2)
Contact area: 711.89 mm?
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