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Abstract
The lateral extra-articular tenodesis (LET) performed with anterior cruciate ligament (ACL)
reconstruction is intended to add stability to the knee, yet the procedure may compromise
lateral knee soft tissues that may affect performance during functionally demanding
activities. This study compared knee landing biomechanics during a Drop Vertical Jump
(DVJ) performed by 154 patients randomized to ACL reconstruction alone or ACL
reconstruction plus LET. Three-dimensional knee moments and angles during the DVJ were
investigated at 6 and 12 months postoperative. The peak knee abduction moment (KAM) was
the primary outcome measure. There were no statistically significant differences between
groups in any of the landing biomechanics assessed. The mean difference (95% confidence
interval) in the peak KAM between groups was -4.15 Nm (-10.36 – 2.05) at 6 month and
1.92 Nm (-4.77 – 5.89) at 12 months for patients that completed testing at both follow-ups.
The present findings suggest the LET does not benefit or hinder landing biomechanics.
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Chapter 1
1

Introduction

The anterior cruciate ligament (ACL) is one of four main ligaments in the knee and
provides about 85% of the restraining force to anterior tibial displacement at 30 degrees
and 90 degrees of knee flexion.1 The purpose of ACL reconstruction (ACLR) surgery is to
restore functional stability to the knee following a complete or partial tear. However, recent
studies have shown high rates of graft failure and anterolateral instability among standard
ACLR procedures2. Consequently, there is an increasing interest in combining ACLR with
extra-articular augmentation. 3, 4, 5, 6 In particular, the lateral extra-articular tenodesis (LET),
which is comprised of a portion of the iliotibial (IT) band, may be able to provide
additional stability and restore normal knee biomechanics in comparison to standard ACL
surgery, which in turn may reduce the risk of future ACL injuries.
The LET procedure has yielded promising results that suggest it may protect the ACL graft
from excessive loads and improve anterolateral rotational control.7 Alternatively, other
studies suggest that the LET procedure may reduce functional stability because it
compromises the lateral musculature and soft tissue restraints at the knee.3, 8 Specifically,
the IT band provides restraint against internal rotation and anterior translation of the tibia,
and its integrity may be compromised at the expense of constructing the LET.6,

9, 10, 11

Importantly, there is currently little known about the effect that ACLR combined with LET
has on the knee during functionally demanding activities.
The drop vertical jump (DVJ) has proven to be an important test of lower limb function in
participants at risk of ACL injury.12-19 Knee valgus collapse is one of the most important
factors screened for in jump-landing performance for ACL injury risk.51 Knee valgus
collapse may be indicative of a ligament dominant landing technique that is characterized
by the use of bony configuration, articular cartilage and ligaments to absorb large forces
during activity rather than using the prime muscle movers of the lower extremities.14 This
produces large moments about the knee with increased anterior tibial translation, resulting
in a large load on the ACL.13,

22, 51

In particular, the knee abduction moment (KAM)
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measured during the DVJ associated with greater valgus collapse, anterior tibial translation
and risk of ACL tear.12, 13, 20-22 While it is plausible that the LET may benefit or hinder
landing biomechanics during a DVJ, this has not been previously investigated.

1.1 Objectives and Hypothesis
The objective of the present study was to compare landing biomechanics during a DVJ
between patients who underwent ACLR alone and patients who underwent ACLR
combined with LET. The primary outcome measure was the peak KAM during the DVJ.
We hypothesized that the peak KAM would be statistically different between those who get
ACLR alone and those who get ACLR plus the LET.
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Chapter 2
2

Literature Review

This chapter will provide an overview of the anatomy of the knee joint with the main focus
being the ACL and its reconstructive techniques used, especially extra-articular
augmentation. The chapter will also provide an overview of knee landing biomechanics
during a drop vertical jump (DVJ) assessed using a movement analysis laboratory.

2.1 Anatomy of the Knee
The knee is a large and complex joint.21 It is a modified hinge joint that allows for flexion
and extension, as well as slight medial and lateral rotation in a flexed position. It contains a
single synovial cavity consisting of three joints including two tibiofemoral joints, made up
of the tibial plateau and the lateral and medial condyles of the femur, as well as the
patellofemoral joint between the posterior aspect of the patella and the anterior surface of
the femur.21
The quadricep and hamstring muscles are key dynamic stabilizers of the knee. The
quadriceps are the extensors of the knee and they include rectus femoris, vastus medialis,
vastus lateralis, and vastus intermedius. They act as springs and shock absorbers,
decreasing the force from high impact loading during running and jumping.23 Hamstrings
are the flexors of the knee and they include biceps femoris, semitendinosus, and
semimembranosus. They act as antagonistic muscles preventing the leg from going into
hyperextension as a result of large forces produced by the quadriceps.23 The popliteus
muscle is also an important knee stabilizer strengthening the lateral part of the posterior
surface of the joint.21
The passive stabilizers of the knee include both extracapsular and intracapsular structures.
There are five extracapsular structures that strengthen the capsule itself, including the
patellar ligament, oblique popliteal ligament, arcuate popliteal ligament, tibial/medial
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collateral ligament (MCL), and fibular/lateral collateral ligament (LCL) (9). The MCL and
LCL tend to be the most commonly injured extracapsular structures.
The MCL is a broad flat ligament that runs along the medial surface of the knee joint, and
extends from the medial condyle of the femur to the medial condyle of the tibia.21 Edward
et al.24 conducted a study where the MCL was removed and results showed greater medial
joint space opening when a force was applied to the lateral aspect of knee at 5 and 25
degrees of flexion. The MCL also acts as secondary restraint providing resistance against
external rotation of the tibia25, as well as anterior or posterior translation of the tibia.23, 26
The LCL is a strong cord like ligament that runs along the lateral surface of the knee
extending from the lateral condyle of the femur to the lateral side of the head of the
fibula.21, 23 The LCL is thought to be the primary restraint during varus stress, preventing
lateral joint opening24, and a secondary restraint during internal rotation of the tibia25, as
well as anterior or posterior translation of the tibia.23, 26
In addition to the external structures that support the knee, there are also three main
structures within the knee capsule that act as important stabilizers. These include the
menisci (lateral and medial), the posterior cruciate ligament (PCL), and the anterior
cruciate ligament (ACL).
The menisci are crescent-shaped fibrocartilage discs that sit between the tibial and femoral
condyles.21 The primary functions of these discs are to reduce friction within the knee joint
by providing lubrication, and to circulate the synovial fluid within the joint.21,23 To some
degree they may also have a secondary role as shock absorbers.21
The PCL is slightly larger than the ACL and is made up of two bundles.23 It extends
anteriorly and medially from the posterior intercondylar area of the tibia and lateral
meniscus to the lateral aspect of the anterior surface of the medial condyle of the femur.21,
23

It plays an important role in the resistance of anterior-posterior shear forces acting on the

knee whereby limiting the amount of anterior translation of the femur on the tibia.21, 23
Injuries to the PCL are less common than they are to the ACL, accounting for only 5-20%
of all injuries to the knee.23

5

2.1.1

Anterior Cruciate Ligament

The ACL extends posteriorly and laterally from an impression just anterior to the
intercondylar area of the tibial plateau inserting into the posterior part of the medial surface
of the lateral condyle of the femur. The ACL is composed of two bundles, the anteromedial
bundle and the posterolateral bundle.5 Some fibres that make up the ligament will remain
taut throughout the full range of motion; however, the majority of them, especially the ones
of the posterolateral bundle, become more taut as the knee reaches full extension.23 On
average the twisted collagen fibres of the ACL form a structure that runs about 38mm in
length and 11mm in width.4 Many authors have concluded that the ACL is the primary
restraint of anterior translation of the tibia on the femur,4, 5, 12, 20, 21, 23, 26, 27 accounting for
about 85% of the resistance during this movement.23 The ACL has also been shown to
play a secondary restraining role with medial and lateral joint opening, as well as internal
and external rotation of the tibia.24, 28, 29 In addition to providing mechanical stability, the
ACL also contains a significant number of mechanoreceptors that play an important role in
proprioception. Proprioception is a sensory modality that allows an individual to sense and
control joint position and movement.54 These mechanoreceptors are important for detecting
change in tension, speed, acceleration, direction of movement, and the position of the
knee.54

2.1.2

Anterolateral Ligament

The anterolateral ligament (ALL) is less commonly described, and is sometimes confused
as a continuation of the iliotibial band.30 Some have reported the existence of a lateral
capsulo-ligamentous structure connecting the femur with the tibia, but its true anatomy had
not been understood until recent studies were conducted to investigate the anatomy of the
structure. Claes et al. dissected 41 knees and found in all but one a distinct ligamentous
structure on the anterolateral aspect of the knee joint.9 Results showed that the major origin
of the ALL was the prominence of the lateral femoral condyle, just anterior to the origin of
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the LCL.9 They also found that some of the fibres extended towards the lateral
intermuscular septum and others blended with the proximal portion of the LCL.9 With the
body of the structure running obliquely, it connects to the anterolateral side of the proximal
tibia just posterior to Gerdy’s tubercle, with a strong connection above and under the rim of
the lateral meniscus.9 In 2015, Kennedy et al.31 found that in all specimens the ALL
structure came under tension during a combined 30 degrees of knee flexion and internal
rotation. Two years earlier, Claes et al.9 also concluded that the ALL came under maximal
tension during combined flexion and internal rotation of the tibia. Segond fracture, which is
an avulsion fracture of the ALL at its distal insertion on the tibia, is often associated with
ACL tears.9, 30, 31 This has led to the suggestion that standard ACLR may leave some
degree of rotational instability, and that an extra-articular augmentation may be beneficial.3,
31

2.2 Iliotibial Band
The iliotibial (IT) band is a large complex structure divided into different layers with
multiple attachment sites. Vieira et al.10 described the anatomy of the IT band. It has three
layers – the superficial layer, the deep layer, and the capsulo-osseous layer. Its main
attachments include: insertion at the linea aspera, insertion at the upper edge of the lateral
epicondyle, patellar insertion on the lateral retinaculum forming part of the lateral
patellofemoral ligament, and a wide insertion at and around Gerdy’s tubercle.10 Of the
three layers, the most well defined ligamentous structure is the capsular-osseous layer
which some refer to as the anterolateral ligament. However, Claes et al.9 found there to be
no connection between this layer, or any layer of the IT band, with the ALL and should
therefore be considered separate structures.9 The IT band, especially the capsular-osseous
layer, plays an important role as both a static and dynamic stabilizer of the knee joint. Terry
et al.11 studied 82 knees with acute knee injuries that were ACL deficient and found that
with injury to the capsular osseous-layer there was greater pivot shift, lateral joint space
opening, and anterior tibial translation and 90 degrees of flexion. Vieira et al.10 found
similar results during their anatomical study of the IT band, concluding that the capsular-
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osseous layer prevented anterolateral subluxation of the tibia, and restricted anterior tibial
translation.

2.3 Anterior Cruciate Ligament Injury
Trauma to the ACL is a common sport injuries with ACLR being the sixth most common
orthopaedic procedure performed, costing over half a billion dollars each year.3 The aim of
ACLR is to re-establish functional stability of the knee and allow patients to return to the
level of activity they were at before the injury. However, due to the lack of rotational
stability following surgery and a high rate of re-injury some patients are unable to do so.3, 32
Webster et al.32 followed 354 patients after ACL surgery, and of those patients 18%
experienced graft failure and 17.7% suffered a contralateral ACL tear.
According to Lind et al.2 revision of the ACL is most frequently seen 1-2 years after the
initial reconstruction, especially for patients below the age of 20 years old. They also found
that the patients’ Knee Injury and Osteoarthritis Outcome Scores (KOOS) were worse
following revision compared to primary ACLR.
An ACL tear can be a season-ending and devastating injury, especially to those individuals
who compete in sport at high levels. Females are at a higher risk of injury between the ages
of 14 to 18 years, while males tend to be at a higher risk between the ages of 19 to 25.33 In
a study conducted by Sanders et al.33 they followed ACLR patients over a 20-year period
and found that male patients had a significantly higher annual incidence rate compared to
females, but they attributed these results to the fact that more males participate in
competitive, high-energy sports. Despite males accounting for a larger portion of annual
ACL tears, females are actually four to six times more likely to tear their ACL compared to
males when participating in jumping and cutting activities.12,34
When looking at the mechanism of injury of an ACL tear it can occur through either a
contact or non-contact situation, but studies have shown that the majority of these injuries
are the result of non-contact movements.3, 20 Contact injuries are usually the result of force
applied to the lateral aspect of the leg or knee resulting in a greater valgus movement at the
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knee.20 In the case of non-contact ACL tears, the common mechanism of injury is a sudden
deceleration on an almost fully extended single-leg maneuver followed by a change in
direction.20 Individuals that participate in soccer, basketball, or football seem to account for
the majority of sport-related ACL injuries.3, 12, 20, 33, 34

2.4 Surgical Reconstruction
Individuals can either choose to manage their ACL injury by seeking surgical or nonsurgical interventions. The decision may depend on a number of factors including, but
limited to, the degree of functional knee stability, activity level desired, occupation, and
age.35 Conservative, non-surgical interventions typically consist of physical therapy,
bracing and activity modification.35 Surgical intervention is often recommended for
individuals participating in jumping or cutting sports, or have demanding jobs.35 This
section will focus on ACLR and intra-articular graft options, as well as extra-articular
reconstruction.

2.4.1

Intra-articular Graft Selection

Several authors have described different aspects of ACLR with the goal of refining the
procedure to produce a “gold standard”.36 Such topics include tunnel placement, use of
single- or double-bundle technique, types of fixation, and graft selection.36
Graft selection in ACLR is a common topic of discussion. There are three main types of
grafts: (1) allograft – cadaveric tissue donated from another human, (2) autograft – tissue
harvested from the patient, but taken from a different area of the body, and (3) synthetic
graft – constructed from biomaterials such as carbon fibre and polyethylene to name a
few.36 The use of synthetic grafts has been attributed to high rates of complications and so
there has been more of a focus on allografts and autografts.36
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In 2013, Kraeutler et al.37 conducted a meta-analysis that included 76 studies investigating
5182 patients between 1996 and 2012 who underwent ACLR using either an allograft
bone-patellar tendon –bone (BPTB) or autograft BPTB. Their results showed that patients
with the allograft had a 3-fold increase in re-rupture rate compared with the autograft
(12.7% vs. 4.3%).37 In 2014, these results were further supported by Bottoni et al.38 who
found that allograft failure (26.5%) was three times higher than autograph failure (8.3%) in
97 knees after a minimum 10 year follow-up.
Autografts and allografts can be taken from different locations within the body.36
Autografts harvested from the patient can be taken from BPTB, hamstrings, quadriceps
tendon, or fascia lata.36 Allografts from cadavers can be taken from BPTB, hamstrings,
quadriceps tendon, tibialis anterior, achilles tendon, or fascia lata.36 Both autografts and
allografts have their advantages. Some of the advantages that have been associated with
autografts include lower graft failure rate, lower infection rate, and lower cost.36 Allografts
on the other hand are said to lead to faster post-operative recovery, less post-operative pain,
and there are a variety of graft sizes available.36 A major concern with the use of allografts
is the transmission of infectious diseases. In 2010, Greenberg et al.39 compared the
infection rate for primary ACLR between patients who received autografts and those who
received allografts and found that there was no significant increase in risk of clinical
infection with the use of allografts.
Of the grafts available for ACLR the most popular one seems to be autografts. From the
autografts listed above the most highly researched and controversial discussions revolve
around whether the BPTB graft or the hamstring tendon (HT) graft is better.4 Freedman et
al.40 conducted a meta-analysis comparing 1348 BPTB graft patients from 21 studies to 628
HT graft patients in 13 studies. They concluded that graft failure was significantly lower
amongst BPTB graft patients (1.9%) compared to HT graft patients (4.9%); however, those
patients with BPTB graft experienced greater complication rates including increased
anterior knee pain.40 When considering the results from this study it is important to take
into consideration that the BPTB group had more than double the number of patients than
the HT group.
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In 2011, Mohtadi et al.41 did a review of the literature comparing BPTB autograft to HT
autograft. They found that there was no statistically significant difference between the
groups in re-rupture rate, but similar to Freedman et al., they found that BPTB patients had
a higher incidence of pain and discomfort on the anterior aspect of the knee.

2.4.2

Extra-Articular Reconstruction

The idea of using extra-articular reconstruction in conjunction with ACLR is not new. It
was first attempted by Fritz Lang in 1903 when he constructed a prosthetic ligament made
of silk, and placed it extra-articularly in the hope that it would help stabilize an ACL
deficient knee.6 Sustaining an ACL injury can lead to injury of anterolateral structures of
the knee which may be a contributing factor as to why some patients still experience joint
instability following ACLR, and in turn leads to re-injury of the ACL.3, 4, 5, 9, 27, 30, 31, 42-45 In
an attempt to combat this instability there has been a growing interest in using extraarticular reconstruction in addition to the traditional ACLR by using what has been called
the lateral extra-articular tenodesis (LET). Commonly, the LET is constructed by cutting
away a strip of the IT band, with its distal attachment on Gerdy’s tubercle remaining intact,
and the free end being fixated to the femur just proximal to the femoral insertion of the
LCL.3, 4, 5, 43 However, some LET structures have been constructed using the biceps femoris
tendon.5 Potential benefits of using the LET are presently unclear. Getgood et al.3
conducted a study where patients were randomized to either ACLR alone or ACLR plus
LET. They found that at the 6 month and 12 month follow-up periods patients from the
ACLR plus LET group had significantly lower quadricep strength, which was believed to
be attributed to the LET procedure.3
In 1993, Amis et al.8 used cadaveric knees in an Instron machine to compare anterior tibial
translation and tibial rotation between intact knees, ACL ruptured knees, intra-articular
(IA) reconstructed knees, IA plus extra-articular (EA) reconstructed knees, and ACL
deficient with EA reconstruction only knees. Their results suggested that the IA plus EA
reconstructed knees did not provide any additional support with anterior translation or
rotational stability of the tibia compared to intact knees and IA reconstructed knees.8 In
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addition, they found that the ACL deficient with EA reconstruction only knees did give
significantly greater anterior stability than ACL ruptured knees, but significantly less
stability than the intact knees.8
Despite Amis’ results, more recent studies have highlighted the potential benefits of using
extra-articular reconstruction. In 2016, Inderhaug et al.27 investigated 12 cadaveric knees
and compared anterior tibial translation and internal rotation following anterolateral
procedures combined with ACLR. Their results showed that ACLR alone was not able to
restore normal knee biomechanics, specifically with anterior translation and internal
rotation, following an injury to both the ACL and the ALL.27 However they did conclude
that the use of the tenodesis tensioned with 20N and combined with ACLR was successful
in restoring native knee laxity and biomechanics.27
In 2015, Hewison et al. conducted a systematic review to determine if the addition of the
LET to standard ACLR would provide greater control of rotational laxity and improved
clinical outcomes compared to ACLR alone. Of the 106 studies that were selected for fulltext review, 29 met the inclusion criteria. The meta-analysis concluded that there was a
statistically significant reduction in pivot shift with the combined procedure compared to
the ACL alone procedure. However, it is important to note that some of the studies lacked
sufficient internal validity, sample size, consistent methodology, and standardized
protocols.53

2.5 Predictive Risk Factors for ACL Injury
There are a number of predictive risk factors for ACL tear that have been well documented,
some of which are considered modifiable risks while others are not. The most common
nonmodifiable risk factors include anatomical and hormonal factors, and the studied
modifiable risk factor is neuromuscular control.13, 46, 47
One of the anatomical risk factors is the width of the intercondylar notch, and some studies
have found a correlation between ACL size and notch-width index. Authors concluded that
a smaller notch lead to smaller ACL volume, which in turn leads to a greater risk of ACL
tears.46, 47 Another risk factor is generalized joint and ligamentous laxity. When measuring
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anterior-posterior joint laxity studies have identified hyperextension and laxity side-to-side
differences as significant risk factors in both males and females for ACL tear, especially in
non-contact situations.46, 47 Another important anatomical risk is the slope of the tibial
plateau. The geometry of the tibiofemoral joint plays an important role in controlling and
dispersing large compression and shear forces across the knee.47 Individuals who sustain
ACL injuries have a significantly increased lateral tibial slope, and a shallower medial
tibial slope, which puts a large amount of strain on the ACL exceeding its failure strength
and leading to injury.46
Hormones are often considered a nonmodifiable risk factor for ACL injury that affects
women more so than men.13, 46 The fibroblasts that make up the ACL have estrogen
receptors, and estrogen contributes to the tensile properties of ligaments.46 Research has
shown that females are more prone to ACL injury during the preovulatory stage of the
menstrual cycle. The use of oral contraceptive pills has been suggested as a method to help
control hormonal imbalance and improve dynamic and passive stability of the knee.46
Perhaps the most talked about modifiable risk factor, neuromuscular imbalance, can be
divided into four categories: ligament dominance, quadricep dominance, leg dominance,
and trunk dominance.14 Ligament dominance has been defined as neuromuscular imbalance
leading to valgus collapse, which is seen more often in women than men.14, 46 Improper
recruitment of lower extremity muscles, and lateral movement of the trunk can force the
knee into a valgus position increasing the load on the ACL.14, 46 In 2005, Hewett et al.13
used three-dimensional (3D) movement analysis during a jump landing maneuver to screen
205 female athletes prior to the start of their seasons. Nine of these athletes suffered an
ACL injury. These nine individuals had significantly different knee posture than the other
196 individuals including greater knee abduction angles at landing, a 2.5 greater KAM, and
a 20% higher ground reaction force.13 These results suggest that the nine individuals had
higher ligament dominance than the patients who did not sustain an ACL injury.
Quadricep dominance is also a concept that is seen more with females than males, as
females tend to land from a jump with less knee flexion.14 When contracting the quadriceps
with a large amount of force, and not using the posterior chain muscles to counteract that
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force, the leg ends up in more of an extended position putting more stress on the ACL, and
this is a common mechanism seen with ACL injuries.14 In 2016, Leppänen et al.15 analyzed
peak knee abduction moment, peak knee flexion angle, and peak vertical ground reaction
force of basketball and floorball players during a DVJ. They found that lower peak knee
flexion angles and higher vertical ground reaction forces were associated with increased
risk of ACL injury.15 These results lead the authors to conclude that stiff landings, with
greater extension angles, were associated with increased ACL injury risk.
There is little evidence to support leg dominance as a risk factor for ACL injury. However,
the theory behind it is that individuals may experience side-to-side asymmetry in terms of
muscle recruitment, muscle strength, and muscle flexibility, which may increase their risk
of an ACL injury.14, 46 An individual is considered leg dominant when muscular asymmetry
is measurable.14
The idea of trunk dominance has been defined as not being able to control the movement of
the trunk following a perturbation, or having a sense of trunk position in three-dimensional
space.14 In 2007, Zazulak et al.48 studied the deficits in neuromuscular control of the trunk
as a predictor of knee injuries. They investigated 277 collegiate athletes and found that
trunk displacement, specifically lateral displacement, was greater in athletes with knee,
ligament, and ACL injuries compared to the uninjured athletes, but these results only
applied to the female athletes.48 For the male athletes, the only significant predictor for
ACL injury was a history of low back pain. There has been little evidence to show that
trunk dominance leads to increased risk of ACL injury in males.

2.6 Movement Screening Task
Instability can be defined as the abnormal tendency of a joint to subluxate or dislocate with
normal activities and stresses, which can lead to injury.52 Movement screening tasks have
been introduced in an attempt to identify individuals at high risk of injury. These tasks
focus on proposed modifiable risk factors for injury to serve as targets for interventions.16
ACL injuries have been attributed to movements such as landing and/or plant-and-cutting
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maneuvers, and in a clinical setting certain screening tasks have been developed to
replicate such movements including drop landings, hop test, drop vertical jumps, and sidestep cutting tasks.17 The drop vertical jump test a common screening tool often used with
3D motion analysis to predict ACL injuries. 4, 13, 15, 16, 17, 18, 50

2.6.1

Drop Vertical Jump

The drop vertical jump (DVJ) has been suggested to be a successful screening tool to
predict ACL injuries.13, 16-19, 51 It is most often assessed using 3D motion analysis, which
has been said to be the gold standard for assessing knee joint moments and angles during
activities.15 The task involves patients standing on a 31cm high box, dropping down from
the box onto two separate force plates, and jumping up as high as they can as if to mimic
rebounding in basketball.
Jump landing tasks allow clinicians and researchers to screen an individual for risk of ACL
injury by evaluating different biomechanics factors during landing. One factor that is
consistently identified as the most important is the knee valgus collapse.12, 13, 15-18, 51 Knee
valgus collapse is characterized by hip adduction and internal rotation, knee abduction,
anterior tibial translation, and ankle eversion.13, 14, 51 The combination of these movements
results in external KAM, where the proximal tibia moves anterior relative to the femur, and
the distal tibia moves away from the midline of the body, contributing to increased strain
on the ACL.15, 51 In 2005, Hewett et al. 12 studied 205 female athletes performing the DVJ.
Landing biomechanics were different between individuals who sustained an ACL injury
and those who did not. Results showed that abduction moments and angles both
contributed to valgus collapse. They observed an abduction angle 8 degrees larger, and an
abduction moment 2.5 times greater, in the athletes that had an ACL injury compared to
those who did not.12 Large valgus loading can also lead to increased anterior tibial
translation, which contributes to increased load and force on the ACL.13, 22
Mok et al.18 studied 41 elite female handball and soccer players and investigated the
within-session and between-session reliability of the moments and angles measured during
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DVJ tasks. Their results showed excellent within-session reliability (Intraclass Correlation
(ICC) > 0.87), and good to excellent between-session reliability (ICC > 0.69) for all
variables except peak internal rotation moment (ICC = 0.40)(47). Gagnon et al.19 studied
the reliability of landing biomechanics measures in16 patients who underwent ACLR. They
also reported excellent test re-test reliability with high intraclass correlation for knee
abduction angle at initial contact (ICC = 0.81), peak knee abduction angle during the
deepest point of landing (ICC = 0.78), and peak KAM (ICC = 0.90).19

2.7 Summary
Inadequate mechanical and functional stability and re-injury of the reconstructed ACL is a
major concern following conventional ACLR, with many patients still experiencing
rotational instability of the knee despite surgery. Some studies suggest that persisting
instability after ACLR could be due to an injury to the ALL, which usually occurs in
conjunction with an ACL tear. In an attempt to combat this instability, there has been a
growing interest in combining ACLR with additional anterolateral support with the use of
the LET, which is constructed by taking a section of the IT band. There is currently little
known about the effect that ACLR combined with LET has on the knee during functionally
demanding activities. The DVJ has proven to be an important test of lower limb function in
participants at risk of ACL injury. While it is plausible that the LET may benefit or hinder
landing biomechanics during a DVJ, this has not been previously investigated.
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Chapter 3
3

Methodology

This study was a randomized controlled trial involving a subgroup of patients participating
in a larger trial conducted in the Fowler Kennedy Sport Medicine Clinic (FKSMC).
Recruitment ran from June 2015 to March 2017. Outcome measures were assessed at 6 and
12 months post-operative. The study was approved by the institution’s Research Ethics
Board for Health Sciences Research Involving Human Subjects.

3.1 Participants
Potential patients had an initial assessment that was completed by one of three surgeons.
Patients with an ACL deficient knee were approached during their appointment at the
orthopaedic clinic and were provided with a Letter of Information and invited to participate
in the study. Patients that were interested were screened to ensure that they met the
eligibility criteria. Male and female patients were eligible if they were: between 15 and 25
years of age and willing to undergo ACLR. In addition, patients had to meet at least two of
the following criteria: (1) a positive pivot shift of grade 2 or higher in the affected knee; (2)
participation in a pivoting sport at a competitive level; (3) generalized ligamentous laxity
as defined by a Beighton score of 4 or higher, or genu recurvatum more than 10 degrees.
Patients were excluded from the study if they: (1) underwent previous ACLR on either
knee; (2) demonstrated bilateral ACL insufficiency; (3) presented with asymmetric varus
knee alignment greater than 3 degrees; (4) presented with an injury where two or more
ligaments required surgical repair or reconstruction; (5) had an articular cartilage defect
that required treatment other than debridement; (6) did not speak, understand, or read
English; or (7) were unwilling to participate.
Patients who met the initial screening criteria were confirmed eligible for the trial by an
arthroscopic diagnosis of the knee joint by their surgeon. At the time of arthroscopic
surgery, eligible patients were randomized using a computer generated sequence (Empower
Health Research, London, ON) by the nursing staff or a research assistant. Patients were
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randomized on a 1:1 basis: ACLR alone (Control) or ACLR with LET (Experimental).
Randomization was carried out in block sizes of two and four, and was stratified by sex,
surgeon, and meniscal repair.

3.2 Surgical Interventions
Patients randomized to the control group received ACLR alone receiving an autologous
hamstring graft. The semitendinosus graft was tripled or quadrupled if it had a diameter of
less than 8mm. The anteromedial portal technique was used to drill the femoral tunnel.
Femoral fixation of the new graft was completed using an Endobutton, and an interference
screw was used for the tibial fixation of the graft.
The patients randomized to the experimental group underwent the same ACLR procedure
as the control, but they also received an LET that was fixated on the anterolateral side of
the knee. The additional procedure required an oblique incision, running about 5cm, from
the lateral epicondyle to Gerdy’s tubercle. Leaving the distal attachment of Gerdy’s
tubercle intact a strip of the IT band measuring 1cm in width and 8cm in length was
released, and a #1. Vicryl whip suture was added to the free end of the graft leaving the
needle attached. The graft was then tunneled under the LCL where it was fixated to femur
with the knee flexed to 70 degrees and the tibia in neutral rotation. Femoral fixation using a
Richard’s staple was performed immediately distal to the intermuscular septum and
proximal to the femoral insertion of the LCL.
Postoperative rehabilitation was the same for each patient regardless of group allocation.
The physical therapy department at the FKSMC created the post-operative rehabilitation
protocol that focuses on regaining strength and range of motion (Appendix D).

3.3 Drop Vertical Jump Test
On the same day that patients had follow-up visits with their surgeon at 6 and 12 months
post-ACLR, they also performed the Drop Vertical Jump (DVJ) test in the Wolf
Orthopaedic Biomechanics Lab (WOBL). Prior to entering the lab, patients put on a fabric
sleeve over their surgical scars on the surgical knee to blind the researchers to group
allocation. For the DVJ test, the patient was instructed to: (1) drop down from the box with
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both feet at the same time; (2) as soon as you land on the force plates with both feet, jump
straight up as high as you can; and (3) land back on the force plates. Patients were asked to
complete two practice jumps. Patients then performed five good jumps, as defined by
landing directly on the force plates. The box height was 31cm.

3.4 Testing Procedure
Data from all five jumps were collected using an 11-camera 3D motion capture system
(EvaRT, Motion Analysis Corporation, Santa Rosa, USA) and two force plates embedded
in the ground (Advanced Mechanical Technology Inc., Watertown, MA). Each day before
testing was completed, the cameras were calibrated and the force plates were zeroed.
Patients were set up with a modified Helen Hayes marker set with four additional markers;
one on each of the greater trochanters, the spinous process of the tenth thoracic vertebra
(T10), and the right scapula.
To calculate virtual joint centers, markers were placed bilaterally on the medial knee joint
lines and on medial malleoli. The medial knee joint line markers were removed for the DVJ
testing. Two trained researchers, blinded to the patient group allocation, assessed all DVJ
testing. While one researcher operated the computer system, the other was responsible for
explaining the jump protocol, completing a data collection form, and ensuring the jumps
were executed correctly. Data collection began with the patient performing two 3-second
static trials standing stationary on the force plate. The third static trial was completed with
the patient standing on the box for 3 seconds (Figure 1). Once all static trials were
completed, the patient completed five DVJ trials. If any of the five jumps did not meet the
criteria for a valid jump (i.e. they left the box with both feet at the same time, rebounded as
high as they could, and landed with each foot completely hitting the separate force plates),
then additional trials were performed (Figure 2). Camera and force plate data were
collected at 120Hz and 1200Hz, respectively, during the DVJ trials.
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Figure. 1 Picture of a patient completing a static trial with the corresponding view as seen
in the software used for data analysis (Cortex 5.0, Motion Analysis Corporation, Santa
Rosa, CA).
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Figure 2. Still captures of a patient during the various stages of the DVJ with the
corresponding snapshots as seen in the software used for data analysis (Cortex 5.0, Motion
Analysis Corporation, Santa Rosa, CA).
.
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3.4.1

Data Processing and Analyses

Once testing was complete, the researcher tracked one static trial on the force plate as well
as the static trial on the box (Cortex 5.0, Motion Analysis Corporation, Santa Rosa, CA,
USA). The static trials were used to determine relative marker orientation, calculate body
mass and virtual joint centres for the hip, knee, and ankle. The information saved from the
static trials was applied to the dynamic trials to create body segments, calculated from one
marker centre to another, based on individual height, weight and sex (Cortex 5.0, Motion
Analysis Corporation, Santa Rosa, CA, USA). Force plate data from initial contact with the
ground to toe-off was filtered at 100 Hz, and was processed using a Butterworth filter with
an input frequency of 12 Hz.
The external moments about the knee joint were calculated using inverse dynamics (Cortex
5.0, Motion Analysis Corporation, Santa Rosa, CA, USA). The ground reaction force
(GRF), external knee joint moments and knee joint angles during landing were plotted over
100% of the stance phase, and the peak values were identified. Peak values for all variables
were expressed as the mean of three trials

3.5 Outcome Measures
The primary outcome was the peak KAM. Secondary outcomes included the peak knee
flexion moment (KFM), peak knee internal rotation moment (KIRM), peak vertical ground
reaction force (VGRF), peak knee abduction angle (KAA), peak knee flexion angle (KFA),
and peak knee internal rotation angle (KIRA).

3.6 Sample Size
This study was designed as an equality study and the sample size calculation was
completed accordingly. Pilot data suggested a standard deviation of 17 Nm. Based on a
comparison of two independent groups and a two-sided alpha of 0.05, a sample size of 140
patients (70 per group) would provide 80% statistical power to detect a between difference
as small as 7 Nm. To account for approximately 10% loss to follow-up, we recruited 154
patients (Appendix A).
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3.7 Statistical Analysis
For each outcome measure, we completed an independent-samples t-test to compare the
means for the surgical limb between the ACL alone group and the ACL plus LET group.
We conducted separate analyses for those patients with 6 month data, 12-month data, and
both 6 and 12-month data. We calculated means and standard deviations for both groups,
and the mean differences between groups with 95% confidence intervals. Statistical
significance was set at p < 0.05. We used SPSS Statistics Version 24.0 (California, USA)
for all analyses.
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Chapter 4
4

Results

We recruited 154 patients from the larger FKSMC study. We randomized 76 patients to
the ACL alone (Control) group and 78 patients to the ACL plus LET (Experimental) group
(Figure 3).
In the ACL only group 46 (60%) patients completed testing at 6 months, 59 (77%) patients
completed testing at 12 months, and 39 (51%) patients had data at both time points. In the
ACL plus LET group 44 (56%) patients completed testing at 6 months, 61 (78%) patients
completed testing at 12 months, and 38 (48%) patients had data at both time points.
Baseline characteristics of all the patients involved are described in Table 1.
At six months, there were 46 ACL (male = 21, female = 25) patients and 44 ACL plus LET
(males = 17, females = 27) patients who completed testing. There were no statistically
significant differences in landing biomechanics between groups (Table 2).
At twelve months, there were 59 ACL (male = 22, female = 37) patients and 61 ACL plus
LET (males = 24, females = 38) patients who completed testing. There were no statistically
significant differences in landing biomechanics between groups (Table 3).
There were 77 patients (ACL = 39, ACL + LET = 38) that completed testing at both six
and twelve months. There were no statistically differences in landing mechanics between
groups at either time point (Table 4).
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Figure 3. Participant flow through the study

Table 1. Participant Baseline Characteristics (mean ± SD (min – max))
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Figure 4. Means and 95% confidence intervals for peak knee abduction moment between groups
for all patients with 6 month data and all patients with 12 month data.
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Figure 5. Means and 95% confidence intervals for peak knee abduction moment at 6 and 12
months for patients that completed jumps at both time points.
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Chapter 5
5

Discussion

A continuing concern following ACL reconstruction is the inability to restore normal knee
biomechanics, which has led to an increased interest in implementing extra-articular
augmentation. 3, 31, 32 The purpose of this randomized trial was to determine if there was a
difference in landing biomechanics at 6 and 12 months post surgery between patients who
received ACL reconstruction alone and those who received ACL reconstruction with the
addition of the LET.
There are a number of knee biomechanical abnormalities during a DVJ suggested to
increase risk of ACL tears.14, 17 The findings of this study suggested no statistically
significant difference in these landing biomechanics between ACL alone and ACL plus
LET.
The main outcome of interest was the peak KAM as it is a well documented factor in
predicting ACL injury, with excellent test re-test reliability during drop vertical jump
tasks.12, 13, 15, 16-19 Large KAMs have been associated with greater knee valgus collapse and
increased anterior tibial translation.10, 12, 13, 20, 21, 22 If a large KAM was observed in a patient
who received the LET, it is possible that the integrity of the IT band had been
compromised resulting in greater anterior tibial translation in addition to a large KAM,
which increases that individuals risk of ACL re-injury. Myer et al.22 reported that
individuals with a high KAM (>25.3 Nm) had a 6.8% chance of ACL injury compared a
0.4% chance if the moment was below this ACL risk threshold. In each of our separate
analyses, neither the ACL alone group nor the ACL plus LET group had a mean peak
KAM above the 25.3 Nm threshold proposed by Myer et al.22 At 6 months, 21% (10/46) of
patients in the ACL alone group and 29% (13/44) in the ACL plus LET group had a peak
KAM > 25.3Nm. At 12 months, 30% (18/59) in the ACL alone group, and 32% (20/61) in
the ACL plus LET had a peak KAM > 25.3 Nm. These findings suggest that the majority
of patients, regardless of procedures, demonstrated safe frontal plane moments during a
drop vertical jump task.
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In the analysis of the patients at 6 month post operation, the ACL group had a lower mean
peak KAM compared to the ACL plus LET group, but the difference did not reach
statistical significance. The 95% CI indicates that the difference could be as large as 9 Nm,
which is likely not clinically important.
Similar results were observed with the analysis of the patients who had both 6 and 12
months data (Table 4). At 12 months the mean difference between groups in peak KAM
was very small. These finding are consistent with muscular strength differences reported by
Getgood et al.3 They found that patients who received the ACL plus LET procedure had
less muscular strength at 6 months compared to the ACL alone group, which may have
been a contributing factor to a greater KAM. Results were no longer different at 12 months.
The knee abduction angle during a DVJ is also an important factor when screening for
increased risk of ACL injury.14, 22, 46, 47 All of our results suggested no significant difference
in KAA between the ACL alone and the ACL plus LET group. Interestingly, the mean
peak KAA in both groups at both follow-ups was slightly higher than the mean KAA
reported by Hewett et al. in uninjured ACL knees (1.4°).13
We also observed no statistically significant differences in the sagittal plane variables in
either group at 6 and 12 months post-surgery. Specifically, the mean differences in peak
KFM suggested no statistically significant difference between the ACL alone and ACL
plus LET. Knee flexion angle is suggested to be a good predictor of ACL injuries and is
often described as a stiff landing, where the knee is maintained in greater extension.15
Hewett et al. investigated mean flexion angles between ACL injured knees (n = 9) and noninjured knees (n = 390), and suggested knee flexion of 82.4° is the ideal angle to avoid
injury.13-15 Our results show mean KFA that are relatively close to the 82.4°, suggesting
that both procedures may allow for good range of motion that contributes to a reduced risk
of ACL injury. However the width of the confidence intervals must be taken into
consideration when determining the true values of the mean KFA.
Lastly, we did not find any statistically significant differences in the analysis of transverse
moments and angles between groups at 6 and 12 months post-surgery. However, potential
inaccuracy of the present methods and its ability to quantify tibiofemoral rotation must be
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acknowledged.50 The use of superficial markers placed on the skin and clothing are used to
calculate virtual joint centers and predict bony movements. These results are most likely an
over-estimation of true transverse plane rotation angles at the knees.18

5.1 Limitations
A limitation of this study is the number of patients that were recruited, but only jumped at
one of the time points. Reasons for not participating included injury, perception that they
were unable to complete a hop test, or missed appointments. Another limitation may be the
generalizability of the present sample. The majority of patients were soccer players that
were treated by orthopaedic surgeons at a tertiary care centre specializing in sport
medicine. The generalizability of the present sample to non-elite athletes or to other tertiary
centres is unclear.
Although 3D motion movement analysis are considered the gold standard for assessing
functional lower extremity biomechanics, the present methods may not have detect more
subtle differences in knee joint biomechanics.13, 15, 188, 22, 50
Similarly, although the DVJ test is appropriate to evaluate the degree of valgus collapse
and ACL risk, other activities involving more anterior tibial translation and/or internal
rotation many reveal differences between the surgical procedures not observed with the
DVJ.12, 13, 15, 16-18
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Chapter 6
6

Summary and Conclusion

Following ACLR, the potential for inadequate rotational stability and re-injury remains.
The LET in addition to ACLR is intended to add stability to the knee, yet the procedure
compromises lateral knee soft tissues that may affect performance during functionally
demanding activities. Using the DVJ test we found no significant difference in peak knee
moments, peak vertical ground reaction force, or peak knee angles at 6 and 12 months postsurgery between patients randomized to ACLR alone or to ACLR plus LET. The current
study suggests that the LET does not hinder or benefit landing biomechanics.
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Appendices

Appendix A: Sample Size Calculation

Z score, 2-sided alpha = 1.96
Z score, 80% power = 0.84
Estimated Standard deviation (σ) = 17 Nm
Estimated Mean Difference (δ) = 8 Nm

Sample Size Calculation for an equality study:
N/group = 2(Zα/2 + Zβ)2 σ2
δ2
= 2(1.96 + 0.84)(17)2
(8)2
= 70 per/group
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Appendix D: Fowler Kennedy Physiotherapy Protocol Following ACL Reconstruction
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