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Abstract

There are several different factors, why an anterior cruciate ligament (ACL) graft may fail. One
reason is missed peripheral injuries, especially on the anterolateral side of the knee, which may be
responsible for different grades of instability after ACL rupture. Thus, the aim of this thesis was to
investigate the role of the anterolateral structures in restraining knee instability and provide a

surgical rationale for extra-articular lateral reconstruction.

A cutting study was performed using a six degree of freedom robotic setup. The anterolateral
structures were subsequently transected in ACL-intact and ACL deficient knees and the drop in
force was analysed. The iliotibial tract was the primary restraint to internal tibial rotation in 30°, 60°,

and 90° knee flexion. The ACL presented the main contribution in full extension.

In high-grade anterolateral rotatory instability (ALRI), an ACL reconstruction and an additional
extra-articular lateral reconstruction may control this instability better than an isolated ACL
reconstruction. Furthermore, it will share the load with the intra-articular graft and therefore
prevent re-rupture. Cadaveric knees were tested in a muscle loading rig and the length changes of
the native anterolateral structures and several extra-articular reconstructions were measured using
a suture and a linear variable displacement transducer (LVDT). The Lemaire and the Maclntosh
reconstruction, which were guided deep to the lateral collateral ligament (LCL) had preferable

length change pattern, being tight in extension and slacken in flexion.

The iliotibial tract was the primary restraint to internal tibial rotation and an injury should be
expected in high-grade ALRI. Regarding length change pattern of lateral extra-articular

reconstructions a Lemaire or MacIntosh reconstruction, guided deep to the LCL should be used.
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Figure 5.2 An additional extra-articular reconstruction did not add any stability compared to an
isolated intra-articular reconstruction in case of an isolated anterior cruciate ligament rupture. An
isolated extra-articular reconstruction improved stability compared to the ruptured state, but did not

restore it to normal. Reproduced with permission from Amis and Scammell* (1993).......ccccovcvvneeuenee 97

Figure 5.3 An additional Lemaire or Maclntosh reconstruction, which was passed deep to the lateral
collateral ligament, restored internal rotation laxity to normal. The anterolateral ligament (ALL Recon)
reconstruction presented persistent internal rotation instability at certain flexion angles, whereas the
superficial Lemaire (Lemaire Sup) over-constrained this. Statistical significance is indicated by circles.

Reproduced with permission from Inderhaug et al.7s (2017) ....ccocvreienenenenieeencireeeseeeeeseisenseseeeeenes 98

Figure 5.4 A strip of the iliotibial tract, left attached at Gerdy's tubercle (a) is shuttled deep to the
lateral collateral ligament (b) and rerouted on itself after perforating the lateral intermuscular septum

through a periostal tunnel. Reproduced with permission from Ireland and Trickey?¢ (1980)............ 100

Figure 5.5 Similarly to the MacIntosh tenodesis the iliotibial tract graft is routed deep to the lateral
collateral ligament. It is then passed (a) through a semi-circular tunnel, which enters the lateral femoral
condyle between the lateral epicondyle and the gastrocnemius tubercle (posterior and proximal to
the lateral femoral epicondyle) and exits anteriorly. The graft is then again shuttled deep to the LCL

and sutured onto itself (b). Reproduced with permission from Fritschy and Freuler® ....................... 101



Figure 5.6 The skin incision starts |0 mm proximal to the lateral epicondyle and is expanded towards
Gerdy's tubercle (a). The iliotibial tract is then prepared and the lateral epicondyle can be palpated

(forceps; b). Reproduced with permission from Wagner et al.!70 (2014).......ccccooviriveininincneinciccnnes 102

Figure 5.7 The iliotibial tract is incised on the anterior border of Gerdy's tubercle using a scalpel (a).
The incision is further expanded approximately 30 mm proximally to the lateral epicondyle using
scissors in order to not damage the lateral collateral ligament. Reproduced with permission from

WaAGNEE €1 Al.170 (2014)....uceeeieecercirenresecireeseseeaseeie e ssessesstse et s st bbb st sttt ssssstaseassacs 102

Figure 5.8 The lateral collateral ligament is then dissected and an Overholt-forceps (a) is passed deep
to the lateral collateral ligament (LCL). A shuttle suture is passed deep to the LCL to later shuttle the
graft proximally deep to the LCL. A 10 mm wide strip of the iliotibial tract, which is still attached to
Gerdy's tubercle is then dissected proximally. (b). Reproduced with permission from Wagner et al.!70
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Figure 5.9 The strip of the iliotibial tract is then cut proximally, approximately 30 mm proximal to the
lateral epicondyle. (a) It is then whipstiched and shuttled deep to the lateral collateral ligament using

the shuttle suture (b). Reproduced with permission from Wagner et al.!70 (2014) .......cccoeeerevcrencnnee 103

Figure 5.10 A K-wire is then drilled approximately 2 mm proximal and posterior to the tip of the
lateral epicondyle (a). This is then overdrilled using a 6 or 7 mm thick drill, depending on the graft size

(b). Reproduced with permission from Wagner et al.!70 (2014)........ccccoeverenrerreneeneuneseseneeneesersenseseseenees 104

Figure 5.11 The graft is then shuttled into the tunnel using a shuttle suture (a). An interference screw
according to the size of the graft is used to fix it into the tunnel (b). Reproduced with permission from

WAGNEE €1 AL170 (2014)...ueeeececeeereetcieeseteeeeete e tseas sttt sttt sttt bbbttt 104

Figure 5.12 The strip of the iliotibial tract is passed through a tunnel from anterior/distal to
proximal/posterior on the lateral femoral condyle. Reproduced with permission from Losee et al.!!?
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Figure 5.13 The iliotibial strip is then passed deep to the gastrocnemius tendon and deep to the
posterolateral structures for the second reefing. Reproduced with permission from Losee et al.!0
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Figure 5.14 A strip of the iliotibial tract with a distal bone plug is rerouted deep to the lateral collateral
ligament and then fixed to the bone trough at Gerdy's tubercle using a staple. Reproduced with

Permission from EllISON3% 1979) ...t ssessessess e ssessessess e s ssesseasesssnes 106




Figure 5.15 The semitendinosus tendon and a strip of the iliotibial tract are rerouted through a tunnel
on the anteromedial tibia via the over-the-top position of the lateral femoral condyle, and deep to the

lateral collateral ligament and vice versa. Reproduced with permission from Zarins and Rowe'8° (1986)

Figure 5.16 A 3fold semitendinosus tendon with a single strand gracilis tendon is taken as the intra-
articular anterior cruciate ligament graft. The remaining gracilis tendon graft is used as a tri-angular
lateral extra-articular reconstruction. Reproduced with permission from Sonnery-Cottet et al.!52
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Figure 6.2 Medial aspect of a left knee mounted into the knee extension rig. The muscles were loaded
using hanging weights and a pulley system. | Patella; 2 Femur; 3 Vastus medialis obliquus; 4 Vastus

medialis longus; 5 Rectus femoris and Vastus intermedius; 6 Vastus lateralis longus............cccceecuunce 116

Figure 6.3 Lateral aspect of a left knee mounted into the knee extension rig. The muscles were loaded
using hanging weights and a pulley system. | Patella; 2 lliotibial tract left attached at Gerdy's tubercle;

3 Vastus lateralis obliquus; 4 Vastus lateralis longus; 5 Rectus femoris and Vastus intermedius........ 16

Figure 6.4 Knee extension rig. The muscles were loaded according their fibre direction and cross
section area using hanging weights and a pulley system. The horizontal restraining bar limited the knee

extension to any flexion angle. Reproduced with permission from Stephen et al.!s¢ (2012).............. 117

Figure 6.5 Femoral eyelet positioning (white). Tibio-femoral point combinations account for structures
on the lateral side, extra-articular soft-tissue reconstructions and femoral isometric points. a: pinG
(black): Gerdy’s tubercle; pinA (blue): Area of the Segond avulsion; Dashed line: lateral collateral
ligament; green pin: lateral epicondyle. b: black pin: Gerdy’s tubercle; blue pin: Area of the Segond

avulsion; red pin: fibular head; green pin: lateral epicondyle...........ccocveeerereneincenencneseeincineesenseeeeeeene 119

Figure 6.6 Linear variable displacement transducer setup. Depending on the location of the sliding core
the ferromagnetic chamber produces a voltage change, which is transmitted to the Solartron base unit.
This voltage change can be converted to millimetre length change and stored to an Excel sheet on the
local computer. Reproduced with permission from Ghosh KM>35, The Effects of Total Knee
Replacement on the Extensor Retinaculum of the Knee; a thesis for the degree of MD(Res) and

Diploma of Imperial College. (2009).......coirrreererirereresereasesessesessesessesessasessesessasessasessesessssessesesseseaes 120

Figure 6.7 A monofilament suture connected the tibia with the femur using a pin and an eyelet. When
the ligament tightened the stroke arm of the linear variable displacement transducer (LVDT)
lengthened, whereas when the ligament relaxed the stroke arm of the LVDT shortened. Reproduced

with permission and adapted from Ghosh et KM>5 (2009), and Stephen et al.'s5 (2014)..................... 120
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Figure 6.8 Length change pattern of all tested native tissue structures with pooled 95% confidence
interval. In relation to tibial pin A, a change from femoral eyelet El to E3 changed the length change

from a mean 19mm elongation to 8mm shortening. Moving from G to A on the tibia had a smaller

effect, in relation to femoral @yelet Eb. ...ttt ssese e seeaes 123

Figure 6.9 Differences between tibio-femoral point combinations superficial and deep (*) to the lateral
collateral ligament (LCL). The combinations guided deep to the LCL displayed less variability in length

CHANGZE PALLEINS. ...ttt seasess et sseas s e bt e sttt ettt sttt aen 124

Figure 6.10 Extra-articular isometry map for various tibio-femoral point combinations. Total strain
range values (TSR) were plotted onto the femur. Low values indicate near isometry and high values
non-isometry. Green pin: lateral femoral epicondyle; red pin: fibula head; black pin Gerdy's tubercle;
blue pin: Area of the Segond avulsion. (a) TSR values in combination with pinG, the suture was guided
superficial to the lateral collateral ligament (LCL). (b): TSR values in combination with pinA, the suture
was guided superficial to the LCL. (c): TSR values in combination with pinG, the suture was guided
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Figure 6.11 Length change pattern of all tested reconstructions with pooled 95% confidence interval.
Femoral insertion points proximal to the lateral epicondyle display similar length change pattern. *:

graft passed deep to the lateral collateral lIgaMENTt. ...t sessesseseeenes 128
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1. Background

Anterior cruciate ligament (ACL) reconstruction generally has good to excellent results. However,
graft ruptures occur in approximately 4-17%5482.151.174 with higher risk in the younger population
(12-25%)!7:133,148172 and patients returning to strenuous sports (up to 29%)'72 suffering a graft rupture
or contralateral ACL injury. Additionally, a substantial number of patients (5-25%) have disappointing
IKDC and return to sports scores.?4862 Reasons for graft rupture, contralateral ACL injury and
poor results may include surgical error, concomitant peripheral injuries, failure of graft
incorporation, and trauma.6278 Unrecognized injuries to the peripheral ligamentous structures may
lead to persistent rotatory instabilities'-'38, higher ACL graft forces’, and may shift the contact areas
posteriorly on the tibial plateau8’2. These factors may not only lead to the failure of an isolated ACL

graft, but also to early onset osteoarthritis'é0 despite ACL reconstruction.

Anterolateral rotatory instability (ALRI) is one these complex rotatory instabilities associated with
ACL rupture. It may occur as a result of concomittant damage to the anterolateral structures at the
time of ACL injury 71.110.119.164175. However, in the chronic setting, the anterior tibial translational and
internal rotational laxity associated with ACL-deficieny may cause the anterolateral structures to be

repeatedly stressed resulting in progressive elongation ('stretching out")%.

Although cohort studies of revision ACL reconstruction have shown that technical error at primary
surgery was the commonest cause of graft failure and that missed peripheral ligament injuries
account for only 3% of revisions,$%.195 the addition of a lateral extra-articular procedure to primary

ACL reconstruction appears to lower graft rupture rates.!s2

Lateral extra-articular reconstructions were first developed in the 1970s and 1980s.7:39.101.110.112,180
Unfortunately, when performed in isolation, they did not yield satisfactory results in the treatment of
ACL deficiency34 and were abandoned after a consensus conference in 1989 organized by the

American Orthopaedic Society for Sports Medicine (AOSSM). They concluded that extra-articular
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reconstructions would eventually increase the risk of osteoarthritis by over-constraining the lateral

compartment and did not add any additional stability to an intra-articular ACL reconstruction.

It was Paul Segond in 18794, who first described an avulsion fracture of the lateral tibial rim
between Gerdy’s tubercle and the fibular head, when applying excessive internal rotation on
cadaveric knee specimen. This avulsion, which was later called the “Segond fracture” was attached to
a pearly fibrous ligament. Yet, more recently, focus on the antero-lateral ligament (ALL) of the knee
has lead to a re-kindling of interest in the anatomy, biomechanics and possible reconstructions on

the lateral side of the knee to augment ACL reconstruction.?2

Thus, this thesis aims to improve the understanding of the anatomy, biomechanics, and related

reconstructions of the anterolateral structures of the knee.
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1.2

Aims and Objectives

I. To develop a dissection method in order to describe the anatomy of the anterolateral
structures of the knee and compare this to the existing literature.

2. To determine the function of the ACL and the anterolateral structures in controlling
knee stability.

3. To obtain data on the function of the anterolateral structures in controlling knee
stability in an ACL-deficient knee.

4. To study the length change pattern of the native anterolateral structures

5. To investigate the insertion point isometry of lateral extra-articular reconstructions.
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2 Anatomy of the
Anterolateral structures

The majority of this chapter has been published in german in Arthroskopie
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2.1 Background

The anatomy of the anterolateral side of the knee is complex and anatomical descriptions are
confusing. The purpose of this chapter was a literature review aiming to reconcile differing

depictions of the anatomy and provide consistency to descriptions of key functional structures.

2.2 lliotibial Tract

The iliotibial tract (ITT) is a strong band of the fascia latae over the lateral surface of the thigh, which
is proximally invested by the gluteus maximus muscle, the tensor fascia latae and the fascia of the
gluteus medius'7!. On the femur the ITT attaches on the linea aspera through the lateral
intermuscular septum and the so called ‘Kaplan fibres’ further distal.'®® On the tibia it inserts on
Gerdy’s tubercle and slightly posterior on the lateral rim of the tibia. It also has an attachment on

the patella (iliopatellar band), which merges with the lateral retinaculum.

Figure 2.1 Right knee, lateral side: | Patella; 2 lliopatellar Band; 3 superficial iliotibial tract inserting
mainly inserting at Gerdy's tubercle (4); 5 Area of the Segond avulsion, halfway between Gerdy's
tubercle (4) and fibular head (6), 7 Lateral collateral ligament shining through the superficial fibres of
the iliotibial tract, 8 long head of the biceps femoris, 9 short head of the biceps femoris
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The ITT can be divided into two functional components (ITT and iliopatellar band) and five layers
(aponeurotic, superficial, middle, deep and capsulo-osseous).!¢! However, recent literature has only
mentioned the superficial, deep and capsulo-osseous layer.!67 It has been shown in electrical
stimulation studies, that the proximal muscles attached to the ITT do not transmit forces to the
knee joint.84 Thus, the ITT has only a static, ligament like function across the tibiofemoral jointé* and

it has been suggested that it provides anterolateral stability to the tibia.43

2.2.1 Superficial Layer of the ITT:

The superficial layer of the ITT is a fibre confluence of the fascia latae, the vastus lateralis muscle
aponeurosis, biceps femoris muscle aponeurosis'é’ and the iliopatellar band.'¢! (figure 2.1) The
patella and the patellar tendon form the anterior border of the superficial layer. The posterior
border is formed by the biceps femoris muscle. The majority of the superficial fibres insert on
Gerdy’s tubercle at the tibia. However Terry et al.'é¢3 found that the posterior fibre region of the
superficial layer merges with the capsulo-osseous layer and inserts slightly posterior. The oblique
fibre direction of the ITT may suggest a strong contribution to limit tibial internal rotation,

particularly in high knee flexion angles.

2.2.2 Deep Layer of the ITT:

The deep layer of the ITT becomes visible approximately 6cm proximal to the lateral femoral
epicondyle.'¢! (figure 2.2) This triangular area at the distal termination of the intermuscular septum is
formed by strong fibres connecting the superficial ITT layer to the femur. The lateral superior
genicular artery passes between these femoral attachments suggesting a strong and static area.
Werner Mueller noted haemorrhage in this area in acute ACL ruptures and found increased internal
rotatory instability following section of this layer. Lobenhoffer et al.'% further divided this layer into
the proximal- and supracondylar tract insertion.

They found the supracondylar fibres of the deep ITT extended distally and attach at the

posterolateral femoral metaphysis (see 3 in figure 2.2). These could be visualised in 93% of their 100
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dissected knees!%. The distance from Gerdy's tubercle at 10° knee flexion was 66 + 9 mm and its
bony insertion had a length of 12 £ 6 mm.!08

The proximal Kaplan fibres, which attached directly distal to the distal termination of the lateral
intermuscular septum, were found in 73% (see 2 in figure 2.2). The bony insertion had a length of 9
+ 4 and the distance from Gerdy's tubercle at 10° knee flexion was 74 + | | mm. Conversely, Godin
et al.57 reported the distance between Gerdy's tubercle and the attachment site of the supracondylar
fibres of the ITT to be 93.8 mm. The distance between Gerdy's tubercle and the attachment of the
proximal Kaplan fibres was 72.2 mm. Their measurements were taken at 50 degrees as opposed to
10 degrees flexion. Furthermore, the attachment site was also found larger compared to
Lobenhoffer et al., which may have resulted from different dissection methods and number of knees

used in these studies (857 vs 10008).

Figure 2.2 Right knee, lateral side, revealing the Kaplan fibre network after removal of the superficial
iliotibial tract fibres (1) from anterior. 2 proximal insertion, 3 supracondylar insertion, 4 retrograde
insertion, 5 lateral superior genicular artery, 6 lateral intermuscular septum, 7 vastus lateralis longus.
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2.2.3 Capsulo-osseous layer of the ITT

The capsulo-osseus layer was described as the deepest layer of the ITT and provides a lateral
capsular strengthening.'¢? (figure 2.3) This layer is also known as the retrograde tract insertion'%8 and
attaches at the lateral femoral supracondylar region and passes distal, where it inserts slightly
posterior to Gerdy’s tubercle. This region halfway between the fibular head and Gerdy’s tubercle is
known to be the area of the Segond avulsion fracture. The capsulo-osseous layer forms a sling
around the lateral femoral condyle and prevents the lateral tibial plateau from subluxating anteriorly.
Thus, this structure restrains the pivot-shift manoeuvre by keeping the superficial layer posterior to
the transverse axis of rotation.!¢! Authors considered this layer of the ITT acting as an ‘anterolateral

ligament’. '67 Furthermore Terry et al.'* found injuries of the capsulo-osseous layer in 71% of their

ACL tear cases.

Figure 2.3 Right knee, lateral side, Further removal of the superficial fibres of the iliotibial tract,
revealing the retrograde fibre tract (I), forming a sling around the posterolateral femur and inserting
posterior to Gerdy's tubercle (8), 2 lateral epicondyle, 3 supracondylar insertion, 4 retrograde
insertion, 5 lateral superior genicular artery, 6 lateral intermuscular septum, 7 lateral collateral
ligament.
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The deep and the capsule-osseous layers of the ITT are commonly known as the Kaplan fibres.!43
Lobenhoffer et. al. called these fibres, which had a reversed course compared to the other Kaplan
bundles, the “retrograde fibre tract’. These fibres had the same attachment area as the proximal

Kaplan fibres and were found in all the knees where the proximal fibres were present (73%).

2.3 Capsule, Mid-third capsular ligament

The midthird lateral capsular ligament has been described as having a meniscotibial portion and a
meniscofemoral portion. On the tibia it attaches between the anteroinferior popliteomeniscal
fascicle (popliteus hiatus) and the posterior border of Gerdy’s tubercle approximately 6-9mm distal
from the subchondral bone.!671.96.137.143,145 The femoral attachment site was defined in the region of
the lateral femoral epicondyle’!% with several other attachments on the posterior aspect of the
popliteus insertion and at the lateral gastrocnemius tendon insertion.”> Seebacher et al. emphasised
a bilaminar structure of the lateral capsule. The superficial capsular lamina (original capsule
embryologically) surrounds the LCL, the deep lamina passes medial to the LCL and inserts on the
outer edge of the lateral meniscus. The midthird lateral capsular ligament was found at the
confluence of these two layers at the posterior border of the ITT. Johnson et al. described a lateral
capsular ligament complex, which had vertical and horizontal components and attachments on the
lateral tibia, lateral meniscus, fibula, biceps femoris, lateral head of the gastrocnemius and the
popliteus sheath.8! They also noted interdigitating fibres attaching at the superficial layer of the ITT.
However none of these authors have mentioned the deep and capsulo-osseous layer of the ITT,
which may be part of their descriptions.'é! Recently Caterine et al. concluded in their study that the
lateral capsular ligament is a thickening of the lateral capsule and can be seen as an independent

structure, synonymous to the ALL.2!
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2.4 Anterolateral ligament:

Recently several different research groups identified a distinct ligament on the anterolateral side of
the knee.2!:22283367.142,157.168 Claes et al. were the first to describe this distinct ligament. They found
the femoral attachment on the tip of the lateral femoral epicondyle, which was present in 97% of
their dissected knees. Also, an intimate connection to the lateral meniscus was observed. Their
description is similar to the midthird lateral capsular ligament

described by Hughston et al.”!. Vincent et al.'é8 also found a capsular structure similar to those
structures described by Claes et al.22 and Helito et al.67 However its femoral attachment was located
on the popliteus tendon or anterior to the popliteus tendon. Dodds et al.33 found the attachment
proximal and slightly posterior to the lateral femoral epicondyle. It was also described as an extra-
capsular structure. (figure 2.4) Similarly, Kennedy et al.8 showed its femoral attachment was located

4.7 mm posterior and proximal to the LCL attachment.

Figure 2.4 Right knee, lateral aspect after removal of the superficial (see | in figure 2.2), deep (see 2
and 3 in figure 2.2), and capsule osseous layer (see | in figure 2.3), revealing the capsular structures.
| vastus lateralis longus, 2 lateral epicondyle, 3 long head of the biceps femoris, 4 anterolateral
ligament, 5 lateral meniscus, 6 attachment of the anterolateral ligament at the area of the Segond
avulsion fracture, 7 lateral collateral ligament, 8 patella, 9 fibular head, 10 Gerdy's tubercle, 11
patellar tendon.
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2.5 Biceps femoris muscle complex

The biceps femoris muscle complex contains two heads, long and short. The long head of the biceps
femoris originates at the ischial tuberosity and has five major insertion on the knee.'¢2 Two of them
are tendinous insertions and attach at the fibular styloid (direct arm) and on the lateral edge of the
fibular head (anterior arm). The anterior arm then continuous as the anterior aponeurosis into the
fascia cruris. The two fascial components insert at the posterior border of the ITT (reflected arm),

and the posterior part of the lateral collateral ligament (LCL; lateral aponeurosis).

Figure 2.5 Right knee, lateral side, after removal of the superficial iliotitbial tract (1). Femoral
transsection and lifting of the capsulo-osseous layer (3) showing the biceps-capsuloosseous iliotibial
tract confluence (2). 4 short head of the biceps femoris, 5 tendon of the long head of the biceps
femoris, 6 lateral intermuscular septum.

The short head of the biceps femoris originates at the lateral intramuscular septum and the lateral
aspect of the linea aspera. After removal of the long head of the biceps, the parts of the short head
are revealed. The direct arm inserts on the tip of the fibular styloid and its anterior arm passes deep

to the LCL and inserts with the meniscotibial portion of the midthird lateral capsular ligament on the
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rim of the lateral tibial plateau. Similar to the long head the lateral aponeurotic arm inserts at the
posteromedial border of the LCL. Furthermore, the short head of the biceps also has three
muscular insertions to the tendon of the long head, to the posterolateral aspect of the capsule, and
to the capsulo-osseous layer of the ITT. The last insertion is the biceps-capsuloosseous iliotibial tract

confluence. (figure 2.5)62.163

2.6 Lateral meniscus:

The lateral meniscus is a curved and wedge shaped fibrocartilage structure in the lateral knee
compartment.” (figure 2.6) It is firmly attached to the tibia by its two roots. Its anterior root blends
with the tibial attachment and is C-shaped (laterally open) surrounded by the tibial attachment of the
ACL.'82 The posterior root attachment was found to be directly posterior to the lateral tibial spine.
Johnson et al. found that the anterior and posterior root attachments of the lateral menisci were
directly connected to the tibial ACL stump. The posterior fibres of the anterior horn blended with
the anterior ACL fibres, while the anterior fibres of the posterior horn blended with the posterior
fibres of the ACL.8% Johannsen described the relationship to the tibial posterior cruciate ligament
attachment, which was located 12.7 mm posterior to the centre of the root attachment.”? Further
tibial attachments of the lateral meniscus are the lateral capsular ligament (anterolateral) and the
coronary ligament (posterolateral).'43 Between these capsular attachments the popliteus tendon
enters the knee joint through the popliteus hiatus, which was described as the bare area of the
meniscus.2 However, this area contains a complex fibre network, called the popliteomeniscal
fascicles. Staubli et al.'>* described three different fascicle. |. the superior popliteomeniscal fascicle,
which inserted into the posterior horn of the lateral meniscus. 2. the inferior popliteomeniscal
fascicle, which creates the floor of the popliteal hiatus. And, finally, the popliteofibular fascicle, which

connects the popliteal hiatus to the fibula.

Femoral attachments of the lateral meniscus include the meniscofemoral capsule and two distinct

ligaments, which connect the posterior horn of the lateral meniscus to the femur. The anterior
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meniscofemoral ligament (aMFL; ligament of Humphrey) was present in 74% of knees.¢' Its femoral
attachment was located on the medial side of the intercondylar notch, adjacent to the medial border
of the posterior cruciate ligament (PCL) attachment, adjacent to the articular cartilage margin. The
posterior meniscofemoral ligament (pMFL; ligament of Wrisberg) was present in 69% of the knees
and its femoral attachment was more posterior than the attachment of the aMFL on the proximal

border of the femoral PCL attachment.

Figure 2.6 Right knee, lateral capsular structures removed and Patellar deflected. | c-shape of the
lateral meniscus, 2 anterior root, 3 posterior root, 4 anterior cruciate ligament (tibial stump), 5
anterior meniscofemoral ligament, 6 probe holding the posterior meniscofemoral ligament, 7 bare
area of the lateral meniscus (popliteus hiatus).

2.7 Segond Fracture

The Segond fracture was first described by Paul Segond in 1879.146 This cortical avulsion, best seen
on an anterior-posterior X-ray, occurs halfway between the fibular head and the tip of Gerdy’s

tubercle. (figure 2.7) It was described as being the result of an excessive internal rotation and varus
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rotation moment, and a strong link to ACL rupture was emphasized.58 However, no consensus
exists regarding the attaching soft tissue structures. Terry and LaPrade found in their surgical
observations that the mid-third lateral capsular ligament, the capsulo-osseous layer of the ITT and
the anterior arm of the biceps femoris muscle were attached to the fracture fragment.'62 Similarly,
Shaikh et al. found the capsulo-osseous layer of the ITT and the anterolateral capsule attached at this
fragment in 36 MRlIs, but did not look at the biceps'4’. ALRI should be suspected in patients

presenting with this injury, until proven otherwise. 3!

Figure 2.7: Segond Avulsion shown on an anterior/posterior radiograph. This sign has been shown to
be pathognomonic for anterior cruciate ligament ruptures. Reproduced with permission from Kittl
et al.?%0 (2014)

2.8 Confusion around the anterolateral structure nomenclature

Hughston et al.”! were the first to popularize the term ‘anterolateral rotatory instability’ and

associated it with a rupture of the midthird lateral capsular ligament and the ACL. However, they did
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not mention the capsulo-osseous layer of the ITT, which runs directly above the anterolateral knee
capsule. Kaplan8 and later Terry et al.'é4 ,and Viera et al.'¢7 described the capsulo osseous layer of
the ITT as forming a sling around the posterolateral femur and called it an ‘anterolateral ligament’.
(figure 2.8) Confusion may have arisen from the use of different names in the literature: Miiller:
Ligamentum femorotibiale anterius'2?; Lobenhoffer: retrograde fibre bundle!%, and Hassler and
Jakob: Ligamentum tractotibialet. These terms have all been applied to what may be described as
the femoral attachment of fibrous structures which are effectively a distal prolongation of the lateral
intermuscular septum, and which includes what are often known as the Kaplan’s fibres. All of the
cited studies found a femoral attachment at the linea aspera around the distal termination of the
intermuscular septum, and a tibial attachment either posterior to Gerdy’s tubercle or directly at

Gerdy’s tubercle.

Conversely, the description of the femoral attachment of the ALL varies broadly among authors.
Originally it was reported to be anterior and distal to the lateral femoral epicondyle and a
conjunction to the lateral meniscus was described. These characteristics certainly do not match the
descriptions of the capsulo-osseous layer of the ITT. Thus, in accordance with Claes et al.22 we
believe that the ALL “... is clearly distinct from the ITB, and both its deep layer and its capsulo-
osseous layer should not be confused with the ALL”. Some later descriptions of the ALL283386,
however, describe different attachments around the lateral femoral epicondyle and it still remains
unclear whether this “ligamentous” structure is a capsular thickening or an extra-capsular structure.
When looking at the pictures of recent anatomical and biomechanical publications2886.!50 jt may in
fact be possible that a mixture of the anterolateral knee capsule (which has a connection to the
lateral meniscus) and fibres of the capsulo-osseous ITT layer have been described as a “robust” ALL
having a fan-like tibial attachment posterior to Gerdy’s tubercle (figure 2.9). However, this of course
raises the important question why the original terms (capsulo-osseous layer; midthird capsular
ligament) have neither been maintained nor adopted. There is lack of clarity in the terminology on
the anterolateral side of the knee. The following table (2.1) will help to understand the names and

structures. The pictures in the studies were analysed and assigned to anatomical regions.
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Table 2.1 Pictures of the corresponding studies were analysed and assigned to anatomical regions.

Author

Structure

Name

Miiller

Terry

Viera

Hassler

Hughston

Vincent

Claes

Dodds

Daggett

LaPrade

Confluence of the superficial and deep iliotibial tract
(ITT)

Deep ITT

Deep ITT

Confluence of the superficial and deep ITT

Thickening in the anterolateral capsule

Thickening in the anterolateral capsule

Thickening of the anterolateral capsule

Parts of the deep ITT and a capsular thickening

Parts of the deep ITT and a capsular thickening

Parts of the deep ITT and a capsular thickening

Ligamentum femorotibiale
anterius

Capsulo-losseous layer, acting
as an anterolateral ligament

Anterolateral ligament

Ligamentum tractotibiale

mid-third capsular ligament

Anterolateral ligament

Anterolateral ligament

Anterolateral ligament

Anterolateral ligament

Anterolateral ligament
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Figure 2.8 (a) I: Patella, 2: Quadriceps tendon, 3:lateral femoral condyle, 4: anterior cruciate ligament
(ACL), 5: lateral meniscus, 6: caspulo-osseous layer of the iliotibial tract (ITT), 7: tibial attachment of
the capsulo-osseous layer 8: Gerdy's tubercle. (b) The ACL and the capsulo-osseous layer of the ITB
form a sling around the lateral femoral condyle. Reproduced with permission from Vieira et al. 167
(2007)

Daggett and Sonnery-Cottet!!! suggested that the capsular thickening and the deep fibres of the ITT
are the same structure and should be called ALL. Although as a concept it does indeed not really
matter, what the orthopaedic community term the anterolateral corner structures, it would seem

confusing to describe two discreet anatomical structures in this way, and of course, incorrect!

In our own observations we found a clear layer-by-layer anatomy existing of the superficial ITT layer,
the deep and capsulo-osseous layer of the ITT, and the anterolateral capsule. In fact, in some knees,
some fibres separated superficially from the capsular layer, such that they passed superficial to the

LCL, and were so pronounced that they formed a capsular thickening imitating a distinct ligament.
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This observation is in line with several other studies, which did not find a distinct ligament on the

anterolateral side in fresh frozen knees, formalin embedded knees*5, and foetal knees*s.

Figure 2.9 This is the lateral aspect of a left knee, distal to the left, proximal to the right. The
anterolateral ligament complex (ALL) is grasped by the forceps close to the femoral attachment,
which extends to the lateral intermuscular septum. Thus, describing a mixture of the deep iliotibial
tract fibers and the ALL. It passes over the lateral (fibular) collateral ligament (LCL), and fans-out to
wrap over the anterolateral rim of the tibial plateau. This exposure followed a longitudinal incision of
the posterior edge of the iliotibial tract and anterior reflection of the resulting flap (in upper

forceps), with sharp dissection posterior to Gerdy’s tubercle, exposing/clarifying the ALL and the
LCL.

2.9 Dissection Method

The dissection method used in this study addressed the layered anatomical structures using fresh-
frozen cadaver specimens. At least 25 cadaveric knee specimens were dissected and the anatomical
structures and their insertion sites were evaluated. The dissection was performed from anterior to
posterior (according to Miiller!2!) as opposed to Daggett et al.26, who dissected from posterior to
anterior.

After removal of the skin and the subcutaneous fat the fascia lata was incised longitudinally slightly
lateral and proximal to the patella. The vastus lateralis muscle was then mobilised anteriorly until the

lateral intermuscular septum could be identified. (see 6 in figure 2.2). The incision of the fascia lata
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was then further expanded distally to the lateral portion of the tibial tuberosity. A longitudinal
incision of the lateral retinaculum was then performed on the lateral edge of the patella and
extended towards the medial portion of Gerdy's tubercle until the anterolateral capsule was visible
and the superficial ITT could be reflected posteriorly (see figure 2.2). At the distal termination of the
lateral intermuscular septum the lateral superior genicular artery could then be identified, which was
frequently found surrounded by fatty tissue. This was then meticulously resected and the artery was
followed posteriorly towards the Kaplan fibre network. As displayed in figure 2.2, three different
fibre bundles, attaching at the area of the femoral metaphysis, could be identified (see chapter 2.2.2
and 2.2.3). Application of an internal tibial rotation torque, with the knee at 30 and 90 degrees
flexion, caused obvious tightening of these fibres and the intermuscular septum.

The superficial layer of the ITT could then be differentiated from the capsulo-osseous layer due to
its different tibial and femoral attachments. All fibres of the superficial layer of the ITT inserting at
Gerdy’s tubercle were resected. Tracing these fibres proximally there was no attachment at the
metaphysis of the femur and they could then be completely removed. The superficial layer, covering
the capsulo-osseous layer, was then peeled off, leaving the more-posterior fibres in place (see figure
2.3). At the posterior transition of the short head of the biceps femoris, the biceps-capsulo-osseous
iliotibial tract confluence could then be identified, confirming the presence of the capsule-osseous
layer without any superficial fibres left on it. Again, when applying internal rotation these posterior
fibres could be tightened and were seen to provide restraint to the anterior subluxation of the
lateral tibia.

The capsulo-osseous layer of the ITT was then resected, identifying the proximal attachments at the
linea aspera and then followed distally. Once freed from its proximal attachment, this structure was
not adherent to its underlying structures and could be easily followed to its distal attachment at the
area posterior to Gerdy's tubercle. Thus, this structure formed a direct link from the linea aspera of
the femur to the tibia, just posterior to Gerdy’s tubercle. There was absolutely no doubt that the

capsulo-osseous layer was completely separated from its underlying structures. Once these two
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layers had been removed internal rotation laxity of the tibia was substantially increased, even in an

ACL intact knee, implying a potent role of the ITT in controlling internal tibial rotation.

After resection of the ITT the anterolateral capsule was exposed. No distinct ligament could be
found in all of the dissected knees. Only when an internal rotation force was applied to the tibia, it
was possible to identify fibres running obliquely over the LCL corresponding to the ALL. These
fibres were then removed. The remaining capsular structure, which also could be tensed by applying
internal rotation was also resected’!. This exposed the surface of the lateral femoral condyle, lateral
meniscus and rim of the tibial plateau as far posteriorly as the LCL, so that no fibres, described in

previous studies as being the ALL, remained intact.

By a fortunate coincidence, the senior signatory of the letter from Daggett et al.?’, Bertrand
Sonnery-Cottet, had arranged to visit the laboratory of Imperial College London, and so we took
the opportunity to dissect some knees together. Despite different dissection protocols, we were
largely in agreement about the anatomy of the ALL: its course — passing over the LCL, its
attachments — posterior/proximal to the lateral epicondyle, and mid-way between Gerdy’s tubercle
and the head of the fibula, and how it was tightened by tibial internal rotation, when the ITT was

completely removed.

2.10 Reconciling the terminology of the anterolateral structures

The confusion surrounding the descriptions of the anatomy of the anterolateral side suggests a need
for a consistent terminology for these structures reconciling older descriptions of the deep fibres of
the ITT and the joint capsule. In particular, some interpretations of the ALL seem to describe a

structure complex, that would consist of fibres from different anatomical structures.

Following some work in this thesis a consensus meeting in Watford, UK (2017) was held in order to

establish an anatomical terminology for the anterolateral side of the knee.53 After dissection of four
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cadaveric knee specimens, each research group presented their results, which were discussed
according to a modified Delphi consensus discussion. Similar to the layered anatomical observations
of this thesis, the superficial ITT was described as the most superficial structure, followed by the

deep ITT and the ALL and the anterolateral capsule.

Lobenhoffer et al.'%8 were the first to further divide the Kaplan fibre network into the proximal (2 in
figure 2.2), supracondylar (3 in figure 2.2) and retrograde fibres (4 in figure 2.2). Due to simplicity,
these were classified as proximal (2 in figure 2.2), distal (3 in figure 2.2) supracondylar attachments
and retrograde (condylar) attachment (4 in figure 2.2). The retrograde attachment continues into the
capsulo-osseous layer (described by Terry et al.!é!, | in figure 2.3). The ALL was defined as a
capsular structure lying in Seebacher layer three!4s of the anterolateral capsule, attaching posterior
and proximal to the lateral femoral epicondyle on the femur and between Gerdy's tubercle and

fibular head on the tibia.

2.11 Conclusion

The anatomy of the anterolateral structures of the knee is complex, lacks standard nomenclature
and has been variably described. It seems, however, best to describe these in terms of tissue layers
from superficial to deep. The first layer is presented by the superficial fibres of the ITT. The second
layer is formed by the deep and capsulo-osseous fibres of the ITT, also called the Kaplan fibre
network. The third layer represents the anterolateral knee capsule, which is divided into a superficial

and deep lamina through the LCL.

The oblique course of these anterolateral structures imply a role in restraining the anterior
subluxation of the lateral tibial plateau. However, biomechanical work evaluating the functions of the

structures on the anterolateral side of the knee is lacking.
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3 Biomechanics of the
Anterolateral structures

Parts of this chapter have been published in Clinics in Sports Medicine, Operative Techniques in

Orthopaedics, and Controversies in the Technical Aspects of ACL Reconstruction.

Biomechanics of the anterolateral structures of the knee; Clinics in Sports Medicine, Volume 37,
Number |, pages: 21-31
C Kittl, E Inderhaug, A Williams, AA Amis

Biomechanical Role of Lateral Structures in Controlling Anterolateral Rotatory Laxity: The lliotibial
Tract; Operative Techniques in Orthopaedics, Volume 27, Number 2, pages: 96-101
C Kittl, A Williams, AA Amis

Scientific Basis and Surgical Technique for lliotibial Band Tenodesis Combined with ACL
Reconstruction; Controversies in the Technical Aspects of ACL Reconstruction, pages: 393-404

C Kittl, E Inderhaug, ] Stephen, H El-Daou, A Williams, AA Amis

For permission see Chapter 9 (Appendix)
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3.1 Background:

Previously, the term ALRI was synonymous for the instability caused by an isolated ACL injury.
However, Hughston et al.”!, were the first to popularise ALRI as being due to combined ACL and
anterolateral capsule injury, resulting in excessive anterior subluxation of the lateral tibial plateau.
The introduction of intraarticular ACL reconstruction led to a loss of focus on associated peripheral
injuries with ACL rupture. This was compounded with the transition from open to arthroscopic
ACL surgery. Although intra-articular reconstruction of the ACL restored knee kinematics in the
anterior/posterior direction, it failed to completely abolish the pivot-shift phenomenon in some
knees.!%4 This led to a more anatomical approach of intra-articular ACL reconstruction reproducing
its oblique course to the posterior aspect of the femur using the medial portal technique.&3
However, despite efforts to improve reconstruction tunnel positions, graft tension, and
postoperative rehabilitation, the issue of persistent rotational instability, following ACL

reconstruction, remains.3

This residual rotational instability after ACL reconstruction may come from additional injury of the
peripheral structures, which gained broad interest after anatomical description of the ALL in 2013.22
Since then, many studies regarding anatomy, biomechanics and possible reconstructions have been
conducted.21.283367.168 However, there is still a lack of evidence on how to diagnose these injuries and

more importantly which patients will benefit from an additional lateral extra-articular procedure.

Although previous work has suggested promising biomechanical and clinical results, there is a lack of
level one evidence. Similar to the medial side, anterolateral capsular structures may have a high
healing potential, when the primary restraint to anterior tibial translation is reconstructed, but
routine combined ACL reconstruction and reconstruction of the anterolateral structures may lead
to increased morbidity. Conversely, undiagnosed anterolateral structure injuries may “stretch-out’
over time in chronic cases and impose abnormal loads on the ACL graft, preventing it from healing
in the bone tunnel.2? The purpose of this chapter is to evaluate the existing literature on the

biomechanics of the anterolateral side of the knee.
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3.2 Internal tibial rotation:

The principle of primary and secondary restraints was first introduced by Butler et al.!? by displacing
the tibia anteriorly a predefined distance and then calculating the contribution of the different
structures after cutting them. In this experiment the ACL provided an 85% resistance to a 250-550N
anterior tibial translation (ATT) at 90° flexion, whereas the peripheral structures showed only a
minor (< 3% each) contribution and were classified as a secondary restraint to ATT. This has also
been shown in 20° knee flexion, where the ACL provided 78% of a lower anterior force (150N),2
implying that the ACL is the primary restraint to ATT at all flexion angles.

However, in the ACL deficient knee the contribution of the secondary restraints in controlling laxity
is increased, providing a backup and may "stretch out” over time when the primary restraint is
absent.

As the tibia translates anteriorly there is a coupled internal rotation of the tibia of 3-10°.4 This
increased motion in the lateral compartment is related to the convex shape of the lateral tibial
plateau, the loose menisco-capsular attachments and the more mobile lateral meniscus. With the
tibia free to rotate, ATT is 30% greater than when the tibia is fixed in internal or external rotation.!
(figure 3.1). Controversy exists regarding the primary and secondary restraints to tibial internal
rotation. Some authors found that an isolated ACL injury led to significant rotatory instability.+¢.106
However, other authors reported no increased tibial internal rotation.?+!' Wroble et al.'7s found a
statistically significant but clinically unimportant increase in internal rotation when the ACL was
sectioned. A large increase in internal rotation was only observed after additional cutting of the
anterolateral structures. However, no specific structure acting as the primary restraint to internal
tibial rotation has yet been identified. It would seem logical that the ACL may be only a secondary
restraint to tibial internal rotation as, situated in the centre of the knee, it has a relatively small lever
arm!75, By contrast the lateral peripheral structures, such as the ITT, the midthird lateral capsular

ligament (ALL), or the collateral ligaments have a much larger lever arm.
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Figure 3.1: Anterior drawer in an ACL-deficient knee at 90° flexion. The y-axis shows the amount of
displacement (mm). The x-axis shows the amount of tibial internal/external rotation (degree). The
central point indicates the results with free tibial rotation. The left and right points are the results
with fixed internal and external tibial rotation. Reproduced with permission from Amis and
Scammell* (1993)

3.3 Anterolateral rotatory instability

ALRI is a combined internal rotational and anterior translational movement of the tibial plateau. The
biomechanical principle behind this is based on the rotational axis of the tibia shifting medially
following ACL rupture.!%!13.117 (figure 3.2) The lateral tibial plateau is susceptible to anterior
subluxation due to the increased mobility in the lateral compartment (compared to medial) and may

be accentuated by concomitant injuries to the anterolateral structures.?!.!10.120,164,175

Video analysis studies!3! have shown that non-contact ACL injury involves tibial internal rotation.
Typically, the commonly seen bone-bruise pattern following ACL rupture affects the posterolateral

tibial condyle and the femoral condyle in the region of the sulcus terminalis. This indicates
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anterolateral subluxation of the lateral tibial plateau.® In the acute injury situation, the abduction
moment of the knee forces the lateral femoral condyle to slide posterior on the convex lateral tibial
slope. This anterior subluxation of the lateral tibial plateau or the posterior subluxation of the femur,

has been shown to put the ACL under excessive load, which may eventually result in ACL failure.83

a

intact

acl-deficient 1

Figure 3.2 Axis of rotation of the tibial plateau. (a) Intact anterior cruciate ligament (ACL). The axis
of rotation is central and therefore internal rotation causes the lateral tibial plateau to move
anteriorly and the medial tibial plateau to move posteriorly by similar amounts. (b) Deficient ACL.
The pathological axis of rotation is medial; therefore, tibial internal rotation causes a coupled
anterior translation and magnifies the movement of the lateral compartment. Reproduced with
permission from Amis et al.! (2005)

Hughston et al.7! observed injuries of the mid-third lateral capsular ligament in patients presenting
with acute ALRI. Chronic ALRI may develop following isolated ACL injury due to the progressive
elongation “stretching out” of the other ligamentous restraints to internal tibial rotation.* Damage
of the structures which restrain internal rotation in an ACL-intact knee, will cause ALRI in an ACL
deficient knee. Thus, in patients with ALRI, reconstruction of the ACL and the anterolateral

structures might seem logical to reduce loads in an isolated ACL reconstruction graft.
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3.4 Pivot shift phenomenon:

Although its position in the centre of the knee means that the ACL has a relatively small lever arm
to restrain internal tibial rotation, it has been shown that it provided a statistically significant
restraint to a 8Nm rotational torque at 10 and 30° knee flexion.é Thus, it is suggested that the
tightening of the ACL in full extension forces the tibia to rotate externally and locks the knee at full
extension. This principle of the ‘screw home’ mechanism is lost in an ACL-deficient knee leaving the
tibia to rotate internally?’ and the lateral tibial plateau to sublux anteriorly in extension. (figure 3.3)
With progressive knee flexion, tension in the ITT pulls posteriorly on the lateral tibia causing a
sudden reduction of the lateral tibiofemoral compartment at approximately 30 degree knee flexion.20
There are many different test methods to clinically elicit the pivot-shift phenomenon. Typically tests
are performed with a combined internal and valgus moment while bringing the knee from full
extension to flexion until the clunk of reduction is felt by the examiner. The internal tibial rotation
moment is used to sublux the lateral tibial plateau. This is enhanced by the valgus moment by
creating a compressive force, which pushes the lateral tibial plateau anteriorly, because the articular
surface is inclined distally and posteriorly. The valgus load also limits the movement of the medial
compartment by tensioning the medial collateral ligament (MCL).!'7 Assessment of the pivot shift
test is challenging due to the large inter- and intra-examiner variability!2s, due to different bony

geometry, integrity of the anterolateral and medial soft tissues, and hip abduction.'8.127

Typically the Pivot-shift test is graded as glide (+), clunk (++) or gross (+++).65 Jakob et al.77 tried to
grade the Pivot shift depending on tibial rotation. The idea behind this was that internal rotation
would subluxate the lateral tibial plateau the easiest, thus, representing grade |. Grade 2 is a positive
pivot shift in neutral rotation. At grade 3 the pivot-shift test becomes positive in external tibial
rotation and therefore indicated a severe soft tissue injury in both the medial and lateral
compartments. However, there is no consensus about the role of the peripheral injuries regarding
the pivot shift phenomenon. The different layers of the ITT, the lateral meniscus and the capsular

ligaments are suggested to increase the pivot shift phenomenon when injured. Damage of the
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capsulo-osseus layer of the ITT has been proposed to correlate most with the different grades of

the pivot-shift.!64

Based on recent biomechanical data one may speculate that this subluxation of the lateral tibial
plateau will increase when an additional anterolateral structure damage is present.8 The reduction
event in 30-60° of flexion, which is felt as the typical clunk, will then be pronounced similarly. This
was also suggested by Galway et al.5!, who found that sectioning of the ITT produced a high-grade
pivot-shift test. However, Hassler and Jakob#* and later Matsumoto et al.!'” found a large increase of
tibial internal rotation after sectioning the ITT in an ACL-deficient knee, but the clunk of the Pivot-
shift test disappeared. These findings may imply that, due to the missing pull from the ITT, the
anterolateral subluxation can be so excessive that the lateral tibial plateau never reduces. Another
factor which influences the characteristics of the pivot-shift test is the integrity of the MCL.
Donaldson et al.35 observed that the pivot shift diminished in patients with ACL rupture and grade
three MCL injury when examined under anaesthesia. It is likely that this is due to the deficiency of
the medial structures resulting in medial opening of the knee, rather than compression of the lateral
compartment, when valgus force is applied during the pivot shift test.

Thus, interpretation of the pivot shift in the clinical setting may be challenging and a specific test to

precisely identify and grade ALRI is missing.
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Figure 3.3 At full extension the lateral tibial plateau can be subluxated, due to the loss of the “screw
home mechanism’ in anterior cruciate ligament deficient knees. When the knee gets flexed the
iliotibial increasingly pulls the lateral tibial plateau backwards until it gets reduced, which is felt by the
examiner. Reproduced with permission from Lord and Amis'%® (2017)

3.5 Structural properties of the anterolateral structures

In Werner Mueller’s!2! anatomical dissection video of the lateral side of the knee made for the
ESSKA, he described a principle of “Big structures, big function, small structures, small function”.
Not only is size an important factor in how a structure acts to control motion, but fibre orientation
(axis of alignment) is key. The ITT is not only large but is tethered to the femoral metaphysis via the
lateral intermuscular septum and the Kaplan fibres, therefore the capsulo-osseous layer forms a sling
around the posterolateral aspect of the lateral femoral condyle, which is well aligned to restrain the

anterior subluxation of the lateral tibial plateau.'3
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The ALL has been found to have a mean tensile strength of 49,9 — 319,7 N and a mean stiffness of 20
— 26 N/mm. The discrepancy in mean tensile stengths reported by previous studies is likely to be
due to differences in what the authors described and tested as the ALL. Zens et al.'83 separated an
isolated ALL structure, according to only one available anatomic paper at this time, which only had
an ultimate strength of 50 N. Other studies obviously included the capsulo-osseous layer of the ITT
and found an ultimate tensile strength of 175 — 319N and a mean stiffness of 20 — 26 N/mm.!35.153
This is similar to the structural properties of the deep MCL, which is protected by the superficial
fibres of the MCL!39, like the anterolateral capsule and the deep fibres of the ITT are sheltered by
the superficial ITT. An I8 mm wide strip of the ITT has been reported to have a mean tensile
strength of 769 N.!24 It is likely from the size and fibre orientation that the ITT is going to be the

primary restraint to internal tibial rotation.

3.6 Length change pattern of the anterolateral structures

In ligament surgery the term isometry indicates the constant length of a graft during range of motion.
True isometry can only apply to a point-to-point connection. This is not possible to replicate in a
reconstruction graft where there will be differing length change patterns for fibres attaching to
diffierent parts of the attachment site'8!. Native ligaments, such as the ACL and MCL are often flat
and twisted about their axis, reducing excessive fibre length changes at each end of the
attachment'22, [t has also been shown that for reconstruction grafts isometry depends more on the

femoral attachment than the tibial attachment.6¢

It seems logical that the area at the axis of knee flexion, the transepicondylar axis, will be near to
isometric, because the posterior aspects of the femoral condyles are almost spherical. However, due
to the knee’s roll-glide mechanism the lateral condyle rolls posteriorly on the increasing posterior
tibial slope. Sidles et al. showed that this makes it impossible to find a perfect isometric tibiofemoral

connection on the lateral side of the knee!4?. They also found that a structure attaching anterior to
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the epicondyle will stretch with knee flexion, while structures attaching posterior to the epicondyle

will slacken with knee flexion.

Looking at the ALL, two different attachment areas have been described. Vincent et al.'¢8 and Claes
et al.22 described the attachment site as anterior to and at the epicondyle, while several other
studies33.153 described an attachment area proximal and posterior to the epicondyle. An ALL, with an
anterior attachment site, has been found to tension with knee flexion, with the distance between
attachment sites increasing in length by almost 20%#°. This means that it cannot be tight at early
flexion angles and only control laxity at higher flexion angles. Conversely an ALL which attaches
posterior to the epicondyle may only control laxity towards extension, and then slackens with knee
flexion. This also applies to the superficial ITT, which can be divided into anterior and posterior fibre
regions, which act reciprocally. The posterior fibre region is tight in extension, while the anterior

fibre region is tight in flexion.

Dodds et al.33 measured the separation distance between attachment sites by threading a suture
along the ligament fibres attaching it to the tibia and a transducer. If the tibia was rotated internally
the separation distance increased (that is, the structure was stretched, causing tension to resist the
tibial motion), while external rotation decreased the separation distance. (figure 3.4) Thus,
anterolateral structures attaching posterior to the lateral femoral epicondyle are tight in early flexion
angles and, due to their oblique course, are able to restrain the anterior subluxation of the lateral

tibial plateau.
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Figure 3.4 Separation distance (mm) between the tibial and femoral attachments of the anterolateral
ligament of the knee in 0°, 30°, 60°, and 90° (circle graph), with 5Nm internal rotation (triangle) and
external rotation (square). Reproduced with permission from Dodds et al.33 (2014)

3.7 Conclusion

Typical ACL trauma mechanisms involve the anterior subluxation of the lateral tibial plateau. This
motion is restrained by the ACL and the anterolateral structures of the knee. Due to loss of the
“screw home mechanism’ after an ACL rupture, the pivot shift mechanism can be elicited by the
physician and a “clunk’ is felt, when the ITT reduces the anterolateral side of the knee. The
dominance of the ITT in restrainin ALRI may be expected when considering that it is many times
stronger and stiffer than the underlying capsular ALL!%8, and that it has a much larger moment arm
to resist tibial rotation torque than the centrally-placed ACL. It is not clear yet, which structure is

the primary and secondary restraint to internal tibial rotation and the pivot shift test. An improved
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understanding of the roles of these structures is needed to help develop reconstructions that

restore stability and normal knee kinematics.
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4 The role of the
anterolateral structures in
the ACL-intact and

deficient knee.

The majority of this chapter has been published in The American journal of Sports Medicine

The role of the anterolateral structures and the ACL in controlling laxity of the intact and ACL-
deficient knee; The American Journal of Sports Medicine, Volume 44 , Number 2, pages: 345-354
C Kittl, H El-Daou, KK Athwal, CM Gupte, A Weiler, A Williams, AA Amis

For permission see Chapter 9 (Appendix)
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4.1 Background

Injuries of various structures of the anterolateral side of the knee have been suggested to cause
increased internal tibial rotational laxity. Hematomas'2! and avulsion*” of the proximal attachment of
the ITT (Kaplan’s fibers) have also been noted in patients suffering from an increased rotational
instability of the knee. Similarly, the mid-third lateral capsular ligament and the biceps femoris muscle
complex have been linked to the Segond fracture, which indicates severe rotational instability>58.
With the transition to arthroscopic ACL reconstruction, interest in the role of the peripheral
structures faded. However, recent descriptions of the ALL have led to renewed interest in these

structures, which may play a role in controlling rotational laxity of the knee.2233.67.165

4.2 Aims and Hypothesis

The aim of this chapter is to determine the contribution of the anterolateral structures and the ACL
in restraining |. Anterior-posterior (AP) laxity. 2. Internal-external (IE) tibial rotation laxity. 3.
Internal rotation laxity in response to a simulated pivot-shift (sPS) test in the ACL-intact and ACL-
deficient knee. Based on the published articles, it was hypothesized that both the ITT and ALL would
contribute to resisting anterolateral knee laxity. Knowledge of these contributions would aid the

design of improved surgical procedures for stabilizing the knee.
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4.3 Methods:

4.3.1 Specimen preparation:

18 fresh-frozen cadaver knee specimens were procured from a tissue bank after approval from the
local research ethics committee. Two specimens were used to develop the sectioning and robotic
testing protocol and the remaining 16 knees were included for final data analysis (mean age: 69;
range: 52-93; 8 male, 8 female; 6 left, 10 right). Eight knees were tested with the ACL intact, and the
remaining eight knees were used to test the ACL deficient state. In the latter knees the ACL was
transected mid-substance through a |5mm mid patellar tendon incision before testing. A
MacDonald’s dissector was slid into the gap between the cruciate ligaments with the knee flexed,
then a scalpel cut laterally/distally away from the dissector until there was a sudden increase in
anterior laxity of the knee that indicated complete ACL deficiency. Before testing, the knee
specimens were manually tested using common clinical tests (Lachman test, Varus/Valgus stress test,
Posterior drawer test) in order to confirm ligamentous integrity. Lack of damage to other
ligamentous structures, the cartilage, and the menisci was verified after testing was completed.

The knees were stored in polyethylene bags at -20°C, then thawed at room temperature 24h prior
to testing. The skin and subcutaneous soft tissue were resected, leaving the muscles, tendons and
ligaments intact. The tibia and the femur including all soft tissues were then cut approximately
120mm and 200mm from the joint line respectively. A tricortical screw was used to maintain the
anatomic position of the proximal tibio-fibular joint. The tibia was securely potted into a cylindrical
stainless-steel tube using polymethylmethacrylate (PMMA) bone cement. The centre of the pot was
aligned to the tibial axis of rotation at the interspinous space using a custom made alignment jig
through a |5 mm longitudinal incision in the patellar tendon+. (figure 4.1) The femur was then potted
at 0° knee flexion, while the posterior condylar axis was aligned parallel to the base fixture
orientation of the robot. (figure 4.2) The specimens were left mounted to the robot and kept moist

throughout the whole experiment.
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Figure 4.1 Alignment jig in order to position the centre of the tibial pot with the tibial axis of
rotation. The tip of the needle was placed in the middle of the tibial eminence, when the pot was
lean on the base of the jig, which was first introduced by Amis and Scammell*. Reproduced with
permission from Athwal KK'0, Assessing the contributions of soft tissue to the stability of total knee
replacements; a thesis for the degree of PhD and Diploma of Imperial College. (2016)

Figure 4.2 Intact-state of the knee mounted into the robot. The femur was attached to the base
(right), whereas the tibia was attached to the moving arm of the robot (left)
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4.3.2 Tissue resection and cutting order:

Sequential resection of the anterolateral structures and transection of the ACL was performed
whilst the knee remained mounted in the robot at 30° knee flexion. The sequence of cutting was
from superficial to deep:

I. Superficial layer of the ITT (the sITT). A curved longitudinal cut from the anterior border of
Gerdy’s tubercle along the lateral patellar border (lateral retinaculum) was performed to
resect the sITT away from its anterior attachment. The biceps femoris muscle complex was
then completely resected, including the capsulo-osseus biceps femoris confluence and
several tendinous and aponeurotic arms of both the long and short heads of the biceps
femoris. The remaining strip of the sITT was then carefully resected from the deep and

capsulo-osseus layers.

2. The deep and capsulo-osseus layer of the ITT (the dcITT) including the Kaplan fibres were

resected from their proximal femoral attachment and distal tibial attachment at the lateral

tibial rim immediately posterior to Gerdy’s tubercle. (figure 4.3)
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Figure 4.3 Lateral aspect of a left knee. (a) Superficial layer of the iliotibial tract (ITT) and biceps
femoris muscle complex removed. Gerdy’s tubercle (1), capsulo-osseus layer of the ITT (2) inserting
posterior to Gerdy’s tubercle, lateral collateral ligament (LCL) (3). (b) Attachment of the resected
capsulo-osseus layer of the ITT (I), LCL (2).

3. After removing the dcITT, the remaining fibres running superficial to the LCL and inserting
posterior and proximal to the lateral femoral epicondyle on the femur and posterior to

Gerdy’s tubercle on the tibia were resected (figure 4.4). Fibres in this zone have previously
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been defined as the ALL by Dodds et al.33 After this structure had been resected only the

capsule remained on the anterolateral aspect of the knee.

Figure 4.4 Lateral aspect of a left knee: the femur extends proximally to the right, and the tibia
extends distally toward the left with the patella at the top. Shown after removal of the deep and
capsulo-osseous layer of the iliotibial tract, leaving the extracapsular anterolateral ligament exposed
(arrows), passing over the proximal lateral collateral ligament. The femoral attachment is proximal
and posterior to the epicondyle, and the tibial attachment is midway between the Gerdy tubercle
and the head of the fibula.

4. The whole meniscofemoral and meniscotibial anterolateral capsule was resected. This
included the midthird lateral capsular ligament and other fibres described as an ALL's5.

(figure 4.5)
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Figure 4.5 Lateral aspect of a left knee. (a) All structures running superficial to the lateral collateral
ligament (LCL) were removed. Gerdy’s tubercle (1), anterolateral capsule (2), LCL (3), femoral
insertion of the lateral head of the gastrocnemius muscle (4). (b) After removal of the anterolateral
capsule, Gerdy’s tubercle (1), lateral meniscus (2), popliteus tendon (3), LCL (4), femoral attachment
of the lateral head of the gastrocnemius muscle (5).
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5. The ACL was cut midsubstance in the ACL-intact group at 90° knee flexion. (figure 4.6)

Figure 4.6 Left knee, lateral side after removal of the complete anterolateral structures and
midsubstance cut of the anterior cruciate ligament (ACL) showing the tibial stump of the ACL (1),
the lateral femoral condyle (2), the lateral meniscus (3), the anterolateral tibial rim (4), and the intact
lateral collateral ligament (5).

After completion of the initial testing stages listed above in knees | to 4, the protocol for knees 5 to
8 was extended in order to test additional structures on the medial side. This followed data
processing on the first four knees, which showed a large residual resistance to tibial internal rotation
after resecting/cutting the anterolateral structures and ACL. Unfortunately, because work on the
medial structures had not been planned, the test protocol had not allowed for remounting the knees
into the robot with sufficient precision to allow their testing to be extended, and so knees | to 4
could not be included in the extended protocol. Due to the length and complexity of the testing

protocol resulting from the addition of medial cutting sequences, we decided against performing this
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in ACL deficient knees. A separate study, outside the scope of this thesis, to investigate the role of
the medial structures in the ACL deficient knee was planned
The following cuts were performed on four knees of the ACL-intact group after remounting the

knees to the robot:

6. The medial collateral ligament complex, including the deep medial collateral ligament (dMCL)

and the superficial collateral ligament (sMCL), was transected.

7. The posterior medial corner (PMC) including the posterior oblique ligament (POL), the

semimembranosus tendon (SM) and the posterior medial capsule.

Table 4.1. Sequential cuts and corresponding anatomical structures

Cuts Corresponding anatomical structure

Superficial layer of the iliotibial tract (ITT), biceps femoris muscle complex (including
tendinous and aponeurotic arms of the long and short head.), biceps-capsuloosseous

Cutl (sITT) . . i
iliotibial tract confluens, lateral retinaculum, lateral patellofemoral ligament, lateral
patellomeniscal ligament.
Cut 2 Deep and capsulo-osseus layer of the ITT (supracondylar insertion, insertion near the

(dcITT) septum, and retrograde insertion)

All structures running superficial to the lateral collateral ligament (anterolateral ligament;

ALL
Cut 3 ( ) ALL described by Dodds et al., superficial capsule described by Seebacher et al.)

Cut 4 (Cap) Whole anterolateral capsule (ALL described by Claes et al., Vincent et al., and Helito et al.)

Cut 5 (ACL) Anterior cruciate ligament

Cut 6 (MCL) Medial collateral ligament (superficial and deep portion)

Posteromedial corner (posterior oblique ligament, semimembranosus tendon,

Cut 7 (PMC
ue 7 ( ) posteromedial capsule)
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4.3.3 Testing protocol:

Prior to testing, the knee was manually flexed and extended 10 times to minimize tissue hysteresis.
This has previously been shown to be sufficient to achieve a steady state.!!'¢ The tibia and the femur
were then mounted to the end-effector and to the fixed base unit of the robot at 0° knee flexion,
respectively. In order to find the starting position at 0° all forces and moments acting across the
tibio-femoral joint were neutralized. The robot automatically defined the path of passive motion of
the knee across the range of flexion and extension by minimizing constraining forces and moments
acting across the knee. The knee could then be moved to each desired angle of flexion and the
simulated clinical tests were assessed, while all remaining forces/torques were minimized.

Simulated knee laxity tests were performed at 0°, 30°, 60° and 90° flexion, where anterior-posterior
translation and internal-external rotation laxity were tested in response to a 90N anterior-posterior
force and 5Nm internal-external torque respectively. The robot constrained the knee to remain at
the chosen angle of flexion while the force or torque was applied, but was programmed to seek zero
load in the secondary degrees of freedom of motion when the tibia was moved away from its initial
position of equilibrium. Thus, for example, the tibia was allowed to rotate about its long axis and in
valgus/varus, and also to move in medial/lateral and proximal/distal translations when an anterior
translation was imposed. A simulated pivot shift test (4Nm internal tibial rotation and 8Nm valgus
rotation) was performed at 15°, 30° and 45° flexion. The internal tibial torque was applied first and
held constant while the valgus torque was applied and released, and tibial motion in the remaining
degrees of freedom was measured, such as coupled anterior translation83.!79. After each
resection/cut was performed, the same motion of the simulated laxity tests of the intact state was
replayed and the force/torque versus displacement data were recorded. Thus, the decrease in
force/torque represented the contribution of the resected/cut structure in restraining the laxity test.
(figure 4.7) Each simulated laxity test was repeated 3 times. The loads were selected to be at the
lower range of those applied during clinical examination of knee laxity, in order to prevent

‘stretching-out’ of the remaining structures after some had been resected/cut. For example, 89N of
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ATT drawer force was chosen as this figure accords to the first tone heard when performing
anterior laxity testing using a KT 1000.

Internal and external rotation (5Nm) was tested at only 30° for the four remounted knees of the
ACL intact group in order to test the structures on the medial side. Remounting the specimen for
testing the medial side was not as straight forward as expected, because of residual forces/torques
were acting on the knee specimen. These were minimised (< 10 N/ 0.5 Nm) by manually adjusting
the moving arm of the robot in 30° flexion towards the initially saved position for the intact state of
the knee. This was possible even though the anterolateral side of the knee and the ACL were
already resected. The intact kinematics were then replayed by moving the robot in position control
to reproduce the path of motion recorded earlier when the knee was intact and the resulting forces

and torques were used as a reference prior to any additional cuts.

Force (N) ! . b Force (N)

Displacement (mm) Displacement (mm)

Figure 4.7 (2) Example hysteresis graph of a force-controlled setup of the robot. After cutting two
structures (light and dark green) in an intact knee (blue) the displacement increased with the same
force applied. (b) Example hysteresis graph of a displacement-controlled setup. The robot replays
the path of motion from the intact state (blue) of the knee after cutting the structures (green). The
decrease in force representing the contribution of the transected structure. Reproduced with
permission from Athwal KK!9, Assessing the contributions of soft tissue to the stability of total knee
replacements; a thesis for the degree of PhD and Diploma of Imperial College, (2016)

4.3.4 Robotic biomechanical testing system:

The biomechanics testing platform (figure 4.8) was a six degree-of-freedom industrial robot (Staubli

TX90, Staubli Co., Pfaffikon, Switzerland) and a six axis universal force-moment sensor (UFS)
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(Omega85, ATI Industrial Automation). Similar configurations have been used previously>°. The robot
had a maximum load capacity of 200N and a repeatability of £0.03 mm. The UFS was mounted between
the specimen’s tibia and the robot end-effector using a custom made mechanical fixture and had a
resolution of 0.3N in the x and y-axes and 0.4N for the Z axis. The UFS could measure torques up to
80Nm in all three axes with a resolution of 0.013Nm about the x and y axes and of 0.009Nm about
the z axis. This robotic testing setup was chosen due to its accuracy and it can be considered as the
“gold standard” for biomechanical “cutting studies”.

For the initial state of each knee (ACL intact group and ACL deficient group), the robotic platform
was controlled to find the passive path of flexion-extension by minimizing the forces and torques, and
then to simulate clinical laxity tests, while recording the position and the corresponding forces and

torques at every 0.04 s.

Figure 4.8 Setup of the six degrees-of-freedom robotic system (1-6). 7 universal force/moment
sensor, 8 tibial fixture, 9 femoral base unit.
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4.3.5 Data Analysis:

A power calculation based on prior work on rotatory knee laxity®' determined that a sample size of
8 would allow identification of changes of translation and rotation of 2.1 mm and 1.2° respectively
with 80% power and 95% confidence. Based on previously published studies these changes in laxity
are below the clinical threshold of 3 mm ATT30? and 10° rotation!3.

Force or torque versus displacement graphs were plotted for each simulated laxity test, each flexion
angle, and each knee. The force/torque endpoints of the three cycles were averaged. (figure 4.9) In
order to obtain the internal rotation torque endpoint in case of the simulated pivot-shift the torque
value was measured when the valgus torque was at its peak. (figure 4.10) The decrease in
force/torque after each cut was then converted into percentage of the intact state/deficient state,
which acted as a reference.

A repeated-measures analysis of variances (ANOVA) was used to assess the main effects of each
independent variable (deficiency status and flexion angle) and the interaction between them for the
ACL-intact and ACL-deficient groups. The dependent variables were the percentage contributions in
restraining |. Anterior translation; 2. Posterior translation; 3. Internal rotation; 4. External rotation;
and 5. Internal rotation in response to a simulated pivot-shift test. Pairwise comparisons with
Bonferroni correction to maintain 95% confidence were used to compare each contribution at
different flexion angles.

Independent sample t-test or the Mann-Whitney U test for non-normally distributed data were used
to address statistical significances between the ACL-intact and ACL-deficient group for each
simulated test mentioned above.

Statistical analysis was performed in Statistical package for social science (SPSS) version 21, with

significance level set at P<0.05.
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Figure 4.9 Sample hysteresis graph of internal [+] /external [-] rotation at 90° flexion of knee 6
(anterior cruciate ligament intact). Y-axis represents the torque [Nm], whereas the X-axis
represents the tibial rotation [degree]. Each motion was replayed three times by the robot (same
colour). For example, the drop in torque (black arrow) between the blue curve (intact state of the
knee) and the red curve (superficial iliotibial tract cut) presented the contribution of the superficial
iliotibial tract. sITT = superficial iliotibial tract; dcITT = deep and capsule-osseus layer of the iliotibial
tract; ALL = anterolateral ligament; ACL = anterior cruciate ligament.
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Figure 4.10 Sample hysteresis graph of the simulated pivot shift test at 15° knee flexion (anterior
cruciate ligament intact; three cycles). X-axis represents the time (seconds), whereas the Y-axis
presents the torque. Positive values indicate internal rotation (4Nm), and negative values indicate
valgus torque (8Nm).
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4.4 Results:

4.4.1 Anterior and posterior tibial translation:

Overall, the anterolateral cutting sequence caused a significant increase (p<.001) in anterior
translation laxity for both the ACL-intact and ACL-deficient groups. For the posterior translation
only the ACL-intact group showed a significant effect (p<0.05). The interaction with the flexion angle
was significant (p<.001) when applying an anterior translation force, meaning that the contributions

of each of the resisting structures varied across the arc of flexion.

AClL-Intact group:

Only the ACL had a significant role in restraining a 90N tibial anterior translation force (p<.00I at
0°, 30°, 60° and 90° knee flexion) (figure 4.1 1; Table 4.2). All other sectioned structures (Table 4.1)
had only a small contribution. Furthermore, there was no significant contribution in restraining a

90N posterior tibial force for the ACL and all tested anterolateral structures. (figure 4.12)
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Figure 4.11 Contribution [%] of tested structures in restraining a 90N anterior tibial translation at
0°, 30°, 60°, and 90°. Cross-hatched areas indicate results from the anterior cruciate ligament
deficient group. sITT=superficial layer of the iliotibial tract; dcITT= deep and capsulo-osseus layer of
the iliotibial tract; ALL= anterolateral ligament; Cap= anterolateral capsule; ACL= anterior cruciate
ligament. Asterisks note significant differences to the previous cut, whereas asterisks with brackets
note significant differences to the ACL deficient state of the knee. Statistical significance: *p<.05;
*p<.0l; *** p<.001. (Shown as mean + SD, n=8)
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Table 4.2 Contribution [%] of each structure restraining a 90N anterior translation force (for abbreviations
see Table 4.1)

Cuts 0° 30° 60° 90°

Intact Def. Intact Def. Intact Def. Intact Def.
sITT 5.4+6.4 29+34 5.2+4.6 10.6+£9.9 9.6+9.4 23.3+94 10.5£10.3 18.8+6.1
delITT 3.2+2.7 9.9+6.8 4.1+3.8 20.1+8.5 3.8+2.8 10.3+7.2 3.9+3.3 7.7+5.1

ALL 2.5+3.1 3.7+3.7 1.9+2.8 2.8+2.7 1.2+2.0 1.7+1.8 1.8+2.4 4.4+3.1
Cap 1.8+1.1 1.8+2.2 1.2+1.3 I.1£1.6 0.8+1.0 0.8+1.4 0.5+0.9 1.7£3.1
ACL 73.2%17.7 - 78.1£9.7 - 68.3%£12.9 - 62.2+15.5 -

Posterior translation [90N]
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Figure 4.12 Contribution [%] of tested structures in restraining a 90N posterior tibial translation at
0°, 30°, 60°, and 90°. The anterolateral structures had no significant contribution to posterior tibial
translation. Cross-hatched areas indicate results from the anterior cruciate ligament deficient group.
sITT=superficial layer of the iliotibial tract; dcITT= deep and capsulo-osseus layer of the iliotibial
tract; ALL= anterolateral ligament; Cap= anterolateral capsule; ACL= anterior cruciate ligament.

ACL-Deficient group:
The sITT significantly restrained a 90N tibial anterior translation at 60° (p<.01) and 90° (p<.001),
whereas the dcITT presented a significant contribution at 0° (p=.05), 30° (p=<.0l), 60° (p=.05), and

90° (p=.04). Compared to the ACL-intact group, all structures tended to make a higher contribution
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in restraining a 90N anterior tibial translation, but that change was only statistically significant for the
sITT at 60° (p=.04) and the dcITT at 30° (p<.0l).
Similar to the intact group none of the structures demonstrated a significant contribution to

restraining a 90N posterior translation force.

4.4.2 Internal and external tibial rotation:

The state of the ACL (intact versus deficient) had a significant effect (p<.001) on the contributions of
the structures of interest in restraining both internal and external rotation across the whole range of
motion. Furthermore, the percentage contributions changed significantly (p<.001) with knee flexion
angle, when applying an internal rotation torque. For the external rotation only the ACL intact

group showed small, but significant (p=0.042) changes of percentage contributions with flexion angle.

AClL-Intact group:

At full extension only the ACL had a statistically significant (p<.01) contribution to restraining a 5Nm
internal rotation torque. (figure 4.13, Table 4.3) The tested anterolateral structures collectively
contributed a slightly higher resistance (23+18%), but none of them made a significant individual
contribution. At 30°, 60° and 90° knee flexion both the sITT (p=.012; p<.0l; p<.0l), and dcITT
(p<.01; p=.033; p=.023) provided a significant resistance to tibial internal rotation torque. The sITT
had a greater impact at high flexion angles, reaching 56+20% contribution at 90°, whereas the dcITT
showed a greater contribution at low flexion angles, reaching 26£9% at 30°. The whole ITT
presented therefore a total contribution of 44%+10% at 30°, 76+ 11% at 60°, and 71£15% at 90°.
The extracapsular ALL described by Dodds et al.33 displayed its highest contribution at 30° knee
flexion (I 1+10%), which was not significant. Similarly, a significant role for the anterolateral capsule

was not found at any tested knee flexion angle.
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None of the tested structures made a significant contribution to restraining a 5Nm external tibial
rotation torque, except the sITT at 30° (7£3%; p=.012) and 60° (4+3%; p=.039) knee flexion, which
was small, but statistically significant. (figure 4.14)

The MCL and the PMC contributed |15+4% and 15%13% respectively to restraining tibial internal
rotation at 30° flexion, which were not found to be significant with the small number tested (N=4)
(figure 4.13, Table 4.3). However, the MCL had a significant (p=.037) role in restraining external

tibial rotation, resulting in a 62+11% contribution at 30° knee flexion (N=4).
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Figure 4.13 Contribution [%] of tested structures in restraining a 5Nm internal rotation torque at 0°,
30°, 60°, and 90°. The medial collateral ligament (MCL) and the posterior medial corner (PMC)
were only tested on four knees and at 30° knee flexion. Cross-hatched areas indicate results from
the anterior cruciate ligament deficient group. sITT=superficial layer of the iliotibial tract; dcITT=
deep and capsulo-osseus layer of the iliotibial tract; ALL= anterolateral ligament; Cap= anterolateral
capsule; ACL= anterior cruciate ligament. Asterisks note significant differences to the previous cut,
whereas asterisks with brackets note significant differences to the ACL deficient state of the knee.
Statistical significance: *p<.05; **p<.01; *** p<.001. (Shown as mean + SD, n=8, apart from MCL and
PMC when n=4)
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Table 4.3. Contribution [%] of each structure restraining a 5Nm internal rotation torque (for abbreviations
see Table 4.1)

Cuts 0° 30° 60° 90°

Intact Def. Intact Def. Intact Def. Intact Def.
sITT 8.3+7.7 3.7+3.6 18.1£9.1 24.3+125 52.2+[8.] 53.7+153 55.8+204 55.6*16.1
delITT 43+39 183114 25.619 33.2+12.3 23.4+14.1 26+15.5 |5.5+8.7 20.8+12.3

ALL 58+6.5 4.4+43 11+9.7 4.9+4.1 4.9+3.9 2.3+2.1 [0£11.5 3.3%2.9
Cap 4.1+2.8 1.8+1.9 3.1£2.7 2+2.7 .3+1.8 0.7+1.8 3.3+24 3.918.2
ACL 19.7£7.9 - 8.9+7.7 - I£1.5 - 0.9+0.8 -
MCL - - 14.5+4.4 - - - -

PMC - - 14.7%12.6 - - - -
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Figure 4.14 Contribution [%] of tested structures in restraining a 5Nm external rotation torque at
0°, 30°, 60°, and 90°. Cross-hatched areas indicate results from the anterior cruciate ligament
deficient group. sITT = superficial layer of the iliotibial tract; dcITT= deep and capsulo-osseus layer
of the iliotibial tract; ALL= anterolateral ligament; Cap= anterolateral capsule; ACL= anterior
cruciate ligament. The ACL and the anterolateral structures had no contribution in restraining
external rotation, except the sITT at 30° and 60° compared to the previous cut (asterisks).
Statistical significance: *p<.05.
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Table 4.4. Contribution [%] of each structure restraining a 5Nm external rotation torque (for abbreviations

see Table 4.1)
Cuts
Intact Def. Intact Def. Intact Def. Intact Def.
sITT 4.8+4.6 1.0£2.0 6.613.3 |.8+4.4 42+2.6 0.4+0.9 3.8+3.2 0.2+0.6
dcITT  2.6%2.6  2.4+238 22426 2.1%1.7 3.1£2.7 [.1£1.7 2.1£3.2 1.1£0.9
ALL 3.4+29 1.8%1.6 1.8x1.6 2.7%£3.0 1.3+2.3 2.7+3.7 [.6%2.1 2.614.1
Cap [.3x14  23%3.0 0.8%1.7 1.9+3.4 0+0 [.0£1.5 0.5+0.9 .2%1.6
ACL 24422 - [.0£1.5 - 0.9£1.5 - 0.3+0.8
ACL-Deficient group:

The dcITT contributed the only significant (p=.027) restraint to a 5Nm internal rotation torque at
full extension, which was also significantly larger (p<.01) than in the intact group. (figure 4.13 Table
4.3) Both the sITT and the dcITT made significant contributions to restraining a 5Nm internal
rotation torque at 30°, 60°, and 90°: p<.0l, p<.001, and p<.001, respectively for the siTT and p<.0l,
p=.021, p=.02, respectively for the dcITT. Thus, the whole ITT (sITT+ dcITT) contributed a total
internal rotation restraint of 58+10% at 30°, 80+ 13% at 60°, and 76%14% at 90° knee flexion for the
ACL deficient knee. Conversely, all the other anterolateral structures (ALL and the anterolateral
capsule) made only a small contribution to restraining a 5Nm internal rotation torque, which was
not found to be significant and did not differ significantly from their contribution with the ACL intact.
None of the tested structures in the ACL-deficient knee had a significant role in restraining tibial

external rotation.

4.4.3 Simulated pivot-shift test:

Cutting structures caused a significant increase in sPS laxity in both the ACL intact (p<.001) and ACL
deficient groups (p<.001) across the range of motion tested. There was also a significant interaction
with flexion angle for both groups (p<.001), that is: the percent contributions varied as the knee

flexed. Cutting the sITT and dcITT had a greater effect in 30° and 45°, than in 15°.

84



AClL-Intact group:

The dclTT significantly restrained a 4Nm internal rotation torque under a combined valgus torque at
all tested flexion angles: (p<.0l at 15°, 30° and 45° knee flexion (figure 4.15, Table 3). The sITT had a
significant role (p<.0l) in restraining the rotational component of the simulated pivot shift only at
45° (37+14%) of knee flexion. The ALL, ACL and the anterolateral capsule made only small
contributions to restraining internal tibial rotation under the simulated pivot shift at all tested flexion

angles (n.s.).

ACL-Deficient group:

Similarly to the ACL-intact group, the sITT at 45° (p=.015), and the dcITT at 15° (p<.0l), 30°
(p<.01), and 45° (p=.048) made a significant contribution to restraining a 4Nm internal rotational
torque under a combined 8Nm valgus torque in an ACL-deficient knee. (figure 4.15, Table 4.4)
Although the contribution of the ALL at |5° (7£4%) was lower than in the ACL-intact group, it

made a significant contribution (p=.049) to restraining the simulated pivot-shift test.
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Figure 4.15 Contribution [%] of tested structures in restraining a 4Nm internal rotation torque in
response to a simulated pivot shift test (4Nm internal rotation and 8Nm valgus rotation) at 15°, 30°,
and 45°. Cross-hatched areas indicate results from anterior cruciate ligament deficient group.
sITT=superficial layer of the iliotibial tract; dcITT= deep and capsulo-osseus layer of the iliotibial
tract; ALL= anterolateral ligament; Cap= anterolateral capsule; ACL= anterior cruciate ligament.
Asterisks note significant differences to the previous cut, whereas asterisks with brackets note
significant differences to the ACL deficient state of the knee. Statistical significance: *p<.05; **p<.01;
**k p<.001. (Shown as mean + SD, n=8)

Table 4.5. Contribution [%] of each structure restraining a 4Nm internal rotation torque in
response to a simulated pivot shift test (8Nm valgus torque) (for abbreviations see Table
4.1)

Cuts 15° 30° 45°

Intact Def. Intact Def. Intact Def.
sITT 6.71t7.6 6.4+7.7 12.7+£10.3 19+13.3 36.8+13.8 43.8+2|
dcITT 17.3+x78 27.2+13.3 29.3+125 354+13.8 355134 28.4+17.2

ALL I.1x11.4 694 13.8144  5.8+5.1 8.4+7.8 2.9+2.2
Cap 4.1+3.4 2.3+2.5 2.6+2.5 22+2.6 2.1+1.7 0.7+1.3
ACL 16.8+10.9 - 10.41£9.9 - 5.1+5.6 -
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4.5 Discussion:

The main finding of this study was that, contrary to the hypothesis and recent speculation based on
anatomic observations alone, neither the extracapsular ALL or anterolateral capsular structures
offered significant resistance to tibial internal rotation from 0 to 90° knee flexion. At full knee
extension, the ACL was a significant restraint in the intact knee; with ACL-deficiency, that role fell
onto the deep and capsulo-osseous layer of the ITT. The combined actions of the superficial and
deep layers of the ITT were the primary restraint (that is: their combined contribution was greater
than 50% of the total) to tibial internal rotation by 30° knee flexion, and this contribution increased
with increasing knee flexion, reaching 74% of the total resistance at 60° knee flexion. These findings
fit with the observation of Terry et al.'é4, that the deep and capsulo-osseous layer of the ITT had
been damaged in 93% of functionally unstable knees that were reconstructed, and that this damage
correlated significantly with the grade of the pivot-shift, whereas ACL damage did not.

It is widely accepted that the ACL is the primary restraint to anterior tibial translation. This is
supported by our results, as the ACL was the only significant restraint in response to a 90N anterior
tibial translation force. However, Butler et al.!” reported that the ACL made a larger contribution
than was found in this study: 87% and 85% at 30° and 90° flexion, respectively. This difference may
be because the test method used in the earlier study did not allow free tibial rotation, and so the

ITT could not come into play as coupled tibial internal rotation was blocked.

There are inconsistencies across studies regarding the role of the ACL in controlling tibial internal
rotation. Some authors found no statistically significant increase of internal tibial rotation after
cutting the ACL.32%4 Similarly to the present study, other authors showed that ACL-deficiency
allowed a small but statistically significant increase in internal rotation!%6.115.175 and internal rotation in
response to a simulated pivot-shift test at low flexion angles.83.!7? The present study showed a
significant contribution of the ACL in controlling internal rotation only at full extension. In

accordance with Oh et al.!30, who found a 13% decrease in dynamic internal rotational resistance in a
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simulated pivot landing at 15° knee flexion after cutting the ACL, we found a 17% decrease in
response to a simulated pivot-shift test at 15° knee flexion and an almost 20% decrease of an
isolated internal rotation moment at full extension. This also corresponds with Zantop et al.!’8, who
found that the posterolateral bundle of the ACL played an important role in controlling internal
rotation at low flexion angles. Loss of this constraint, which induces the ‘screw-home’, may allow

anterior translation of the lateral tibial plateau in early knee flexion.820

This study found that the anterolateral structures, particularly the superficial and deep layers of the
ITT, were the primary restraint to tibial internal rotation between 30°-90° knee flexion and 30°- 45°
for the simulated pivot-shift. Contrary to recent speculation, the ALL and related capsular structures
together (so as to encompass the variety of recent anatomical interpretations of ‘the ALL’) were
found to be a minor restraint. Sequential cutting studies investigating changes of joint laxity in
internal tibial rotation and the simulated pivot shift have been carried out by several authors.
Wroble et al.!7s found a significant increase in internal rotation after sectioning the entire
anterolateral structures at 30° and above. Yamamoto et al.!”é, and Hassler and Jakob$* found such a
large increase in internal rotation after cutting the ITT that the reduction of the lateral tibial plateau
in a pivot shift test disappeared. Suero et al.'>? measured a significant increase in lateral compartment
translation after cutting the ITT, but concluded that it did not have more effect than other lateral
structures. Looking at the current study’s results, and the larger lever arms about the axis of tibial
internal rotation of the peripheral structures, it appears logical that the anterolateral structures
control internal rotational laxity better than the central ACL. However, although the studies
described above presented data about changes of laxity — which are used for clinical diagnosis — that
is not the same as knowing how much each structure contributes to restraining the laxity; that is:
which are the primary and secondary restraints? There has been one study published which
addressed this question'32, but unfortunately they removed the superficial ITT prior to the
experiment, which the present work has shown to be a primary restraint. In this state, the remaining

structures will appear to be more important than they actually are in the intact knee. Also, the
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kinematics of the knee will have been abnormal, with further consequences for the validity of the
data. Furthermore, tissues deep to the superficial ITT were preserved, and so data presented for
“the ALL” may have been a combination of the deep layer of the ITT, plus the extracapsular ALL,
plus the capsular structures, all of which have been shown in the present study to have distinct
contributions. Thus, their conclusion that the ALL is a primary restraint to tibial internal rotation at

high flexion angles may be questioned, and that was not found to be the case in the present study.

In the absence of the ACL, its restraining action fell onto the remaining intact structures, so the
contributions of the superficial and deep layers of the ITT to restraining internal rotation and the
simulated pivot-shift test were enhanced for the ACL deficient knees at almost every flexion angle.
However this increase was only significant (4% to 18%) for the capsulo-osseus layer at 0°, which was
where the ACL had made its largest contribution to controlling tibial rotation. These results suggest
that the load on the ITT, and especially on the deep capsulo-osseus layer, will increase after ACL
rupture. This is in accordance with previous data showing that simultaneous intra-articular ACL and

extra-articular lateral reconstructions share the load imposed on the knee.#!

The contributions of the MCL and PMC to resisting tibial internal rotation at 30° knee flexion were
measured in four knees as an ad-hoc addition to the original test protocol. That was because, after
finishing the test series on the anterolateral structures and the ACL, the internal tibial rotation
results at early flexion angles left speculations on the remaining 33% contribution at 30° knee flexion.
Unfortunately, further investigation of the peripheral structures restraining internal tibial rotation of
the knee could only be performed in four knees, because at this time it was not possible to remount
the other knees to the robot in the exact same position without altering the kinematics due to
residual forces/moments. The MCL and the PMC each contributed 15% of the restraint to internal
tibial rotation, implying a greater role than the ALL, the anterolateral capsule, and the ACL at 30°
knee flexion. Moreover, the MCL showed a 60% contribution to restraining external rotation at 30°,

which implies a substantial role in restraining external tibial rotation, as suggested by previous
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work.!40 These data were collected from only four knees, so are just an indication and cannot be
taken as solid results. However, they suggest that it should be worthwhile to revisit the roles of the
medial and posteromedial structures in restraining rotational laxity.

The differences in anatomical descriptions of the anterolateral aspect of the knee are not surprising,
considering the complexity and variability of the structures found there. The femoral attachment of
the ALL has been described at three different positions and it is not even agreed whether the ALL is
a capsular or extracapsular structure 223367168 Different characterizations of the ALL may also have
been confused with previously described structures like the capsulo-osseous layer of the ITT !¢/, the
midthird lateral capsular ligament?!, the bilaminar structure of the capsule!45, and the aponeurotic
extensions of the biceps femoris muscle'é2. With regard to function, it is largely immaterial as to
whether the ALL is extra-capsular or a capsular ligament. However, for reconstruction of the
anterolateral side of the knee, the position of the attachment sites of a graft are important, therefore
in our study we examined both intra and extra-capsular restraints.

Contrary to recent speculation, the extracapsular ALL (described by Dodds et al.33) and the entire
anterolateral capsule (which included the ALL described by Claes et al.22, Helito et al.67, and Vincent
et al.'¢8) showed only a small contribution in restraining internal tibial rotation or internal tibial
rotation in response to a simulated pivot shift test at all flexion angles examined. The capsulo-osseus
layer of the ITT, on the contrary, is a more substantial structure which showed high potential in
restraining anterior subluxation of the lateral tibial plateau, so it is surprising that damage of the
anterolateral capsule and not the ITT has been considered as the cause of ALRI in recent
publications. The functional importance of the ITT (especially the deep and capsulo-osseus fibers) is
also implied by the high number of proprioceptors which have been found in the distal part of the
ITT system.#3.197 Thus, the deep and capsulo-osseus fibers of the ITT might have been
underestimated in their role as potent restraints to ALRI, as evidenced by the biomechanical data on
the ITT load-sharing with the ACL from Noyes et al.'2¢ and the correlation with pivot-shift

instability.'62164
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4.6 Limitations:

Although the present study presented an appropriate way of determining the contribution of
peripheral structures in restraining knee laxity, it had several limitations to note. The testing
concentrated on the contribution of soft tissues in restraining knee laxity in a quasi-static setup that
did not include the axial compression loading present during gait, and thus simulated clinical manual
examination loading. This setup did not determine the contribution to functional stability of muscle
loading; the short knee specimens had no proximal continuity to the tensor fascia lata, for example,
and so the role of the ITT found in this work was likely to have been underestimated. Thus, this
robotic testing setup could not imitate normal knee kinematics during gait, for example. The
contribution of each structure to resisting tibiofemoral displacements was precisely derived from the
intact/deficient kinematics of the knee using a repeated displacement-controlled method. A force-
controlled method, which allows measurement of the increased joint laxity at a given load that
follows the cutting of each structure, may appear to be more relevant for clinical diagnosis, but the
results are sequence-dependent and so care must be taken in interpreting the resulting data. For
example, if a minor restraint (such as the ALL) is the last structure left intact, then cutting it will
allow a large increase in laxity, but that does not mean that it carried a significant load in use. It may
be possible that resection of superficial structures — required here for visualization of deeper
capsular structures — led to results different to those, which would have resulted from isolated
transection or real-world injuries. Even though the residual forces/torques were kept low,

remounting the specimen, when testing the medial structures, could have altered the results.

4.7 Conclusion:

This study has measured the contributions of the ACL and anterolateral structures of the knee to
resisting tibial internal rotation motion, for both the intact knee and after ACL injury. The data may

offer guidance for the treatment of rotational instability of the injured knee. The ITT was found to

9l



be the primary restraint to internal tibial rotation for both the intact and ACL-deficient knee, from
30° to 90° knee flexion. The ITT was also found to be the primary restraint to internal tibial rotation
induced by application of a simulated pivot shift test, at 15° to 45° knee flexion. The contributions of
the deep and capsulo-osseous fibers of the ITT imply a potent role in restraining anterior
subluxation of the lateral tibial plateau. This work did not find a significant restraining role for the
ALL. These data suggest that it may be appropriate to identify and possibly to reconstruct additional
ITT injuries in case of a suspected ALRI. Clinical research should focus on identifying additional

peripheral injuries in MRI and clinical examination studies.
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5 Surgical procedures of the
anterolateral structures

Minor parts of this chapter have been published in The American Journal of Sports Medicine.

The role of the anterolateral structures and the ACL in controlling laxity of the intact and ACL-
deficient knee; The American Journal of Sports Medicine, Volume 44 , Number 2, pages: 345-354
C Kittl, H El-Daou, KK Athwal, CM Gupte, A Weiler, A Williams, AA Amis

For permissions, see Chapter 9 (Appendix)
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5.1 Background:

Lateral extra-articular procedures are sometimes used in revision ACL surgery'é> and in primary
cases displaying excessive ALRI,!20.177 following a combined injury of the ACL and the peripheral
structures where it is judged that an isolated intra-articular ACL reconstruction may prove to be
inadequate to control rotational instability. Such reconstructions typically involve routing a strip of
the ITT left attached to Gerdy’s tubercle, which is passed deep to the lateral (fibular) collateral
ligament (LCL), before being attached to the lateral femur. 20101 However, these extra-articular
reconstructions have lost popularity, due to a number of perceived and actual drawbacks: excessive
constraint of internal tibial rotation,37:3842118 fajlure to restore normal AP stability,3738 alteration of
kinematics,*'42 and unsatisfactory clinical results2?5298.136 even in combination with an intra-articular
procedure.!!.128141.158 On the contrary, other authors have found reduced internal rotational laxity
and good clinical outcomes after extra-articular reconstructions,!4120 both at follow up!02.114.125.144,166
and at the time of revision surgery.'¢5 Historically, lateral extra-articular procedures were often
performed in isolation, without simultaneous intra-articular ACL reconstruction, therby leaving a
major ligamentous restraint un-addressed. In addition, long periods of post-operative immobilisation
in plaster, non-isometric graft placement and excessive graft tensioning may have contributed to the
poor results.3* Recent clinical and biomechanical studies?3-7> have addressed these issues and showed
promising results,2%120.144165 when comparing a combined intra-articular and extra-articular

procedure to an isolated Single Bundle or Double Bundle ACL reconstruction.

The purpose of this chapter was to evaluate the existing literature on the biomechanics and surgical

reconstruction techniques for lateral extra-articular reconstruction of the knee.

5.2 Aims:

The aim of chapter five is to give an overview of the available and most commonly used
extraatricular tenodeses and reconstructions of the anterolateral side of the knee and evaluate their

biomechanics, advantages and limitations.
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5.3 Biomechanics of the lateral extra-articular reconstruction

The biomechanical principle of most lateral extra-articular techniques is that the rerouting of the ITT
deep to the LCL provides a lateral ‘check-rein’ against anterior subluxation of the lateral tibial
plateau, by positioning the graft posterior to the transverse axis of rotation throughout the entire
range of motion.2% The effect of this was shown in an early experiment by Hassler and Jakob who
used a K wire, placed anterior to the ITT, to maintain the ITT posterior to the axis of rotation,

causing a reduction in anterior translation of the tibial plateau.¢* (figure 5.1)

Figure 5.1 Left knee lateral side (a): When a K-wire (2) was inserted anterior to the Kaplan fibres,
the iliotibial tract (ITT; ) reduced the lateral tibia condyle (3), as it provided a posterior pull
throughout the range of motion. (b): When inserting a K-wire posterior to the Kaplan fibres the
posterior pull was decreased and therefore the ITT (1) could not reduce the subluxation of the
lateral tibial condyle (3), even at 90° flexion. Reproduced with permission and adapted from Hassler
and Jakobs+ (1981)
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Furthermore, it has been shown that an additional extraarticular lateral soft-tissue reconstruction
provides a back-up for the intraarticular ACL graft by reducing the graft force by an average of
43%.4' However, Amis and Scammell* showed in a biomechanical experiment using the Instron
machine that in knees with isolated ACL deficiency, an additional extra-articular reconstruction did
not provide better stability compared to an isolated intra-articular ACL reconstruction (figure 5.2).
This apparent dichotomy may result from the position of the tibia when the extra-articular tenodesis
was fixed. While Amis and Scammell fixed their tenodesis with the tibia in neutral tibial rotation,
Engebretsen et al.#! fixed it with tibial external rotation applied, thereby reducing the load on the

ACL.
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Figure 5.2 An additional extra-articular reconstruction did not add any stability compared to an
isolated intra-articular reconstruction in case of an isolated anterior cruciate ligament rupture. An
isolated extra-articular reconstruction improved stability compared to the ruptured state, but did
not restore it to normal. Reproduced with permission from Amis and Scammell* (1993)

Additionally, whilst prior studies looked at isolated ACL ruptures, Inderhaug et al.”> showed in an in-
vitro study, that an isolated ACL reconstruction was not able to restore intact knee kinematics in a
combined ACL and anterolateral deficient knee. However, after an additional extra-articular
reconstruction routed deep to the LCL (Lemaire or Maclntosh) with 20N tensioning the intact knee
kinematics were restored to normal. Both an extra-articular reconstruction superficial to the LCL

and the ALL reconstruction failed to restore native knee kinematics. (figure 5.3)
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Figure 5.3 An additional Lemaire or Maclntosh reconstruction, which was passed deep to the lateral
collateral ligament, restored internal rotation laxity to normal. The anterolateral ligament (ALL
Recon) reconstruction presented persistent internal rotation instability at certain flexion angles,
whereas the superficial Lemaire (Lemaire Sup) over-constrained this. Statistical significance is
indicated by circles. Reproduced with permission from Inderhaug et al.7s (2017)

Another study’s with the same testing setup, however, showed that an ALL reconstruction
tensioned and fixated at full knee extension was able to restore intact knee kinematics, whereas the
Lemaire reconstruction was more forgiving and could be tensioned at 0-60° knee flexion angle to
produce the same effect. An ALL reconstruction (routed superficial to the LCL), however, fixed at

30° or 60° knee flexion did not control internal rotation sufficiently.

Concerns have been raised as to whether lateral extra-articular procedures may over-constrain the
lateral compartment??, leading to increased tibiofemoral contact pressure and ultimately
osteoarthritis. Inderhaug et al.”? showed in a biomechanical experiment that a Maclntosh tenodesis
did not increase tibiofemoral lateral contact pressure when tensioned with 20 N. However,
tensioning the MaclIntosh graft to 80 N increased lateral compartment contact pressure and resulted

in abnormal external rotation compared to the intact state of the knee, especially when the tibia was
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free to rotate. Thus, the tibia should be held in neutral rotation when fixating the graft on the femur.
Also tensioning the graft in higher knee flexion would imply an increasing posterior force vector,

inducing external rotation of the tibia.

5.4 Lateral extra-articular procedures

5.4.1 Macintosh tenodesis.

The MaclIntosh lateral extra-articular tenodesis was the most popular and most used procedure for
treatment of ACL injury in the UK.5! A 20 cm long strip of the middle part of the ITT is taken and
left attached at Gerdy's tubercle. It is then passed deep to the LCL and a periostal flap (figure 5.4) is
created posterior and proximal to the lateral femoral epicondyle. Then the strip is passed through
this periostal flap and the distal termination of the lateral intermuscular septum and looped back
onto itself. Newer versions of this tenodesis used suture anchors or staples to fixate the graft
proximal to the lateral epicondyle in between the area of the transition between the femoral shaft

and the metaphysis.
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Band of intermuscular sepium

Figure 5.4 A strip of the iliotibial tract, left attached at Gerdy's tubercle (a) is shuttled deep to the
lateral collateral ligament (b) and rerouted on itself after perforating the lateral intermuscular
septum through a periostal tunnel. Reproduced with permission from Ireland and Trickey?¢ (1980)

5.4.2 Lemaire tenodesis

The original description of the Lemaire technique was published in 1967 in French.!% Similarly to the
other lateral extra-articular tenodesis this was used to restrain the anterior subluxation of the lateral
tibial plateau as a stand-alone procedure, because arthroscopy was not popular at that time. A 10
mm wide strip of the ITT is left attached at Gerdy's tubercle, transsected proximally and
whipstiched. (figure 5.5) The strip is then passed deep to the LCL and through a bony tunnel, which

is created between the lateral epicondyle and the gastrocnemius insertion as an entry and 10 mm
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anterior as the exit. The graft is then passed again deep to the LCL from proximal and finally stitched

on itself.

Figure 5.5 Similarly to the MacIntosh tenodesis the iliotibial tract graft is routed deep to the lateral
collateral ligament. It is then passed (a) through a semi-circular tunnel, which enters the lateral
femoral condyle between the lateral epicondyle and the gastrocnemius tubercle (posterior and
proximal to the lateral femoral epicondyle) and exits anteriorly. The graft is then again shuttled deep
to the LCL and sutured onto itself (b). Reproduced with permission from Fritschy and Freuler+

In 1994 Neyret et al.'2 reported retrospectively on 31 amateur skiers with chronic ACL instability,
who were treated with an isolated Lemaire extra-articular lateral tenodesis. The poor outcome and
persistent pivot-shift phenomenon led them to conclude that an extra-articular tenodesis was not a
suitable option for ACL insufficiency.

Newer version of this extra-articular lateral reconstruction utilize interference screw, staple, or
anchor fixation proximally and posteriorly to the lateral epicondyle and are mainly used in

combination with an intra-articular ACL reconstruction.'¢? (figures 5.6 — 5.11)
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Figure 5.6 The skin incision starts |0 mm proximal to the lateral epicondyle and is expanded
towards Gerdy's tubercle (a). The iliotibial tract is then prepared and the lateral epicondyle can be
palpated (forceps; b). Reproduced with permission from VWagner et al.!'70 (2014)

Figure 5.7 The iliotibial tract is incised on the anterior border of Gerdy's tubercle using a scalpel (a).
The incision is further expanded approximately 30 mm proximally to the lateral epicondyle using
scissors in order to not damage the lateral collateral ligament (b). Reproduced with permission from
Woagner et al.!'70 (2014)
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Figure 5.8 The lateral collateral ligament is then dissected and an Overholt-forceps (a) is passed deep
to the lateral collateral ligament (LCL). A shuttle suture is passed deep to the LCL to later shuttle
the graft proximally deep to the LCL. A 10 mm wide strip of the iliotibial tract, which is still attached
to Gerdy's tubercle is then dissected proximally (b). Reproduced with permission from Wagner et
al.'70 (2014)

Figure 5.9 The strip of the iliotibial tract is then cut proximally, approximately 30 mm proximal to
the lateral epicondyle. (a) It is then whipstiched and shuttled deep to the lateral collateral ligament
using the shuttle suture (b). Reproduced with permission from Wagner et al.!7® (2014)
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Figure 5.10 A K-wire is then drilled approximately 2 mm proximal and posterior to the tip of the
lateral epicondyle (a). This is then overdrilled using a 6 or 7 mm thick drill, depending on the graft
size (b). Reproduced with permission from Wagner et al.'?0 (2014)

Figure 5.11 The graft is then shuttled into the tunnel using a shuttle suture (a). An interference
screw according to the size of the graft is used to fix it into the tunnel (b). Reproduced with
permission from Wagner et al.'70 (2014)

5.4.3 The Losee sling and reef operation

Losee et al. published the results of a lateral reconstruction procedure (Fig. 5.12) in 50 of a cohort
of 84 patients with anterior subluxation of the lateral tibial condyle, most likely to have been the
result of ACL injury.'!9 The results were good in 41, fair in six, and poor in 3 patients. All of them

stated that they would have the operation again.
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Similarly to the other lateral extra-articular lateral procedures, this technique was used without an
intra-articular ACL reconstruction. A 25 mm wide and 160 mm long strip of the ITT is taken and
dissected off the vastus lateralis. Then a tunnel is made just anterior and distal to the lateral
epicondyle, (figure 5.12) directed towards the insertion of the lateral gastrocnemius tendon, which is
posterior and proximal to the lateral femoral epicondyle. The authors describe that they used home-
made carriers made out of beer-can openers in order to pass the strip through this tunnel. As a next
step, the strip is twisted twice around the gastrocnemius tendon and diverted distally deep to the
LCL. (figure 5.13) The remaining strip is then sutured back to Gerdy's tubercle. Aftercare treatment

involved a full-leg plaster cast in 30-45° of knee flexion and external tibial rotation for seven weeks.
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Figure 5.12 The strip of the iliotibial tract is passed through a tunnel from anterior/distal to

proximal/posterior on the lateral femoral condyle. Reproduced with permission from Losee et al.!!0
(1978)
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Figure 5.13 The iliotibial strip is then passed deep to the gastrocnemius tendon and deep to the

posterolateral structures for the second reefing. Reproduced with permission from Losee et al.!!0
(1978)

5.4.4 Ellison procedure

iliotibial band passed under
fibular collateral ligament

articular surface of
lateral tibia

bone trough in tibia

Figure 5.14 A strip of the iliotibial tract with a distal bone plug is rerouted deep to the lateral
collateral ligament and then fixed to the bone trough at Gerdy's tubercle using a staple. Reproduced
with permission from Ellison3® 1979)

The Ellison technique was introduced in 1978 and was the first procedure, which did not leave the

ITT attached at Gerdy's tubercle.85 Instead a piece of bone was chiselled from Gerdy's tubercle and
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a |5 mm strip of the ITT was then dissected proximally. (figure 5.14) The strip was then rerouted

beneath the LCL and fixed back to the bone trough using a staple.

The initial study evaluated |8 patients, on which this technique was performed for chronic recurrent
anterolateral instability of the knee. Five to six years postoperatively they rated eight knees
excellent, seven good, and three failures. The authors concluded that these results were encouraging
and almost all patients returned to sports. Thirteen years later Reid et al.'3¢ reported on long-term
results seven to fifteen years postoperatively. After their encouraging initial results, they were

disappointed by the persistent pain and the high rate (44%) of revision surgery at longer term follow-

up.

5.4.5 The Rowe-Zarins technique

This technique was first described in 1986.180 |t involves both intra-articular and extra-articular grafts
to restrain the anterior subluxation of the lateral tibial plateau. (figure 5.15) The intra-articular part
uses the semitendinosus tendon, which is passed intra-articularly through the tibial tunnel and then
routed through the over-the top position of the lateral femoral condyle. A strip of the ITT (20 mm
wide and 250 mm long) is passed from extra-articular to intra-articular - the other way round. Both

grafts are then tightend and sutured on each other.

SEMITENDINOSUS  ILIOTIBIAL COMBINED
TENDON TRACT METHOD

Figure 5.15 The semitendinosus tendon and a strip of the iliotibial tract are rerouted through a
tunnel on the anteromedial tibia via the over-the-top position of the lateral femoral condyle, and

deep to the lateral collateral ligament and vice versa. Reproduced with permission from Zarins and
Rowe!80 (1986)
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Between 1977 and 1985 this surgical procedure was used on 317 patients presenting with a chronic
ACL instability. Ninty percent of the patients were able to achieve functional stability 3-7.5 years

postoperatively.

5.4.6 Anterolateral ligament reconstruction

This modern technique of a combined intra-, and extra-articular reconstruction was first described
by Sonnery-Cottet in 2015.'52 (figure 5.16) A combined graft for the two procedures is used, utilising
a tripled semitendinosus graft and a single gracilis strand for the intraarticular portion with the
remaining gracilis strand used for the extra-articular portion. The femoral ACL tunnel is drilled
outside-in, in order to create a tunnel exit proximal and posterior to the lateral femoral epicondyle.
The ACL is then fixed using an interference screw and the remaining gracilis portion is routed
superficial to the LCL and deep to the ITT towards the anterolateral tibia. On the tibia the graft is
passed through a tunnel, whose entry is located at the area of the Segond avulsion and the exit is
located at Gerdy's tubercle. It is then sutured back on itself. The remaining Gracilis tendon is then
cut. The graft is fixed using an interference screw in the proximal tibial tunnel in full knee extension
and neutral rotation. The reported results after two years postoperatively showed a very low (1.1%)

re-rupture rate, which is much lower than previously published.

ALL reconstruction places the graft superficial to the LCL according to recent anatomical
observations of the anterolateral complex (see figure 2.9)8, whereas lateral extra-articular
tenodeses imitate fibre orientation of the capsulo-osseous layer of the ITT, by passing it deep to the
LCL. ALL reconstruction requires an additional hamstring graft, whereas a lateral tenodesis can be

performed using a strip of the ITT.
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Figure 5.16 A 3fold semitendinosus tendon with a single strand gracilis tendon is taken as the intra-
articular anterior cruciate ligament graft. The remaining gracilis tendon graft is used as a tri-angular
lateral extra-articular reconstruction. Reproduced with permission from Sonnery-Cottet et al.!s2
(2015)

5.5 Limitations of extra-articular reconstructions

Even though good results were published on extra-articular lateral reconstructions in combination
with intraarticular ACL reconstructions', these procedures fell from favor after a AOSSM
consensus meeting in Snowfall (Colorado). At that time the experts were more concerned with the
possible limitation of an additional extra-articular lateral reconstruction than the benefit of adding
increased stability. These concerns included over-constraining the lateral compartment and high
compression forces, fixed external rotation, and limiting range of motion.* Thus, when performing
these lateral tenodeses one should be aware of these limitations. Fixation of the graft with the tibia
in neutral rotation, avoiding excessive graft tension and avoiding post-operative immobilisation may

all help overcome these limitations.
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5.6 Conclusion

Adding an extra-articular lateral procedure to an intra-articular reconstruction is an elegant way to
reduce anterolateral subluxation of the tibia. Furthermore, it appears to reduce the re-rupture rate
compared to an isolated ACL reconstruction. However, long term studies are missing, and

undifferentiated use may cause detrimental effects for the patient.

It would appear that from a biomechanical point of view in terms of normalising tibiofemoral contact
pressure and restoration of tibiofemoral knee kinematics a Maclntosh or Lemaire reconstruction
routed deep to the LCL and tensioned with 20N in early flexion angles would be preferable.
However, concerns regarding different types of over-constrainment remain. Thus, further
knowledge of extra-articular reconstruction length change patterns, femoral insertion site and graft

course would be desirable.
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6.1 Background

In ligament surgery, length change pattern of the reconstructions are important, because the graft
should not be exposed to unphysiological lengthening, nor slackening, when it should restrain a
certain movement. From the biomechanical point of view a reconstruction, which has a constant
length over the arc of knee flexion would be optimal. However, due to the roll-glide and “screw
home™ mechanism of the knee, this is not possible.'4? Nature has managed this with different fibre
regions for ligaments. For example, the MCL is a flat and approximately one centimetre wide
ligament. The anterior fibres femorally attach anterior to the medial epicondyle, whereas the

posterior fibres attach posteriorly.22 Thus, the anterior fibres will be taut in flexion, whereas the

posterior fibres will be taut in extension.!2

Figure 6.1 Right knee, lateral side. Anterior and posterior border of the iliotibial tract.
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Similarly, to the medial side, the ITT also has a broad attachment on the anterolateral aspect of the
tibia. Birnbaum et al.!s found the attachment site to be 40 mm wide. This suggests different fibre
regions with different functions through the range of knee flexion*3. (figure 6.1) Furthermore two
recent anatomical studies of the ALL described the femoral attachment anterior and distal to the
lateral femoral epicondyle and suspected this ligament to restrain the anterolateral subluxation of
the tibia.22'¢8 Thus knowledge of length change pattern of these native structures are crucial for

future reconstructions.

The principle of isometry indicates a constant distance between two moving points, where the
points are on either side of a joint. Precise isometric behaviour rarely exists and has not been found
for the ACL!? or lateral extra-articular soft-tissue reconstructions.'4® However, it is widely accepted
that a degree of isometry in a ligament reconstruction reduces the likelihood of unwanted graft
behavior.> Inappropriate graft positioning and tensioning of a lateral extra-articular soft-tissue
reconstruction may excessively stretch the graft at certain knee flexion angles. This may over-
constrain the lateral compartment of the tibiofemoral joint and ultimately lead to graft failure,
excessive compressive load on the articular cartilage in the lateral compartment, and compromise
graft healing to the surrounding bone.3 It has been found that an increase in separation distance
between attachment points of just 6% could lead to permanent graft stretching. !34 Conversely, if a
graft becomes slack at a particular knee flexion angle, it may not be able to adequately replicate the
function of the reconstructed ligament. Only a few studies of the isometry of lateral extra-articular
reconstructions have been published, with none of these considering a graft passing deep to the
LCL.369293.149 Given that a lateral reconstruction is intended to stabilize the weight-bearing knee, and
that the knee has greater rotational laxity when flexed, it may be desirable for a graft to tend to be

tighter in extension and slacker in flexion.

6.2 Aims

The aims of the present study were to: |. Determine the effect of changing tibial and femoral

attachment points on ligament and graft length change pattern through knee range of motion. 2.
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Investigate the effect of altering the path of the graft in relation to the LCL (superficial or deep). 3.
Examine the length change pattern of native tissue structures, extra-articular soft-tissue
reconstructions and previously-described isometric combinations3¢92149 on the anterolateral side of

the knee. 4. Compare length change patterns of the different tibio-femoral point combinations.3¢:92.149

6.3 Materials and Methods

6.3.1 Specimen preparation

Eight fresh-frozen left knees from donors with a mean age of 76 years (range: 69-86, 5 male and 3
female) were obtained from a tissue bank after ethical approval was given by the local research
ethics committee. Prior to testing, the specimens were thawed for 24 hours; the femur was cut
approximately 180 mm from the joint line, and the tibia 160 mm from the joint line. An
intramedullary rod was then cemented into the femur and another into the tibia using PMMA bone
cement. The skin and subcutaneous fat were then removed, leaving the muscles and the fascia intact.
The ITT was then dissected away from the vastus lateralis longus and vastus lateralis obliquus
muscles. The lateral retinaculum (iliopatellar band) was horizontally incised to the point where the
lateral femoral condyle became clearly visible. The lateral retinaculum was sutured back after the
preparation was finished. The ITT was then cut from the intermuscular septum and its deep layer
(Kaplan fibres). The capsulo-osseous layer of the ITT was resected from its proximal attachment at
the supraepicondylar region and its distal attachment at the lateral tibial joint margin. Thus, only the
superficial ITT layer was left attached at Gerdy’s tubercle. Consistent with the technique used in
previous studies, the quadriceps muscle was separated into its six anatomical parts: Rectus femoris,
Vastus intermedius, Vastus medialis longus, Vastus lateralis longus, Vastus medialis obliquus and
Vastus lateralis obliquus.36.!156 Cloth strips were sutured to the proximal parts of the quadriceps and
to the ITT, to augment the soft tissues and to prevent slippage of the loading cables. (figure 6.2;

figure 6.3)
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Figure 6.2 Medial aspect of a left knee mounted into the knee extension rig. The muscles were
loaded using hanging weights and a pulley system. | Patella; 2 Femur; 3 Vastus medialis obliquus; 4
Vastus medialis longus; 5 Rectus femoris and Vastus intermedius; 6 Vastus lateralis longus.

Figure 6.3 Lateral aspect of a left knee mounted into the knee extension rig. The muscles were
loaded using hanging weights and a pulley system. | Patella; 2 lliotibial tract left attached at Gerdy's
tubercle; 3 Vastus lateralis obliquus; 4 Vastus lateralis longus; 5 Rectus femoris and Vastus
intermedius.
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Figure 6.4 Knee extension rig. The muscles were loaded according their fibre direction and cross
section area using hanging weights and a pulley system. The horizontal restraining bar limited the
knee extension to any flexion angle. Reproduced with permission from Stephen et al.!36 (2012)

The femoral intramedullary rod was secured into a knee extension test rig (figure 6.4). The
posterior condylar axis of the femur was aligned parallel to the base of the rig.!*¢ The anatomical
parts of the quadriceps muscle and the ITT were then loaded according to their fibre orientations,
using hanging weights and a pulley system. Based on previous studies, a total of 175 N was applied to
the quadriceps muscle parts and 30 N to the ITT.36156 According to Farahmand et al.# the different
parts of the quadriceps muscle were loaded according to their normalised physiological cross-
section area: Rectus femoris and vastus intermedius 35%, vastus lateralis longus 33%, vastus lateralis
obliquus 9%, vastus medialis longus 14%, vastus medialis obliquus 9%. This replicated an unloaded
open chain extension.5? Loading states using higher forces were not tested in order to prevent
muscle damage. This tension extended the knee fully, which could then be flexed and held at up to
90° of flexion (in 10° increments) using a horizontal bar anterior to the tibial rod. Prior to the length
change measurements, the loaded knee was cycled ten times between 0° and 90° flexion in order to
minimize the effects of soft tissue hysteresis. According to experiments it has been shown that after

10-20 cycles a steady state has been achieved!'s.
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Table 6.1. Femoral eyelet positioning and corresponding tibio-femoral point combinations (four
native tissue structures, four reconstructions and three femoral isometric points). ALL =
anterolateral ligament; ITT = iliotibial tract; LCL = lateral collateral ligament.

Position (from ibi i
Femoral ( Tibial pin
Evelet lateral femoral inG inA
Y epicondyle) pin pin
mid-third lateral
; 71
El 2mm anterior, anterior part of the capsular ligament
2mm distal Losee reconstruction!!0 .
ALL defined by Claes
et al.22
10mm posterior, . . .
E2 : Isometric point Draganich et al.3¢
4mm distal
4mm posterior, . . ALL defined by Dodds
E3 P . Lemaire reconstruction!0! * Y
8mm proximal et al.33
6mm posterior, . . .
E4 P : Isometric point Sidles et al.!4
[0mm proximal
Rowe-Zarins reconstruction!8 *
h Isometric point F9
E5 ove'r-'t e -top Krackow and Brooks?2
position
posterior part of the
Losee reconstruction!!0 *
posterior femoral L. posterior fibres of the
cortex anterior fibres of the ITT ITT
Eé6 at the distal
termination of the Maclntosh reconstruction!!2 *

intramuscular septum
* indicates course deep to the LCL

Length changes between tibial and femoral attachments were measured by attaching small pins to the
tibia and eyelets on the femur. Femoral eyelets were placed independent from knee size, due to
some original publications only describing the attachment site or isometric point in a distance from
the lateral femoral epicondyle. Sutures connected the pins to a displacement transducer, positioned
on the base plate of the rig, via the eyelets. One tibial pin was positioned at the tip of Gerdy’s
tubercle (pinG), and another at the rim of the lateral tibial condyle halfway between the fibular head
and Gerdy’s tubercle (pinA), which has been reported as the tibial attachment site of the capsulo-

osseous layer of the ITT!é!, the mid-third lateral capsular ligament’' and the ALL described by Claes
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et al.22 and Dodds et al.33. A monofilament suture was attached to each of these two pins. Three
femoral eyelets, termed El, E3, and E6, were positioned according to the anatomical structures.

(figure 6.5, Table 6.1).

Figure 6.5 Femoral eyelet positioning (white). Tibio-femoral point combinations account for
structures on the lateral side, extra-articular soft-tissue reconstructions and femoral isometric
points. (2) pinG (black): Gerdy’s tubercle; pinA (blue): Area of the Segond avulsion; Dashed line:
lateral collateral ligament; green pin: lateral epicondyle. (b) black pin: Gerdy’s tubercle; blue pin: Area
of the Segond avulsion; red pin: fibular head; green pin: lateral epicondyle.

These lateral extra-articular soft-tissue reconstructions typically route a strip of the ITT beneath the
LCL and loop it back to Gerdy’s tubercle via a bone tunnel in the lateral femoral condyle (Lemaire,
Losee), via a suture fixation on the intermuscular septum (Maclntosh), or via the over-the-top
position after an intra-articular ACL reconstruction (Rowe-Zarins).

The monofilament suture was collinearly knotted to a linear variable displacement transducer
(LVDT) (Solartron Metrology, Bognor Regis, UK), thereby enabling measurement of length changes
between a pin and an eyelet at knee flexion angles between 0 and 90° (in 10° increments). The
monofilament suture was constantly under a small tension due to the weight of the sliding core of
the LVDT (0.5 N). (figure 6.6 and figure 6.7) Knot slippage was not observed throughout the whole

experiment.
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Figure 6.6 Linear variable displacement transducer setup. Depending on the location of the sliding
core the ferromagnetic chamber produces a voltage change, which is transmitted to the Solartron
base unit. This voltage change can be converted to millimetre length change and stored to an Excel
sheet on the local computer. Reproduced with permission from Ghosh KM35, The Effects of Total
Knee Replacement on the Extensor Retinaculum of the Knee; a thesis for the degree of MD(Res)
and Diploma of Imperial College. (2009)

Eyelet at the Pin at the Suture fixed
femoral tibial attachment with a knot
attachment

e

Ligament Relaxes

Ligament Tightens

/ Stroke arm

lengthens

/ Stroke arm

shortens

Figure 6.7 A monofilament suture connected the tibia with the femur using a pin and an eyelet.
When the ligament tightened the stroke arm of the linear variable displacement transducer (LVDT)
lengthened, whereas when the ligament relaxed the stroke arm of the LVDT shortened. Reproduced
with permission and adapted from Ghosh et KM55 (2009), and Stephen et al.!5 (2014)
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Depending on the structure, lateral reconstruction method or isometric point being assessed, the
suture was guided either superficial or deep to the LCL. (Table 6.1) Length change measurement
data were collected for each of the |6 ligaments or reconstructions in each of the 8 knees, then
processed using Solatron “Orbit” Excel software (Solatron Metrology). Each measurement was
repeated three times and the average results were used for analysis. Duration of testing for the 48

repetitions per knee was approximately ten hours.

6.3.2 Data analysis

At full extension the sutures were marked at the femoral pin using a pen and absolute lengths

between the tibial pin and the mark were measured using a ruler, to +/- 0.5 mm at 0°. The length

length change

O/ e
lengthatos * 100%) with reference to

change data were then normalized to percentage (strain=

the length at 0° knee flexion.

In order to compare the isometry of the different tibio-femoral combinations, the total strain range
(TSR= maxStrain — minStrain) was calculated for each knee and then averaged. Low values of TSR

reflect near-isometry, and high values non-isometry.

6.3.3 Statistical Analysis:

The Kolmogorov-Smirnov test confirmed the normal distribution of the data.

I. Overall effects of changing the graft attachment position on the tibia (pinA and pinG) and the
femur (El to E6) and knee flexion (0°-90°) were calculated using a repeated measures ANOVA. The

course past the LCL was constant (superficial).

2. A repeated measures ANOVA was performed to investigate the effects of: graft path relative to
the LCL (deep and superficial), femoral position (E3 to E6) and knee flexion (0°-90°). The tibial

position was constant (pinG)

3. Three 2-way repeated measures ANOVAs were conducted to compare length changes on:
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a) Native tissue structures of the anterolateral side (pinA/El, pinA/E3, pinA/E6, and pinG/E6) vs.

flexion angle (0°-90°).

b) Lateral extra-articular soft-tissue reconstructions (pinG/El, pinG/E3*, pinG/E5*) (* deep to the

LCL) vs. flexion angle (0°-90°).

c) Femoral isometric combinations (pinG/E2, pinG/E4 and pinG/E5) vs. flexion angle (0°-90°)

4. Three one-way ANOVAs were performed comparing TSR for native tissue structures, lateral

extra-articular soft-tissue reconstructions and femoral isometric points.

Pairwise comparisons with Bonferroni corrections were performed where appropriate. Statistical
analysis was performed in SPSS (Statistical Package for the Social Sciences, IBM Corp., Armonk,

New, York, U.S.) version 21, with significance level set at P<0.05.
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6.4 Results

6.4.1 Attachment sites.

Altering the femoral attachment site had a large effect on the length changes (P<.001): for example,
changing from pinA/El to pinA/E3 changed the pattern from slackening to tightening with knee
flexion (figure 6.8). The tibial attachment location had a smaller effect on length change pattern, but

was still significant (P<.001), for example changing from pinA/E6 to pinG/E6.

—e—pinA/El —&— pinA/E3
—&—pinG/E6 —&—pinA/E6
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Figure 6.8 Length change pattern of all tested native tissue structures with pooled 95% confidence
interval. In relation to tibial pin A, a change from femoral eyelet El to E3 changed the length change
from a mean |9mm elongation to 8mm shortening. Moving from G to A on the tibia had a smaller
effect, in relation to femoral eyelet E6.
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6.4.2 Graft course:

Graft length change patterns were significantly different depending on whether the graft ran

superficial or deep to the LCL (P<.001, figure 6.9). There was a tendency for the superficial grafts to

lengthen during early knee flexion, whereas those running deep to the LCL tended to decrease in

length.

- @ - pinG/E3
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Figure 6.9 Differences between tibio-femoral point combinations superficial and deep (*) to the
lateral collateral ligament (LCL). The combinations guided deep to the LCL displayed less variability

in length change patterns.
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6.5 Length change pattern and total strain range

6.5.1 Native tissue structures of the anterolateral side of the knee

The attachment points of the ALL described by Dodds et al.33 (pinA/E3 combination) was most
isometric among the ligaments on the anterolateral side (TSR = 8.7 * 5.7%; mean +SD), decreasing
in length between 30° and 80° of knee flexion (where a decrease in length between the points means
a tendency for a graft to slacken, and vice-versa). However, no significant difference in TSR value was

found compared to the other ligament combinations tested (figures 6.8 and 6.10, Tables 6.2 and 6.3).

— :

O 4-8%
| 8-12%
A >12%

Figure 6.10 Extra-articular isometry map for various tibio-femoral point combinations. Total strain
range values (TSR) were plotted onto the femur. Low values indicate near isometry and high values
non-isometry. Green pin: lateral femoral epicondyle; red pin: fibula head; black pin Gerdy's tubercle;
blue pin: Area of the Segond avulsion. (a) TSR values in combination with pinG, the suture was
guided superficial to the lateral collateral ligament (LCL). (b): TSR values in combination with pinA,
the suture was guided superficial to the LCL. (c): TSR values in combination with pinG, the suture
was guided deep to the LCL.
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The length between the attachment points of the ALL described by Claes et al.22 (the pinA/E|
combination) gradually increased between 10° and 90° flexion, with the greatest overall TSR of 20.2
* 8.4% among all ligament combinations. This length change pattern was significantly different
compared to both the ALL of Dodds et al.33 (pinA/E3: P < .001) and the posterior fibres of the ITT
(pinA/E6: P < .001).

The posterior fibres of the ITT (pinA/E6 combination) were almost isometric at flexion angles
between 0° and 50°, then displayed a decrease in length from 50° to 90° (TSR = 9.4 + 3.3%). The
anterior fibres of the ITT (pinG/E6 combination) increased in length between 0° and 40° of flexion
(TSR = 10.4 £ 3.4%), and were then almost isometric from 40° to 90°. There was a significant
difference in overall length change pattern between these two combinations (P < .001).

No significant differences in TSR values were found among all ligament combinations tested.

Table 6.2: Length change (%) and significant differences at each flexion angle for ligament tibio-femoral

point combinations.

Native tissue structures

pinA/EI #t pinA/E3 *§ pinG/E6 #t pinA/Eé *$

Knee flexion

angle (°) Mean SD Mean SD Mean SD Mean SD
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 -0.8% 1.7 -1.08 1.5 2.4 *#t .1 -0.2§ 0.5
20 1.6 #§ 1.8 -0.9 *§t |.4 5.3 *#t 1.2 0.6 #§ 0.8
30 4.7 #1 2.6 -1.4 %5t 1.9 7.6 #t 1.3 0.9 *#§ .1
40 7.6 #1 3.4 -2.5 "8t 2.6 8.9 #t 2.0 0.2 *#§ 1.8
50 10.4 #1 44 -3.7 *§t 3.2 9.5 #1 29 -0.9 *#§ 23
60 12.8 #t 5.4 -5.0 *§ 3.8 9.4 #t 3.3 -2.6 %8 2.7
70 15.3 #1 6.5 -6.3 "8 4.6 8.8 #t 4.0 -4.8 *§ 2.8
80 17.4 #§t 8.0 -7.5%8 5.4 7.8 *#t 4.7 -6.9 *§ 33
90 19.0 #§t 8.8 -7.8 "8 6.5 7.4 *#1 5.5 -8.3 %8 4.1

* indicates statistical significance from pinA/El
# indicates statistical significance from pinA/E3
§ indicates statistical significance from pinG/E6
T indicates statistical significance from pinA/E6

SD: Standard Deviation
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Table 6.3 Total strain range values of each tested tibio-femoral point combination.
LCL = lateral collateral ligament,

Superficial to LCL Deep to LCL
pinG pinA pinG

Femoral eyelet Mean SD Mean SD Mean SD

El 259 9.8 20.2 8.4

E2 9.5 34 14.2 5.9

E3 72 1.9 8.7 5.7 7.1 35

E4 8.0 3.9 15.3 5.3 8.7 43

E5 8.0 3.2 14.1 42 7.3 27

Eé6 10.4 34 9.4 33 5.5 24

SD: Standard Deviation

6.5.2 Lateral Extra-articular soft-tissue reconstructions

The suture following the course of the Maclntosh procedure!'2 ( pinG/E6 combination), routed deep
to the LCL, was closest to isometry among all tibio-femoral point combinations tested (figures 6.9
and 6.10, Tables 6.3 and 6.4), with an overall TSR of 5.5 * 2.4%. The length change patterns of the
MaclIntosh, Rowe-Zarins!8%/posterior part of the Losee!!9 and Lemaire!0! lateral extra-articular soft-
tissue reconstruction (pinG/E6, pinG/E5 and pinG/E3) were all similar when guided deep to the LCL
(figures 6.9 and 6.1 1), particularly between 0° and 30°. The three corresponding femoral
attachments (eyelets E3, E5 and E6) were located on a straight oblique line on the lateral aspect.
The anterior part of the Losee reconstruction'!® (pinG/E|l combination) displayed a uniform increase
in length between 0° and 90° of knee flexion (TSR = 25.9 + 9.8%), and its length change pattern was
significantly different (P < .001) compared to those of all other tested reconstructions. Also, the TSR
value was significantly higher than that of the Lemaire (pinG/E3; P = .024), Rowe-Zarins/posterior
part of the Losee reconstruction (pinG/E5; P = .017), and the MacIntosh reconstruction (pinG/Eé; P

= .010).
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Figure 6.11 Length change pattern of all tested reconstructions with pooled 95% confidence interval.
Femoral insertion points proximal to the lateral epicondyle display similar length change pattern. *:

graft passed deep to the lateral collateral ligament.

Table 6.4 Length change (%) and significant differences at each flexion angle for reconstruction tibio-

femoral point combinations. The course of the suture was deep to the lateral collateral ligament.

Reconstructions
pinG/E| #&1t pinG/E3 * pinG/E5 *t pinG/E6 *§

Knee flexion

angle (°) Mean SD Mean SD Mean SD Mean SD
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 3.3#8t |5 -0.5* 1.8 -0.1*% 1.0 -0.1* 0.9
20 69 #8t 2.1 -07* 2.7 -0.2* 1.7 -0.1* |.4
30 9.4#5t 3.3 20 3.1 -1.2% 2.3 -1.0* 1.6
40 11.6#8t 40 30 2.8 -2.3 %t 1.9 -1.6 %8 1.5
50 143 #5t 49 -3.9 %t 2.5 -3.4 %t 1.8 -2.2%§ 1.5
60 17.4#8+ 6.3 -45* 2.8 -4.4 %t 1.9 -2.9 %8 |.5
70 20.3#8t 7.7 -5.0* 3.3 -5.4 %t 2.1 -3.7 %% 1.7
80 23.4#5t 92 -5.3* 3.8 -6.3 %t 2.6 -4.5 %8 1.9
90 259 #§t 9.8 -5.1 4.1 -6.4 %t 2.8 -4.8 *§ 2.4

* indicates statistical significance from pinG/E|
# indicates statistical significance from pinG/E3
§ indicates statistical significance from pinG/E5
T indicates statistical significance from pinG/E6

SD: Standard Deviation
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6.5.3 Femoral isometric points

The isometric pair of points of Krackow and Brooks? (pinG/E5, passing superficial to the LCL)
displayed a slight length increase between 0° and 30° and a slight decrease between 40° and 80°
(TSR = 8.0 * 3.2%; figures 6.10 and 6.12, Table 6.5). The length changes of this combination, the
isometric points of Sidles et al.'#® (pinG/E4; TSR = 8.0 + 3.9%), and of Draganich et al.3¢ (pinG/E2;

TSR = 9.5 + 3.4) all followed a broadly similar pattern.
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Figure 6.12 Length change pattern of all tested femoral isometric points with pooled 95% confidence
interval.
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Table 6.5 Length change (%) and significances at each flexion angle for tested
femoral isometric points.

Isometric Points

pinG/E2 #§ pinG/E4 *$§ pinG/ES5 *#

Knee flexion

angle (°) Mean SD Mean SD Mean SD
0 0.0 0.0 0.0 0.0 0.0 0.0
10 095% 1.6 1.7 1.8 2.1 1.6
20 05% 3.0 245% 24 4.5 # 2.6
30 -1.8 #§ 4.1 1.6 *§ 3.3 5.5 # 3.7
40 -4.4 #§ 44 0.4 *§ 34 5.5# 4.5
50 -5.8 #§ 4.0 -0.8 *§ 3.5 4.7 *# 4.8
60 -6.6 #§ 3.9 -1.9 %8 3.8 4.0 *# 5.0
70 -6.5 #§ 4.6 -2.9 %8 44 2.8%# 52
80 -55% 5.1 -3.8%§ 5.1 2.0 %# 5.6
90 -3.6% 5.5 -3.8 5.5 20" 6.5

* indicates statistical significance from pinG/E2
# indicates statistical significance from pinG/E4
§ indicates statistical significance from pinG/E5

SD: Standard Deviation

6.6 Discussion

The purpose of the present study was to assess length change patterns and isometry of several
combinations of tibial and femoral points on the lateral side of the knee. This is the first study to our
knowledge to investigate the course of a graft running deep to the LCL, which makes it relevant to
previously described surgical techniques of lateral extra-articular soft-tissue reconstructions. All
tibio-femoral reconstruction combinations inserting proximal to the lateral epicondyle and with a
course deep to the LCL (pinG/E3, pinG/ES5, and pinG/E6) were close to being isometric between 0°
and 90° knee flexion, with only a slight increase in length as the knee was extended. These are ideal
properties for a lateral extra-articular soft-tissue reconstruction. These reconstruction combinations
had very similar length change patterns. This similarity was because their course was deep to the

LCL, and therefore the lateral epicondyle, with the proximal LCL attachment, acted as a pulley,
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retaining the graft posterior to the knee flexion axis of rotation within the investigated range of
motion. Conversely, there was much greater variability in length change patterns when the suture
was guided superficial to the LCL. In this case, the epicondyle acted as a ‘hump’ and the suture
remained anterior for low flexion angles and moved posteriorly as flexion angle increased.

Krackow and Brooks®? examined various tibio-femoral point combinations with a flexible ruler. They
applied a central load to the whole quadriceps muscle group and did not load the ITT, in contrast to
this study. The length change pattern of their ‘T3 to F9’ combination was close to isometric, and a
similar result was found in this study when reproducing it using the pinG/E5 combination.
Furthermore, we also observed Gerdy’s tubercle moving slightly laterally/posteriorly in terminal
knee extension due to the ‘screw home mechanism’. Thus, length slightly decreased at low flexion
angles (figure 6.12). With regard to the effect of alteration of the femoral eyelet observed by
Krackow and Brooks, the length change plot displayed a uniform lengthening during knee flexion
when the femoral insertion site was distal and anterior to the lateral epicondyle (pinG/El).
Conversely, when moving the femoral insertion site proximal and posterior to the lateral femoral
epicondyle (pinG/E3 and pinG/E4), the length change plot showed an increase in length in low flexion
angles, and then decreasing length in high flexion angles.

The most isometric combination of the present study was the pinG/Eé combination, corresponding
to the Maclntosh reconstruction.!'2 This suture path deep to the LCL does not represent a native
structure of the knee. However, the Maclntosh reconstruction anchors the ITT to its natural
attachment on the femur at the distal termination of the intermuscular septum (Kaplan fibres), which
may explain the high degree of isometry. The most isometric femoral point combination with
Gerdy’s tubercle reported by Sidles et al.'*° (corresponding to the pinG/E4 combination) in a
quadriceps-loaded knee was approximately 10 mm proximal and 6 mm posterior to the lateral
femoral epicondyle. That reported by Draganich et al.3¢ (corresponding to the pinG/E2 combination)
was 4 mm distal and |0 mm posterior to the lateral femoral epicondyle. However, analogous to
Sidles et al. and Draganich et al., no perfectly isometric combination was found. Further comparisons

of the data in this study to those two studies are difficult, because both of them involved calculations
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of a theoretical 3-D straight-line distance, rather than the actual path accounting for anatomical
irregularities and the course deep to the LCL.

The data for the length change measurements of the capsular ALL of Claes et al.,22 who found an
average length increase from full extension to 90° flexion of 3 mm, were consistent with this study.
However, this study measured a length increase in the pinA/El combination of more than double
that amount (7.4 £ 3.0 mm), resulting in a strain of 19.0 £ 8.8% at 90° flexion. These results imply
that the ALL described by Claes et al. and the mid-third lateral capsular ligament are slack in low
flexion angles, which is where the pivot-shift occurs, because soft tissues cannot sustain large strain
cycles. Dodds et al.33 found a mild decrease in length of their ALL of 5.8 + 4.Imm from 0°-90°, and
the matching pinA/E3 combination in this study had a similar length decrease of 4.0 £ 3.5mm.

In good agreement with length change measurements in previous studies of the [TT,41%8 the anterior
fibres (pinG/E6) displayed a plateau of increased length in high flexion angles, whereas the posterior
fibres (pinA/E6) had a plateau of increased length in low flexion angles. This implies that different ITT
fibre areas are taut in different flexion ranges. These findings suggest that it is not the ALL alone that
controls anterolateral rotation of the tibia, and that other structures such as parts of the ITT may
have a role. This is emphasized by the findings of Terry and Laprade, that the anterior arm of the
short head of the biceps femoris muscle, the capsulo-osseus layer of the ITT and the mid-third
lateral capsular ligament were attached at the site of the Segond fragment. 62

It is known from previous clinical studies that extra-articular soft-tissue reconstructions in
combination with an intra-articular ACL reconstruction are capable of controlling the anterior
subluxation of the lateral tibial plateau.!02.120.14416¢6 This is supported by this study, as all tested
reconstructions except for the anterior part of the Losee reconstruction showed a lengthening as
the knee approached full extension. The femoral insertion sites of these reconstructions, passing
deep to the LCL, were all located on an oblique line on the distal femur from just proximal to the
lateral epicondyle to the posterior edge of the lateral aspect of the femur at the metaphysis. It is
possible that all points on this line may have similar length change patterns and low TSR values,

thereby presenting a safe area for positioning the extra-articular femoral insertion point. However,
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care must be taken when combining length change data with other factors such as femoral graft
fixation and tensioning. The length change plots only represent the mean length change of eight
specimens, which included minor inter-specimen variability. This may be due to different knee
kinematics and anatomic variations. For example, in one knee there was a thicker femoral insertion

of the lateral gastrocnemius tendon, which changed the path of the suture.

6.7 Limitations

In addition to the age and number of knees, there are some limitations of this study to note. First, an
active loading state was created by loading the quadriceps muscle parts and the ITT according to
their fibre directions. Only one loading state, independent from knee size was tested, and others
were not considered. A second limitation was the use of a suture to measure tibiofemoral point
length changes. This reduced the complex fibre bundle structure of a ligament or a graft to
effectively a single fibre, which may have had an effect, particularly when passing the suture deep to
the LCL. This study has provided data on the changes of length between attachment points in the
intact knee; use of tendon grafts in actual reconstructions would add further variables: the type of
graft, the tension, the fixation method, the angle of knee flexion and of tibial internal-external
rotation would all affect the results and may be studied separately. Thirdly, the maximum unloaded
length!03 of each ligament was not measured (That is: the point of transition from the ligament being
slack, to being taut.); hence, we can only speculate on the actual tensile strain. However, the strain
of reconstruction grafts can also be influenced by varying the flexion angle of graft fixation, and pre-
tensioning. Additionally, we felt that it was preferable to ‘normalize’ all femoral eyelet locations. This
proved to be less straightforward than imagined, because of the variable ligament attachment sites,
ambiguous anatomical descriptions and different knee sizes. For example, the main femoral
attachment of the mid-third lateral capsular ligament has been described at the tip of the lateral
femoral epicondyle.227! However we observed an attachment site slightly anterior and distal,

resulting in a 2mm distance between actual and described attachment sites (Table 6.1). Extensive
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dissection of the ITT and the lateral retinaculum may have changed knee kinematics and the results.
However, once the pins were placed the retinaculum was sutured and the ITT was loaded, which
minimised the possible error. Finally: lateral extra-articular reconstruction is usually used to control
tibial internal rotational laxity, and so data showing the effects of tibial rotation on the structures
examined would be of interest. However, we faced the practical limitation of the time required to
make those extra measurements on the set of knees, which would have been excessive, and also the
consideration that it would be more clinically relevant to perform measurements of restraint to

tibial rotation, rather than length changes.

6.8 Conclusion

The results of this study provide a rationale regarding the course and the behaviour of the graft for
an extra-articular lateral-based reconstruction. The sutures representing grafts that ran deep to the
LCL, with insertion sites proximal to the lateral epicondyle, showed desirable length-change
patterns, having relatively low length changes during knee flexion-extension, and being longer
(tighter) near knee extension, implying an ability to prevent anterior subluxation of the lateral tibial
plateau. This path and femoral attachment site did not correspond to any anatomical structure. The
ALL of Dodds et al. 8 passed over the LCL and gave a similar length-change pattern, but some other
ligaments or lateral extra-articular soft-tissue reconstructions did not provide this. Further studies
should determine which of the lateral structures resist the loads that tend to cause tibial internal
rotational subluxation, and address the biomechanical behaviour of lateral extra-articular

reconstructions.
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7 General discussion and
future work

Some parts of this chapter have been published in The American Journal of Sports Medicine

The role of the anterolateral structures and the ACL in controlling laxity of the intact and ACL-
deficient knee: response; The American Journal of Sports Medicine, Volume 44, Number 4, pages:
NPI5-NP18

C Kittl, H El-Daou, KK Athwal, CM Gupte, A Weiler, A Williams, AA Amis

For permissions, see Chapter 9 (Appendix)
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7.1 Research findings

7.1.1 Anatomy of the anterolateral complex (Chapter 2)

The most important finding of chapter 2 was that the anatomy of the anterolateral side of the knee
is complex and difficult to understand. This is emphasised by numerous studies describing the ALL
differently. The first studies by Vincent et al.!é8, and Claes et al.22 described the attachment distal to

the lateral epicondyle, whereas later studies found the attachment proximal to it.

Werner Mueller'2! explained in the ESSKA knee video, where he dissected a whole knee: Big
structures — big function, small structures — small function. By big structures, he implicated the role
of the ITT. This broad strong band of fibres extends on the lateral side of the knee and can be
divided into a proximal dynamic portion, and a distal static portion, which he called the “ligamentum
femorotibiale laterale anterius”. This was previously also called the *“capsulo-osseous layer” in the

Anglo-American literature.

One of the main problems of the existing anatomical descriptions is that studies have described
different structures and given them the same names. For example, Terry et al.'é! and Viera et al.'¢”
called the distal, deep portion of the ITT the ALL of the knee. Later, several other research groups

found a distinct capsular ligament, which was also named the ALL of the knee.

According to Mueller the anatomy of the anterolateral side of the knee in this thesis was dissected
from anterior to posterior. This revealed the Kaplan fibre network and the capsulo-osseous layer of

the ITT, which could be obviously tightened, when internal rotation of the tibia was applied.
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7.1.2 Biomechanics of the anterolateral structures (Chapter 3)

ACL rupture causes the loss of the screw home mechanism and shifts the axis of rotation medially.
This leads to a positive pivot-shift phenomenon. From the literature it remained unclear as to how
integrity of the anterolateral structures influences the pivot-shift test, which is elicited by the

examiner applying internal tibial rotation, valgus rotation, anterior tibial translation and knee flexion.

In one of the pilot knees following the cutting study of this thesis, the layered anatomy of the ITT
was dissected and internal rotation was applied. A tensioning of the “Kaplan fibres” and the
superficial ITT could be clearly seen, whereas the anterolateral capsule was only a little stretched.
This led to the testing of the contributions of the lateral structures in restraining knee laxity

presented in the following chapter.

7.1.3 The role of the anterolateral structures in restraining knee laxity (Chapter 4)

As hypothesised from manually manipulating the pilot knee specimen, the six degree of freedom
robotic setup demonstrated the ITT to be the primary restraint to internal rotation at 30°, 60°, and
90° of flexion. At full extension, the restraint with the highest contribution was the ACL, which was

not expected, because of its small lever arm for rotation of the knee.

As described in chapter 2, the screw home mechanism is due to the tension in the ACL, which is
lost in ACL-deficient knees. This biomechanical study confirmed that loss of ACL integrity results
into increased internal rotation at full extension, when the ACL is ruptured. This fact adds to the
knowledge of the pivot-shift phenomenon and may explain why the pivot-shift test is positive in an

isolated ACL injury.

Another key finding of this study was that, in the ACL-deficient knee, the ITT (especially the deep
fibres), took over the internal rotation restraining role from the ACL in full knee extension. This
may imply that in a chronic ACL insufficient knee the ITT will be exposed to an increased load,

which then may “stretch-out” over time and cause excessive ALRI.
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7.1.4 Extra-articular lateral reconstructions (Chapter 5)

This chapter gave an overview of existing extra-articular lateral reconstructions. The main finding of
this chapter was that a combined intra-, and extra-articular reconstruction can share the load and
reduced the re-rupture rate in large cohort studies.!s! However, clear indications and long-term

studies are still missing.

7.1.5 Length change pattern of the anterolateral structures and related

reconstructions (Chapter 6)

The study presented in chapter 6 was the first study conducted in the context of this thesis. Prior
literature showed that the natural behaviour of the native anterolateral structures and their related
reconstructions were poorly understood. Length changes of the native anterolateral structures and

lateral extra-articular reconstructions were determined using LVDTs and a suture.

One important finding of this chapter was that the anterior and posterior parts of the ITT have a
reciprocal tensioning pattern. The length of the anterior part increased in flexion, whereas the length
of the posterior part increased in extension. This seems logical, because the roll-glide mechanism of
the knee causes a point located posterior to the lateral epicondyle and a point on the lateral tibia
will approach each other with knee flexion. Conversely, when extending the knee, a point anterior

to the lateral epicondyle approaches a point on the anterolateral tibia.

A key finding was, that reconstructions guided deep to the LCL had a uniform length change pattern,
whereas when placed superficial to the LCL behaviour was variable and highly dependent on the
femoral attachment site. Thus, a Lemaire or Maclntosh reconstruction had preferable length change
pattern, being tight in extension and slacken in flexion, implying a potent role in restraining the pivot-

shift phenomenon, whereas a possible ALL reconstruction according to the anatomy described by
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Claes et al (with the femoral attachment anterior to the lateral epicondyle) had a tensioning pattern

less likely to effectively control the pivot.
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7.2 Limitations

7.2.1 Knee specimens

The anatomical observations and the biomechanical studies in this thesis used elderly cadaveric
specimens with a mean age of 71 years. Injuries and reconstructions of the ACL and anterolateral
structures mostly occur in a younger population and structural properties of ligaments tend to
decrease with age.'7? Thus, the elderly specimens used in this study might not represent the
behaviour of the structures in younger adults typically affected by sports injuries. However, in the
first set of experiments presented in chapter four comparison was made to the intact state and it is
likely that differences in loads may be similar in proportion between young and older specimens. In
the study presented in chapter six, the specimens were used only to anatomically place the pins,
from which suture lengths between them was determined. Thus, the age of the specimens is likely to

be irrelevant to this investigation.

7.2.2 Specimen dissection method and biomechanical testing

After publishing the paper “The role of the anterolateral structures and the ACL in controlling laxity
of the intact and ACL-deficient knee” a letter to the editor was written by the “ALL” group led by
Betrand Sonnery-Cottet, questioning the dissection method used in this thesis. There would appear
to be two different methods of viewing the anatomy and evaluating the biomechanics of the
anterolateral side of the knee. One is where the structures are dissected from posterior to anterior
as described by Dagett et al.26 The other one, which was used in this thesis, dissected the
anterolateral structures from anterior to posterior'2!. This may explain the difference of opinion as
to the importance of the ALL as a restraint of tibial internal rotation laxity. This difference has arisen

because of the differing methods of study, both anatomical and biomechanical. Anatomically, the
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structure defined as the ALL complex in the figure 2.8 is bulkier than the relatively flimsy ALL which
had been described at the time when the cutting study (chapter 4) started '3, which had no
connection to the ITT. Some fibres seen here would have been defined as belonging to the deep
capsulo-osseous layer of the ITT in this study, which were dissected them from the underlying ALL
by separating the layers from proximal to distal, whereas the preparation in the figure was dissected

from posterior to the ITT and left the distal attachment around the rim of the tibia.

Most of the biomechanical studies have been based on observations of changes of laxity when the
ALL was cut (force-controlled mode), whereas our study moved the tibia by a fixed amount and
measured the reduction of force and/or torque needed after a structure was cut (position or
displacement controlled method). While changes of laxity are what are observed during clinical
examination and are familiar to surgeons, it is the measurement of changes of load needed to
displace the tibia which is necessary to discover the primary and secondary restraints. Use of that

method found that the ITT resisted much more of the tibial internal rotation torque than the ALL.

Cutting the different anterolateral structures in chapter 4 did not relate to “real-world” injuries. In
these, when sustaining an ACL rupture, the anterolateral structures may stretch or a combined
injury to the deep ITT structures and the anterolateral knee capsule may occur. This, of course,

cannot be imitated by complete resection of these structures.

7.2.3 Testing setup:

The biomechanical cutting study presented in chapter four used a highly precise robotic setup. The
results in this study relate only to the passive stabilizing structures on the anterolateral aspect of the
knee and the ACL. In vivo kinematics of the knee, however, strongly depend upon the dynamic
restraints and proprioception, which was not tested in our experiments. Furthermore, in the robotic

setup the knee could only be tested in specific flexion angles and a dynamic testing, like the pivot-

142



shift test, was not possible. In order to elicit the pivot shift phenomenon in the robot, four
difference forces/torques (internal tibial rotation, valgus rotation, anterior tibial translation and knee
flexion) have to be applied. Also, the ITT has to be loaded in order to reduce the lateral tibial
plateau after it had been subluxed. In the current testing protocol a simulated pivot shift was tested,
which only combined internal rotation and valgus torques. Several other robotic studies applied an
additional anterior tibial force, which probably would have increased the influence of the ACL in this
study. The methods used are well accepted for testing the restraints to tibiofemoral laxity and much
of our present understanding of the mechanical roles of knee ligaments has come from the use of

sequential cutting methods.

The second set of knees were tested in a muscle loading rig, which was previously designed for
evaluating patellofemoral questions. In the experiment described in chapter 6.3.1 only the different
parts of the quadriceps muscle and the ITT were loaded and the hamstrings muscles were ignored.
Presumably, this would have made an impact in rotational control of the tibia and may have
influenced the length changes. However, this rig was designed to simulate an open chain extension

against gravity, where the hamstrings are elongated rather than actively contracting.

7.2.4 Measurement methods

An LVDT and an attached suture had previously been validated and showed an accuracy of 0.0l mm,
which is beyond the accuracy of the reported results of 0.1 mm. 56 A suture was then used to
measure the length changes. One problem was that the suture sometimes slid over bony
irregularities and caused sudden length changes. A second limitation was that the suture was only
able to follow the middle portion of the ligaments and reconstructions and were rerouted to the

anterior portion (nearest to the LCL) of a reconstruction when guided deep to the LCL. Therefore,
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a second suture has been taken to measure, for example, the anterior and posterior aspect of the

ITT.

Robotic data were analyzed using a custom made Matlab script written by Hadi el Daou. The
midpoint of the pot was taken as reference point and distances were measured using vectors. Forces

and torques were measured using the universal force/moment sensor.
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7.3 Future work

7.3.1 Robotic testing:

As already reported in chapter 4, after cutting the anterolateral structures and the ACL a large
portion of the load was still restraining internal rotation. Therefore, the medial structures were cut.
However, this was only done at 30° of flexion. Results from a position controlled robotic setup,
when cutting the medial structures would be interesting and would determine the primary and
secondary restraints to internal/external rotation on the medial side. Recently, Kim et al. looked at
the knee position in an ACL rupture by overlapping the tibial and femoral bone bruise in MRI and
found a mean flexion angle near full extension, 5° of valgus rotation, 15° of internal rotation and 22
mm of ATT. Based on these data a more realistic laboratory ACL injury could be created. Another
interesting work would be to evaluate the dynamic restraints of the knee. This has already been
done by Herbort et al.¢8 and Kittl et al.87 at the medial side, evaluating the restraining role of the
Semitendinosus/gracilis tendon and the Semimembranosus. Further work should focus on the impact
of muscular control and the dynamic restraints of the knee, which unfortunately have been widely

ignored so far.

Robotic testing in our setup only evaluated the static restraints of the anterolateral side. A dynamic
robotic testing would be capable of eliciting the clinical pivot shift test, which would further add to
our knowledge of ALRI. A future work would then comprise a non-contact simulated ACL injury
model, which could then determine additional injuries to the anterolateral/medial side by adjusting

the magnitude and rate of loading.
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7.3.2 Clinical trials

It is pertinent to translate the in-vitro studies into the clinical setting. Sonnery-Cottet et al.!s! already
showed in a large cohort study that the re-rupture rate can be lowered by using an additional extra-
articular lateral reconstruction in an ACL deficient knee. However, this study setup suffered from all
the limitations of a retrospective study. Just recently, Getgood et al.>* conducted a prospective
randomized clinical trial comparing single bundle ACL reconstruction with or without lateral extra-
articular reconstruction. They demonstrated a reduction in ACL graft ruptures from | 1% to 4%,
when using a modified Lemaire technique (similar to the one described in chapter 5.4.2), routed
deep to the LCL, based on some of the work in this thesis.

Recommended indications for an additional lateral procedure have been described in the results
from the International anterolateral complex consensus group meeting.>3 These included revision
ACL reconstruction, high-grade pivot-shift test, generalised ligamentous laxity/genu recurvatum, and
young patients returning to pivoting activities. However, long term results are still missing and
historical doubts regarding over-constraint of the lateral compartment still exist, especially in knees

with prior lateral meniscectomy and valgus malalignment.
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7.4 Recommendations to surgeons

This thesis leads to some suggested surgical recommendations. These could help form the basis of

further randomised controlled trials.

Based on the anatomical observations and length change measurements presented in this thesis, the
ITT was shown to exhibit different length change behaviour. The anterior part increased in length in
knee flexion, whereas the posterior part increased in length in knee extension. Additionally, in the
anatomical dissections of this thesis the capsulo-osseous layer was found deep to the posterior part
of the ITT. Thus, when performing a lateral extra-articular reconstruction a strip of the anterior
part of the ITT would prevent injury to the capsulo-osseous layer of the ITT, when harvesting the
strip. This capsulo-osseous layer was also found to be one of the major restraints to internal tibial

rotation and should therefore be protected.

Another aim of this thesis was to investigate the effect on length changes when guiding the lateral
tenodesis deep or superficial to the LCL. Results showed a much higher variablity of length change
pattern when guiding the graft superficial to the LCL. Due to the pulley effect of the lateral
epicondyle, which retained the graft posterior to the flexion-extension axis, length change patterns
were favourable for restraining the pivot-shift test, when guiding the strip of the ITT deep to the
LCL. Furthermore, a femoral insertion site proximal to the lateral epicondyle (when guided deep to
the LCL) has shown high grade of isometry and increase in length in knee extension. Thus, guiding
the graft deep to the LCL and fixing it proximal to the lateral epicondyle in the safe area descibed in

this thesis, may effectively restrain the pivot-shift test.
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