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Abstract

Abstract of thesis entitled:

A new approach to apply and develop biomechanical techniques to quantify
knee rotational stability and laxity

Submitted by LAM, Mak Ham

for the degree of doctor of philesophy in orthopaedics and traumatology

at The Chinese University of Hong Kong in July 2011

Sports rclated injury has become an inevitable consequence with the increase in
number of sports participation. Among the injuries, knee ligamentous injury is one of
the most common sports injuries and it results in different degrees of adverse effect
to the athletes, such as knee rotational instability. Physical examination is often used
to document knee rotational stability for injury diagnosis and evaluation of surgical
treatment. Regarding the limitation of the physical examination, the outcome highly
depends on examiners’ skill and experience. Furthermore, the passive assessment
cannot produce sufficient rotational stress that reflects the real physical demand.
Therefore, this dissertation aims to apply advanced biomechanical technology and
develop new biomechanical methodology to quantify knee rotational stability as an

attempt to provide alternatives to the current clinical problems.

Firstly, this dissertation presents various biomechanical techniques to quantify knee
rotational stability that have been currently used in the literatures. Secondly, different
techniques are chosen to apply on the current clinical problems in the field of
orthopaedics sports medicine in order to supplement the limitation of physical

examination. Computer assisted navigation system is used to investigate the



immediate cffect of different reconstruction techniques of posterolateral corner
(PLC). The PLC reconstruction with double femoral tunnel technique shows better
rotational stability and resistance to posterior translation than the single temoral
tunnel technique without compromising varus stability. Next, a simple and objective
biomechanical meter to document knee rotattonal laxity is proposed. High validity
and reliability are obtained in cadaveric verification using computer assisted
navigation system as a gold standard. Further, optical motion analysis system is used
to evalvate dynamic knee rotational stability before and after anterior cruciate
ligament (ACL) rcconstruction. The result shows that anatomic double-bundle ACL
reconstruction successfully restores functional knee rotational stability during a
high-demand pivoting movement to a normal level. When comparing the
single-bundle and doubic-bundle tcchniques, the result shows a trend that both
reconstructions have similar effect on knee rotational stability with no superiority in
anatomic double-bundle ACL reconstruction. Lastly, optical motion analysis system
is uscd to further investigate the anticipation cffect during stop-jumping tasks on
knee rotational stability. By showing different knee kinematics between planned and
unplanned tasks in healthy male participants, the landing manuever is shown to be
affected by the anticipation effect. It is suggested that both planned and unplanned
stop-jumping tasks should be considered as one of the functiona! assessment tasks to

monitor the rehabilitation progress after knee ligamentous injury.
Future studics on the corrclation between passive laxity test and dynamic functional

stability assessment are suggested such that functional stability would be predicted

by simple biomechanical test, which is practical in sports medicine clinical setting.
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Chapter 1 Introduction

Chapter summary

In the beginning of this dissertlation, a briet background introduction that Icads to the
study aim and objective would be ciaborated in this chapter. The increase in the
number of sports participation comes after the awarcness of the relationship between
healthy lifestyle and mortality rate. Sports related injury has become an inevitable
conscquence. Among these injuries, knee ligamentous injury is onc of thc most
common sports injuries and it results in different degrees of harm to the athletes,
such as knec rotational instability. In view of the knee rotational stability assessment,
physical examination is often used in the field of orthopaedics sports medicine (or
injury diagnosis and evaluation of surgical treatment and rchabilitation. Regarding
the limitation of the physical examination, thc outcome is affected by patients’
muscle rcflex and it also depends on the examiners’ skill and experience.
Furthermore, the passive assessment cannot produce sufficient rotational stress that
reflects the real physical demand. Therefore, this dissertation aims to apply advanced
biomechanical technology and develop new biomechanical methodology to quantify
knee rotational stability as an attempt to provide solutions to the current clinical

problems.



1.1 Sports participation and sports injury

Research has clearly shown the benefits of regular physical activity in prevention of
chronic disease and lowering of mortality rates (US Department of Health and
Human Services, 1996). With a new initiative of ‘cxercisc is medicine’, which jointly
sponsored by the American College of Sports Medicine and the American Medical
Association (Sallis, 2009), people all around the world are more engaging to sports
activity and exercise. In Hong Kong, with the impact of hosting (he Olympic
Equestrian Sports in 2008 and East Asian Game in 2009, local people are becoming
more active and participating sports with more varieties than before. According to the
government survey, over half of the citizens participate in sports at least once per
week (Consuitancy Study on Sport for All, 2009). The increasing sports participation
is also reflected by the number of participants in the annual local marathon racc.
According to a event report of Standard Chartered Hong Kong Marathon 2010 (Hong
Kong Amateur Athletic Association, 2010), thc¢ number of participants has
progressively increased year by year, from 1000 runners in 1997 to over 60000
runners last year. This local race has now become a remarkable sports event

internationally.

Although sports participation brings people heaith, it sometimcs causes injury. The
injury rate in sports is comparable to other common types of injury reported in A&E
department. A onc-ycar prospective study in Sweden reported that 17% of the 3341
acute visits to a clinic due to accidents are from sports, while 26% and 19% go to
home accident and work accident, respectively (de Locs and Goldie, 1988). For
adolescent who activcly participates in sports, half of reported injuries in A&E
department arc occurred during school sports (Abernethy and MacAuley, 2003).
Locally, sports related injury is the fourth common injury recorded in A&E

2



department, which accounts for 12%. The first three categories arc domestics,
industrial and traffic, which accounted for 35.5%, 28% and 12.5%, respectively
(Fong et al., 2008). When the sports participation rate becomes high, the exposure to
potential injury would increase and thus the incidence of sports injury (Shephard,

2003).

1.2 Problems of sports injury

While rescarchers are aware of the benefits from cxercises, sports related injury may
negate the gain (Marshall and Guskiewicz, 2003). Sports injury would result in pain
(Fahlstrom et al., 20086), loss of playing or working time {(Orchard and Hoskins, 2007)
as well as medical expenditure (Knowles ct at., 2007). Scvere injury may result in
bone fractures (Wojcik et al., 2010), functional instability (Hurd and Snyder-Mackler,
2007), decreased muscle strength (Moisala et al., 2007), inferior proprioception
(Friden ct al,, 2001), limited mobility (Logerstedt et al., 2010), disability, pcrmancent
cease of sports participation (Myklebust and Bahr, 2005), psychological problem
(Malmn et al., 2007), and even death (Quigley, 2000). Without adequate treatment and
rchabilitation, sports injury may also causc significant susceptibility in developing
osteoarthritis (Lchmander et al., 2007) and other kinds of permanent sequela (Marchi

et al., 1999).

The economic expenditure due to sports injury would significantly increase the
society’s burden. In late 20" century, the overall mean cost per acute sports injury in
a prospective study conducted in Germany was US$335 (de Loes, 1990), while the
mean direct cost per youth sports injury in Canada was CAN$775 reported in 2010
(Leadbeater et al., 2010). Although it is hardly comparable with studies varying with
different sports, durations and medical systems, it is no doubt that the medical

3



expenditure as well as economic loss would increase with the sports participation. In
Hong Kong, the total medical expenditure caused by injury was HK$890 million in
2008, without accounting the social and economic loss resulted from the sick leave
after injury (Hong Kong Department of Health, 2010). Among these injuries, 14.1%
is from sports accident. The figure may be cven higher if the absence of players is

from world class and commercial sports team.

1.3 Knee ligamentous injury and knee instability

The knee is the most commonly injured body site in sports, which account for
10-40% (Hinton et al., 2005; Louw et al., 2008; Majewski ¢t al., 2006). Among all
sport-reiated knee injuries, around 45% is related to ligamentous injury (Ingram et al.,
2008; Majewski et al., 2006). The major knee ligaments include cruciate ligament,
collatcral ligament and posterior lateral ligament (Daniel et al., 1990). Although
extensive research have reported that MCI. would hcal aftecr an isolated injury
_ without any intervention (Woo et al., 1997), some of the ligamentous injurics arc
complex such as PLC injury (LaPrade et al., 2006) and more tmportantly most of the
ligaments do not heal when tomn. Therefore, ligament reconstruction has become the
standard treatment in the ficld of orthopaedics sports medicine (Beynnon et al., 2005).
Untreated knee ligamentous injury would affect gait pattern (Shelburne et al., 2005),
increase the risk of re-injury (Amason et al.,, 2004) and eventuaily contribute to

long-term joint degeneration (Tashman ct al., 2004).

Athletes who suffer from ligament disruption would experience kne\instabilily
(Veltri et al., 1995). The term ‘instability’ has been vsed to describe (1) an abnormal
motion or motion hmit that exists to the joint due to a ligament injury; and (2)
symptomatic giving-way of the knee joint that occurs during activity (Noyes, 2010).

4



In the following of this dissertation, knee instability is defined as the former one. In
view of the knee ligament function, disruption of ligaments alone, or in combination,
would alter the limits of knee motion in a predictable way. In 1980, Butler and
coworkers introduced a concept of primary and secondary restraints to molion in a
specific dircction (Butler ct al, 1980). The structure that provides the greatest
limitation for a specific direction is considered the primary restraint whilc the
remaining structures that limit the motion after disruption of primary restraint are
termed sccondary restraint. For example, ACL functions as the primary restraint and
sccondary restraint to limit AP translation and tibial rotation, respectively (Petersen
and Zantop, 2007), and P1.C prevents varus rotation and external rotation of the tibia

as a primary restraint.

1.4 Knee rotational stability

The knee rotational stability is recently being emphasized because of the
controversial issue that anatomic double-bundle ACL reconstruction has been
suggested to restore rotational stability better than single-bundle ACL reconstruction
(Fu and Zelle” 2007). Moreover, in vicw of the anatomical and biomechanical
undcrstanfling of the PLC, the current gold standard of reconstruction has not been

well established (Arciero, 2005; Cooper et al., 2006; Schechinger et al., 2009).

The PLC (Gollehon et al., 1987) and the ACL (Fu and Zelle, 2007) of the knee are
two of the primary and secondary structures for stabilizing knee axial rotation. The
anatomy of the PLC is complex, and it is composed of both static and dynamic
stabilizers. Previous studies (Nielsen and Helmig, 1986; Nielsen et al., 1984;
Seebacher et al., {982; Shahane et al., 1999) reported that there are three primary
stabilizers of the PLC including LCL, popliteus muscle tendon unit and PFL, which

5



served as the primary restraints of knce cxternal rotation at 30° of knee flexion.
Residual laxity has been reported after PI.C reconstruction suggesting that
single-femoral tunnel could not address the different insertion sites of the popliteus

and L.CL (Arcicro, 2005).

Traditional surgical treatment of ACI, injury used a single-bundie ACL
reconstruction, which provides good resistance to anterior tibial loads but not to
rotational loads (Woo et al., 2002). It has been further reported that the rotational
instability was found during a pivoting movement after single-bundle ACL
reconstruction {Ristanis et al., 2005). Recently, anatomic double-bundle ACL
reconstruction (Hara et al., 2000; Yagi et al., 2007) has been used to better mimic and
restore the anatomy and biomechanics of the intact ACL in the reconstructed knee.
Although the double-bundle technique has been suggested to improve rotational
stability in cadaveric modcls (Woo ct al., 2006; Yagi ct al.,, 2002), the superiority
~ over single-bundle technique has not been proven in human subject (Meredick et al.,

2008).

1.5 Physical examination and its limitation

In the literatures, various methodologies have been reported to evaluate knee
rotational stability. It includes clinical examination (Ostrowski, 2006), self-reported
questiqnnaire (Harreld et al.,, 2006), image scanning (Tashiro et al., 2009),
biomechanical instrument (Ristanis et al., 2005) and computational modeling
(Andriacchi et al., 2006). In view of the practicability in clinical setting, physical
examination would be the most common way for physicians to examine knee
instability. It has also suggested that a comprehensive physical examination would
enhance a practitioner’s ability to achieve an accurate clinical diagnosis (Lubowilz et

6



al., 2008). For example, a positive result of pivot shift test is the best among others

for ruling in an ACL. rupture {Osirowski, 2006).

Although recent clinical studies (Jarvela, 2007; Kondo et al., 2008; Tsuda ct al., 2009)
still rely on physical examination as a primary outcome, it should be reminded that
the examination has three main limitations, which include patients’ inability to refax
because of anxiety (Lubowitz et al., 2008), high dependence on examiners’ skill and
experience (Musahl et al., 2007) and inability to test the movement and force (hat
reflect real physical demands (Noyes ct al., 1980). In view of these limitations,
separate attempt should be made to tackle the problem specifically. In chapter 2, a
systematic review of biomechanical techniques for quantification of tibial rotation is
presented. In chapter 3 to 6, different biomechanical techniques are chosen to apply
in various clinical related situations for supplement of clinical examination’s
limitations. Figure 1.1 illustrates how this dissertation tackies the limitations by using
different biomechanical techniques. A cadaveric model is used in chapter 3 to
gliminate any muscle contraction involved and the tool for evaluation is
intra-operative navigation system. In chapter 4, an objective biomechanical meter is
devised using motion and torque sensors to make the evaluation process less
dependence on skill and experience. Lastly, in chapter 5 and 6, knee rotational
stability is quantified using optical motion analysis system during high-demand
pivoting task and unanticipated stop-jumping task. This dynamic functional
assessment would provide an evaluation platform to mimic real physical demands,

which could not be done in passive laxity test.
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Figure 1.1 Hlustration of how this dissertation tackles the limitations of clinical examination by using

different biomechanical techniques.

1.6 Study aim and objective

'l.'his dissertation aims to apply advanced biomechanical technique and develop new

biomechanical methodology to quantify knee rotational stability. The objectives of

this dissertation include the followings:

1. To apply computer assisted navigaﬁon system to evaluate two PLC
reconstruction techniques using a cadaveric model;

2. To develop an accurate and reliable biomechanical meter to cvaluate knee
rotational laxity such that the evaluation process would be less dependence with
skill and experience;

3. To apply optical motion analysis system to investigate dynamic knee rotational
stability before and after ACL reconstruction; and provide a real game simulated

platform to cvaluate functional knee rotational stability.



Chapter2  Biomechanical techniques for evaluation of tibial rotation — a

systematic review

Chapter summary

This chapter systematically reviews the biomechanical techniques to evaluate tibial
rotation, for the better understanding of choosing suitable protocol with specific
clinical application. A systematic scarch was conducted and finally 104 articles were
included in this review. The articles under review were classified according to threc
conditions in which the knee was examined: external load application, physical
examination and dynamic task. The results showed that over 80% of the studies with
external load application used cadaveric model. The techniques included magnetic
sensing, optical tracking system and radiographic measurement. Intraoperative
navigation system was used to document knee rotational kinematics when the knee
was examined by the physical examination. To further evaluate knee rotationat
stability in terms of tibial rotation during dynamic tasks, optical motion analysis
system with skin reflective marker and radiographic measurcment were suggested.
Simitar biomecchanical techniques were summarized for discussion. This chapter
provides information of choosing suitable biomechanical techniques for the
following chapters that aim to solve specitic clinical problem in relation to knee

rotational stability.
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2.1 Introduction

The knee is the most commonly injured body sites during sports, accounting for
about 40% of all sports injuries (Majewski et al., 2006). Traumatic knec ilnjury such
as ligament tear would lead to knee instability, prohibiting athletes from returning to
sports, and resulting in early retirement (Myklcbust and Bahr, 2005) or even
premature end to sporl career (Kvist, 2004). Functional knee stability is onc of the
key return 1o sports criteria (Kvist, 2004) as high demanding movements that stress
on knee are always involved in real game situation. fn clinical practice, knee laxity
evaluation is based on the physical cxamination performed by trained physician.
Force or torque is manually applied to the knee joint to check if there is any
abnormal motion when compared with the intact sidc. I[fowever. physical
examination has a few limitation (Lubowitz et al., 2008), inciuding inability to
produce sufficient magnitude of force to simulate physical activity and subjective

grading from physician’s experience.

In the literature, there are various studies to assess knee laxity and stability. Besides
physical examination, self-reported outcome questionnaire is often used in clinical
research, Knee stability items that reflect patients’ functional [imitation and
instability are included in these questionnaires such as IKDC subjective knee
evaluation scores (Irrgang et al., 2001). Another passive knce laxity assessment
includes stressed magnctic resonance imaging (Scarvell et al., 2005) and objective
clinical device (Tsai et al., 2008). These assessments involve a controlled stress to the
knee joint in a specific direction followed by an objective biomechanical rating for
the corresponding laxity. In the contrary, dynamic movement is directly performed so
that knee stability would be monitored during specific motion. For example, previous
studies have suggested that abnormal joint kinematics during dynamic movements

1



after ACL reconstruction would contribute to long-term joint degencration (Ristanis

et al., 2005; Tashman et al., 2007).

In view of thc way to assess knee laxity and stability. biomechanics plays an
important role. With the advanced biomechanical techniques, assessments have
become objective, practical and accurate that suits the increasing demand on
.measuring knee rotational laxity and stability such as the knce anatomical structure,
injury diagnosis and etfect of ligament reconstruction. Therefore, there is a need to
understand and familiar with the biomechanical techniques for its quantification and
evaluation. Because the research that lead to a better understanding of knee laxity
and stability would not be ethical to employ on living human, for example validation
of measurement tool, techniques that have been used in cadaveric studies were also

included.

- In the current review, tibial rotation is defined as the relative movement of femur and
tibia in the transverse plane. The biomechanical techniques would be classified when
the knee is cxamined with different conditions: (1) under a certain external load
{Woo et al., 2002), (2) physical examination by physician (Kubo et al., 2007), or (3)
a specific dynamic task performed by the participants (Watte et al,, 2005). Since
there is a wide spectrum of measuring tools, there is a need for orthopaedic
specialists and sport biomechanists to understand the overview and to choose the

most suitable technique for specific application.

2.2 Method
A systematic literature search of MEDLINE (from {966) was conducted during the -
last week of December in 2010. The search keyword was (knee OR tibial OR tibia)
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AND (rotation OR rotational OR rotatory OR pivot OR pivoting) AND
(biomechanics OR biomechanical OR kinematics OR displacement) AND (stability
OR laxity), which appeared in the title, abstract or keyword fields. After duplicates
were removed, the initial total number of articles in the database was 332. The title
and abstract of each entry was identified. Non-English articles, review and surgical
technique, animai studies and non-related articles were excluded. After this
subséquent trimming. the count was reduced to 190. Online and library searches for
the fuli text of these articles were conducted. Articies not available in the library of
The Chincse University of Hong Kong were requested from libraries in other local
universities. Onily full text of two articles could not be retrieved, and the final

number of articles with full text was 1 80.

The full text of each retrieved articles was read to determine the inclusion and
exclusion criteria in the systematic review. The inclusion criteria were: (1) the study
must cmploy human, either cadaver specimen or living participant, (2) the study
must present tibial rotation, measuring the relative movement of femur and tibia in
the transverse plane, as a dependent parameter, (3) the study must not involve total
knce arthroplasty or the prescription of knee prosthesis, since the knee anatomy is
greatly altered in these studies. Current concepts, reviews, case reports, computerized
model such as finite element model and the studies without detailed description of
the mcasuring tcchnique were excluded. After the screening process, the final

number of articles included in the analysis was 104.

The 104 selected articles were categorized by the conditions of how the knee was
examined: (1) external load application — when the knee was under a certain
rotational load in a controlled manner; (2) physical examination — when the knee was
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clinically exarmined by an orthopaedic specialist, a physiotherapist or a biomechanist;
(3) dynamic task -- when the participant was performing a specific dynamic
movement. Demographic data of all studies, including year of the study, testing

subject, biomechanical techniques and the study application were summarized.

2.3 Result

For all included studies, 69 ariicles (66%) used human specimen in the experiment
and the rest 35 studies (34%) vsed living human. The earliest study in the scarch was
conducted by Shoemaker and his coworkers (Shoemaker and Markolf, 1982) in 1982,
Increasingly, the studies between 1980 and 1989, 1990 and 1999, 2000 and 2010
were 12, 16 and 76, respectively. The application of these studics included
investigation of knee structures such as ACIL., PLC and meniscus, and evaluation of
taping and bracing cffect. The most common interest for researchers was ACI.
followed by PLC. The biomechanical technique that was used in the included studics

was shown in the following.

2.3.1 External load application «
Of the 104 included articles, 74 articles (71%) were classified in this session. Sixty

one studies (82%) applied on human cadaver for the testing subjects and the rest (13

studies) applied to living human.

2.3.1.1 Direct displacement measurement

The most direct way to measure rotational displacement was by using a goniomecter
{Andetsen arnd Dyhre-PouI-sen, 1997; Gupte et al., 2003; Krudwig et al., 2002; Scopp
et al., 2004; Ullrich c-'t al, 2002; Woijtys et al, 1987, Wojtys e-l aJl.,h 1990) or
clectrogoniometer (Baxter, 1988; Lundbgrg and Messner, 1994; Morin et al., 2008,
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Shapiro et al., 199i: Wascher et al., 1993). Goniometer, also termed as protractor
(Robinson et al., 2006), potentiometer (Anderson et al., 1992; Engebretsen ct al.,
1990; Johannsen et al., 1989; Markolf et al., 2010; Shoemaker and Markolf, 1985;
Shoemaker and Markolf, 1982; Stotler ¢t al., 1983), transduccr (Draganich et al.,
1990; Draganich ct al., 1989; Gollchon ct al., 1987; Lanc et al., 1994; Shahane ct al.,
1999; Veltri et al., 1996), was a general term and all techniques shared the same
principle. While both sides of the knee were fixed, the goniometer was placed on the
plane, which was perpendicular to the axis of tibia rotation. The rotational
displacement was presented in a two dimensional plane on which the tibia rotation
was controlled during load application. In addition, one study (Hofmann ct al., 1984)
used bony pin to define rotational displacement such that the movement was
restricted in lransverse plane and the relative movement between pins was then

documented.

2.3.1.2 Magnetic sensing

Sixteen studies were reported using magnetic sensing technique since 1996. The
technique was both applied to cadaver (Anderson et al., 2010; Apsingti et al., 2009;
Apsingi et al.,, 2008, Apsingi et al., 2008; Bull et al., 1999; Coobs et al.,, 2010;
Griftith et al.,, 2009; Lie et al., 2007; McCarthy et al., 2010; Nau ct ai., 2005; Nau et
al., 2005; Samuclson ct al., 1996; Tsai et al., 2010) and living human (Shultz and
Schmitz, 2009; Shuitz et al., 2007; Tsai et al., 2008). In cadaveric studies, magnetic
sensors were directly attached to the femur and tibia, and the relative movcement
between both sides was monitored externally. Sensors were rigidly fixed to both
sides using nylon posts (Bull et al., 1999) or fiberglass cylinders (Samuelson et al,,
. 1996) while it was attached on skin in the application to living human. The latcral
aspect of the subject’s thigh and the tibial shaft were recommended as a rcference
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site according to Shuliz ct al.’s study (Shultz et al., 2007}. Different from direct
displacement measurement, signal generated from an external receiver were
cxtracted with the help of a computer assisted program, which provided three
dimensional position and orientation of the sensors (Musahl et al., 2007).
Self-complied program was also needed for calculation of knee kinematics

(Andcrson ct al,, 2010; Tsai et al., 2010),

2.3.1.3  Optical tracking system

Optical instrument is one of the recent techniques for measurcinent of tibial rotation.
Eight studies (Ferrari et al., 2003; Kondo et al., 2010; Laprade et al., 2008; [.aPrade
et al., 2004; Mannel et al., 2004; Matsumoto, 1990; Mueller et al., 2005; Park ¢t al.,
2008), with the earliest one published in 1990 (Matsumoto, 1990), used this
techniquc and all applied to cadavers except one study (Park et al., 2008)
investigating the gender difference in passive knee laxity test. The principle was
similar to magnetic instrument. Clusters consisting of three to four infrared emitting
spherical markers (Ferrari et al., 2003; LaPrade et al., 2004) were rigidly fixed to
femur and tibia with metaphyseal bone screws (Mannel et al., 2004). Instead of an
external magnetic receiver, infrared camera, was uscd to locate three dimensional
coordinates of markers that needed to be further digitized to establish an anatomical
based coordinate system (Grood and Suatay, 1983; Wu and Cavanagh, 1995). The
rotational displacement was finally presented after mathematical calculation by the

system software or self-complied program.

2.3.1.4 Radiographic measurement
Radiographic method was regarded as the most accurate technique over the other
mcasurements (Granberry ct al, 1990) since it provided direct bone-to-bone
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information. RSA was firstly developed in 1989 among a group of researchers from
Sweden (Jonsson and Karrholm, 1990; Karrholm et al., 1989), applying to living
human to measure knee rotational kincmatics. Three to six tantalum markers with 0.8
min diamcter were inscrted to the femur and tibia by means of arthroscopy or under
local anesthesia. Bi-planar roentgenographic exposure films with 2-4 Hz was
collected 1-2 months later when the testing knee was under controlled rotational
torque. The two dimensional coordinates of the markers were plolted on roentgen
films and three dimensional coordinates were computed in relation to the laboratory
coordinate system. The displacement was then calculated by customized program.
Since invasive procedurc was involved when inserting markers into the femur and
tibia, this tcchnique was only used in cadaveric studies (Gaasbeek et al., 2005;

Kaneda et al., 1997).

23.2 Physical examination

Physical examination is commonly used in clinics to evaluate knce laxity alter
ligamentous injury. Pivot shift test is one of the common tests in clinical setting for
cvaluation of knee rotational laxity while some clinicians apply external and internat
rotational torque manually. However, the outcome of these tests is limited to
subjective grading and no objective kinematics data can be obtained. Therefore, it is
of researchers’ interest to collect knee rot;'ettional kinematics by means of
biomechanical techniques. In this category, fifteen studies were included. All studics
were conducted after 2002. The three major techniques for mecasursment of tibial
rotation when cxaminer performed clinical tests were goniometer (Sekiya et al., 2008,
Whiddon et al., 2008; Zehms et al., 2008), EM sensing (Hagemeister ¢t al., 2002;
Hagemeister et al., 2003; Yagi et al., 2007) and computer assisted navigation system
(Brophy et al., 2008; Colombet et al., 2007, Hofbauer et al., 2010; Ishibashi et al.,
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2008; Ishibashi et al., 2005; [shibashi et al., 2009; Miura et al., 2010; Song et al.,
2009; Zaffagnini et al., 2008). These techniques were applicable on both cadaver and

living human.

2.3.2.1 Computer assisted navigation system

Computer assisted navigation system is a newly developed technique which
especiatly designed for helping surgeons during operation. In the carly stage of
navigation development, it was uscd to assist orthopacdic surgeon to improve
accuracy of reconstruction and replacement surgery (Picard et al, 200!). New
software recently has allowed for six DOF knee kinematics measurement (Hofbauer
et al.,, 2010). Thercfore, it would provide an immediate evaluation of the surgical
outcome {Colombet et al., 2007). For example, the effect of AM and PL bundles
during anatomic double-bundle ACL reconstruction could be evaluated during

operation in terms of knee kinematics (Ishibashi ¢t al., 2005).

The navigation system was firstly applied to living human in 2005. The system
consisted of two transmitters with four markers attached, onc calibration pointer and
a high speed camera connected to computer for exporting the data. There were a few
procedures before knee kinematics measurement (Ishibashi ¢t al,, 2005).
Radiographic film was assessed pre-operatively for creating virtual bone model in
the computer system. Two sets of external reflective markers on each transmitter
were firmly fixed on the femur and tibia. To locate the relative snovement, scveral
intra-articular and extra-articular landmarks were manually digitized and were
registered by the system using a straight pointer. After the six DOF directions
between the femur and tibia were defined, continuous real-time knee kinematics
could be obtained in the computer while performing the clinical tests.
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233 Dynamic task

In this category, fifteen studies were included and all were published after 2000
except two from 1980s. In all studies, knee rotational kinematics was recorded while
the testing participants were performing specific dynamic tasks. In the early years,
electrogoniometer was used for measuring knee rotational displacement during
treadmill running (Czerniecki et al., 1988; Knutzen ct al., 1987). Before RSA was
applicd on living human in 2001 (Brandsson et al., 2001), there were about 10 years
of vacuily where no journal paper was found in the search. The main techniques were

summarized below.

2.3.3.1 Optical motion analysis system with reflective skin markers

Motion analysis is a study of locomotion using continuous photographic tcchnique.
Advanced technique using motion analysis system with reflective skin markers to
measure knee rotational stability was reported in 2003 (Georgoulis et al., 2003). Skin
markers were placed on typical bony landmarks and the participants were asked to
perform specific motions, which probably would give a rotatiqnal stress to the knee,
while the three dimensional coordinates of the markers were captured by optical
instruments. The markers’ global coordinates were collected by high speed optical
cameras and then transformed to the femoral and tibial reference frames. Relative
displacements between both frames were calculated by computer programs based on
the previous description of knee kinematics (Grood and Suntay, 1983; Wu and
Cavanagh, 1995). The marker set, therefore, was critical in which the bony location
and number of markers varied. One of the frequently used models developed by
Vaughan (Vaughan et al., 1992) consisted of 15 markers on lower extremitics.
Kinematics of the hip, knee and ankle joints including tibial rotation could be derived
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from the markers’ global coordinates and the anthropomelric measurements of the

participant.

2.3.3.2 Radiographic measurement

In 2001, Brandsson and coworkers (Brandsson ct al., 2001; Brandsson et al., 2002)
used RSA to measure knee rotation of the patients after ACL tear. Before the
experiment, 4-5 tantalum markers were inserted into the distal femur and proximal
tibia through arthroscopy surgery. Two radiographic tubcs were used to obtain
simultaneous exposures at 2-4 Hz. The radiographs were processed manually to
digitized images using a scanner for subsequent digital analysis. In recent ycars, the
radiographic measurement of tibial rotation in several studics (Defrate et al., 2006; Li
et al.,, 2008; Papannagari et al.,, 2006; Van de Velde et al., 2008) has reduced its
invasiveness during the procedure. The subjects’ knees were magnetic resonance
scanned before their motions were captured by fluoroscopic festing system. The
system combined the pre-scanned knee model and adjusted in six DOF until its
projections matched with the outlines of the bones in the fluoroscopic images. The

six DOF knee position was reproduced using this knee modecl.

24 Discussion

2.4.1 External load application

In the cadaveric studies, the femur and tibia were mounted in fixation systems, which
provided three to six DOF including primary motion (flexion-extension) and
secondary motion (AP translation, internal-external rotation and abduction-adduction)
(Dyrby and Andriacchi, 2004) for free movement under certain testing conditions.
Among these fixation systems, a robotic/universal force moment sensor testing
system has been developed since 1996 (Rudy et al., 1996) and frequently applicd to
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tissue biomechanical research (Allen et al., 2000; Darcy et al., 2006; Zantop et al.,
2007} and simulated clinical testing research (11su ct al., 2006; Kanamori et al., 2002;
Yamamoto et al., 2006, Yamamoto et al., 2004). [n addition, there were a few studics
recruiting living human as subjects (Baxter, 1988; Johannsen et al., 1989; [.ouie and
Mote, 1987; Lundberg and Messner, 1994; Shoemaker and Markolf, 1982; Shultz ct
al., 2007; Stoller et al., 1983; Yagi ct al., 2007). These studics used a self-customized
fixation system, in which rotational stress was applied to the participants until their

limit of comfort (Leven, 1978).

The cxternal load applied on the testing specimens or participants included isolated
external and internal rotation torque (Andersen and Dyhre-Poulsen, 1997), valgus
and varus torque (Lundberg and Messner, 1994}, anterior tibial load (loher et al.,
1998), muscle load (Li et al., 2002) as well as increased graft tension (Brady et al.,
2007). These specific loads provided a controlled situation that was widely
applicable to research based studies. Due to its experimental nature, it is not ethical
to apply too inuch load to living human and it explains why 80% of the studies used
a cadaveric model. However, there were a few studies (Leven, 1978; Park et al., 2008)
recruiting living human as subjects that load was applied until the subjects’ limit of
comfort, The amount of load should be specifically designed and carefully estimated
before applying to the living human. In view of the amount of torque applied, over
50% of the cadaveric studies used 5 Nm while other studies varicd from 1.5 Nm to
20 Nm. The torque was much lower when applied to the living subjects, ranging

from [.5 Nm to 10 Nm with four out of 12 studies using 5 Nm as the testing torque.

Among the four techniques, magnetic sensing has becen reported to have highest
accuracy with 0.15° (Nau et al., 2005) followed by radiographic measurement with
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0.2° and reproducibility with 1.4° (Karrholm et al, 1989). Since most of the
included studies used cadavers, measurement tools such as magnetic sensor or pin
marker could be directly attached or implanted to the bone, which incvitably results
in a high accuracy measurement. On the other hand, there is always a concern that
skin motion artifact exists when measuring knee rotation on the living human and
there would be an cthical problem of direct bony pin implantation. Regardless the
ethical problem, RSA with bony marker implantation would be considered the most

accurate technique for measurement of tibial rotation on living human,

242 Physical examination

Physical examination is one of the most feasible and practical way to evaluate knee
rotational stability in orthopaedic clinics. The main defect, its subjective and
discontinuous rating, has limited its application to research study. Difterent from
experimental laboratory setting, operation theatre is not an ideal place to provide
controlled load of application due to the instrument size and hygiene concern. With
no doubt, intraoperative navigation system would be the most suitable measurement
tool in the operation theatre. Because the torque to the knee should be applied
manuaily by the tester, it is suggested that all physical examinations should be
performed by one tester and reliability test should be conducted to ensure good

consistency across trials.

Intraoperative navigation system provides immediate evaluation of surgical (reatment.
This technique has been suggested to spend an extra 10 minutes time on average in
addition to original procedures (Martelli et al., 2007). The extra time is acceptable as
it provides a more reliable clinicai result (Plaweski et al., 2006) and an objective way
to quantify knce kincmatics, Morcover, this technique offers a good repeatability
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(Martelli et al., 2007) and a comparable result with mechanical testing devices such
as K'T-1000 and goniometer (Kendoff et al., 2007). Implementing the high precision
navigation technique for comparison of different reconstruction methods (Steckel ¢t
al.,, 2007) and extension to other knee surgeries (Martelli et al., 2006) would bc one

of the key research areas in the future.

Despite the fact that there are a number of advantages as discussed above, morc
attention should be paid to address the drawbacks. One should be reminded that the
procedure tnvolves invasiveness that may cause cxtra wounds in the thigh and shank
of the patients. To accurately locate the relative movement, transmitters with markers
were screwed into the femur and tibia. The invasive procedure would result in
additional bone loss and surgical scar to the patients. To minimize the invasive eftect,
magnetic sensors was attached on the skin by plastic braces (Yagi et al., 2007).
However, validation of such technique should be established before its application to

the living human.

243 Dynamic task

Compared with the cadaveric study which is of limited clinical utility (Fu and Zelle,
2007), dynamic task provides valuable information of knee stability of different
conditions such as intact knee (Thambyah ct al., 2004), injurced knee (Houck and
Yack, 2001) as well as rcconstructed knee (Brandsson et al., 2002). In early years,
techniques involving external fixation structure attached to participants’ limb would
highly affect the pait pattern (Czermiecki et al., 1988). Optical motion analysis
system and radiographic mcasurcment have therefore become the most frequentiy

adopted techniques to measure dynamic knee rotational stability.
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When comparing the drawbacks of the two techniques, radiographic measurement
obviously involves invasive procedures and radiation exposure. Although the amount
of exposure has been reported to be similar to a single computerized tomography
scan (Tashman et al., 2007), the controversial issuc of implantation of bony markers
through arthroscopic surgery has become another difficulty for participant
recruitment. On the other hand, error due to skin movement when applying optical
motion analysis system with reflective skin markers has been claimed (‘Taylor et al.,
2005). A point cluster method has been developed in 1998 (Andriacchi et al., 1998)
to minimize the skin movement by using an overabundance ot markers on each
segment. Yct, the computational complexity (Andriacchi and Alexander, 2000) has
become the major technical challenge to orthopaedic specialists while biomcchanists
are advised to understand the principle behind in order to achieve high accuracy

result.

Motion analysis system with skin markers technique is non-invasive, practical and
applicable not only in research laboratory settings but also in orthopaedic clinics. The
system consists of two or more high speed cameras and a few spherical markers.
Commercialized softwarc system also includes auto-digitizing and kinematics
calculation. Nevertheless, results of knee internal and external rotation from different
marker set protocols were poorly corrclated (Ferrari et al., 2008). For cxample,
Thambyah et al. (Thambyah ct al., 2004) used 17 skin markers while Georgoulis et ai,
(Georgoulis et al., 2003) adopted the model with {5 skin markers. Self-compiled
program for calculating knee kinematics was not standardized and comparison
between studies with different marker set protocels would be highly difficult if not

impossible.



In recent years, Tashman and coworkers { Tashman et al., 2004; Tashman et al., 2007)
used RSA technique to cvaluate knee kinematics of human ACL. recconstructed knee
during treadmill running after the application to canine ACL deficient knee in 2003.
Simitar to the protocol of biplane radiograph gencration with a transverse plane
computer tomography scan to determine transformations between marker based and
anatomical coordinate systems, the exposure frequency of the RSA technique has
been highly increased to 250 Hz, which enhances a sufficicnt smooth continuous

kincmatics data during most of the human dynamic movements.

The biomechanics technique for measurement of tibial rotation is well developed in
cadaveric model. Accuracy ot most of the techniques is high because bone to bone
information could be obtained directly. There is still room ot improvement on the
techniques applicd on living human, especially in the devclopment of a practical and
accurate technique for dynamic tasks. The future studies should focus on validity
between magnetic mcasurement and radiographic measurement because the
nen-invasive magnetic sensor wouid be useful in orthopaedic c¢linics if it could
produce reliable and valid measurement. Moreover, regarding the optical motion
analysis system with reflective skin markers, consensus should be obtained for
standardized market set protocol for measurcment of tibial rotation during dynamic

task.

2.5 Chapter conclusion

The btomechanical techniques to measurc tibial rotation were summarized, providing
an overview of knee rotational stabilily measurement techniques. We systematically
reviewed, from fundamental cadaveric studies to newly developed intraoperative
experiments, the measurement fechniques according to the condition in which the
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knece was cxamined: external load application, physical cxamination and dynamic
task. To choose a suitable measurement technique tor specific clinical application,
study purpose should be first identified, and more attention should be paid on

whether cadaveric model would be used, and also the way of stress applied to the

knee.
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Chapter3  The application of computer assisted navigation system for

comparison of different technigues to reconstruct PL.C of the knee

Chapter summary

This chapter aims to apply computer assisted navigation system to cvaluate the
immediate effect of two PLC reconstruction techniques. By adopting a cadaveric
model, muscle contraction would be climinated. Five intact formalin prescrved
cadaveric knecs were used. Navigation system was used to measure knee kinematics
(posterior translation, varus angulation and external rotation) afler applying constant
force and torque to the tibia. Four different conditions of the knee including intact
knee, PLC sectioned knec and PLC reconstructed knees by the double-femoral tunnel
tcchnigue and single-femoral tunnel technique werc cvaluated during the
~ biomechanical test. Sectioning the PI.C structures resulted in significant increase in
external rotation at 30 of flexion, posterior translation at 30" of flexion, and varus
angulation at 0" of flexion. Both reconsiruction techniques significantly restored the
varus stability. The external rotation and posterior translation at 30" of flexion after
reconstruction with double-fermoral tunnel technique were significantly better than
that of single-fémoral tunnel technique. In conclusion, by using computer assisted
navigation syst-em, the results suggested that PLC reconstruction by a double-femoral
tunnel technique achicves a better rotational control and resistance to posterior

translation than singte-femoral tunnel technique.
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3.1 Introduction

The PL instability is reported to be a significant disabling condition (Clancy et al.,
2003; LaPrade and Wentorf, 2002). Failure to recognize the PL.C injury will lead to
tailure in reconstructing ACL and PCL (Covey, 2001; Gollchon et al., 1987; LaPrade
ct al., 2002; LaPrade et al., 2002; Secbacher ct al., 1982). Our understanding of
anatomy and biomechanics of the PLC has improved in the past two decades, but the
best technique to reconstruct the PL.C has not been well established (Arciero, 2005,
Covey, 2001; LaPrade et al., 2002; Schechinger ct al., 2009; Veltri and Warren,

1994).

3.11 Primary and secondar‘y restraints of PLC

The anatomy of the PL.C is complex, and it is composed of both static and dynamic
stabilizers. Previous studics reported that there were three primary stabilizers of the
PLC, including the LCL, popliteus muscle-tendon unit and PFL, which served as the
" primary restraints of tibial external rotation at 30" of flexion (Gollehon et al., 1987;
Grood et al., 1988; Nielsen and Helmig, 1986; Nielsen et al., 1985; Nielsen et al.,
1984; Seebacher et al., 1982; Shahane et al., 1999). The LCL was suggested to act as
a primary restraint to varus angulation, whereas the PFL and the popliteus were
suggested to act as secondary stabilizers to varus angulation. Because most
reconstructive methods in the literature aimed to reconstruct the three primary
stabilizers (LCL, PFL and popiltcus muscle-tendon unit) (LaPrade ct al., 2004;
Larson et al., 1996; Nau et al., 2005), other structures of the PL.C were removed to

avoid their cffect.

3.12 Reconstruction tcch;liques of PLC
Larson and coworkers (Larson et al., 1996) described a technique for reconstruction
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in 1996 that involved the utilization ol a tree semitendinosis grafl as a tigure of eight
through a transfibular tunnel and the fixation at an isometric point of the LCL and
P¥L. using a screw and washer in the latcral femoral condyle. In previous decades
various modifications of reconstruction technigue and development on anatomic
reconstruction of PL.C have been reported (Arciero, 2005; Fanelli et al., 1996; Kumar
et al., 1999; Stannard et al,, 2005). Kumar and coworkers (Kumar et al., 1999)
described a technique in 1992 in which a tunnel was drilled in the fibular head and
the lateral femoral epicondyle. The PLC structure was reconstructed by use of
autogenous tendon graft passing through the tunnels and sccured with an interference
screw in the lateral epicondyle tunnel. 1lowever, residual laxity was reported after
PLC reconstruction with this technique {Arciero, 2005). It was suggested that the
single isometric femoral tunnel did not address the different insertion sites of the
poplitcus tendon and LCL. In 2005, Arcicro (Arciero, 2005) suggested another
technique that aimed to provide a more anatomic reconstruction of the PLC by
re-creating the insertion sites of the I.CL. and the popliteus on the femur using a

dual-femoral sockets technique.

The purpose of this chapter was to compare the inmediate cffect of double-femoral
tunnel technique and single-femoral tunnel (echntque for PLC reconstruction on knee
kinematics, using an isolated cadaveric injury model. It was hypothesized that the

knee kinematics was better restored by double-femoral tunncl technique.

3.2 Method

321 Specimen Preparation

Six intact human cadaveric formalin preserved knees were used. The specimens were
checked by inspection, palpation and physical examination including the Lachman
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test and varus valgus slress test to detect any obvious bony deformity, previous
fracture and ligamentous [axity. One knee was found to have severe degeneration
afler disscction that was not suitable for the experiment. Five cadaveric knees were

finally used in the experimental test.

For all cadaveric specimens, the femur was sawed at |5 cm above the joiat linc and
the anklc was disarticulated, keeping the distal tibiofibular joint being kept intact,
The skin and muscle 10 cm above and below the joint line were removed, with the
interosseous membrane being kept intact. The soft tissuc was carefully dissected by a
singlc surgeon while keeping the following structures intact: MCL, posteromedial
compilex, ACL, PCIL., poplitcus muscle-tendon unit, [.CI., PFL and menisci. Apart
from these structurcs, all other soft tissues were removed including the capsuic,
patellar tendon, itiotibial band, biceps tendon and hamstring tendons. The described
procedures aimed to minimize the offects of the muscle tone, as well as restraint
caused by the capsuile so that the two reconstruction techniques were compared in a

well-controlled condition.

The dissected knees were put on a custom-made testing apparatus in which the distal
femur was rigidly held and that allowed free movement of the tibia and fibula for
conducting biomechanical testing. A custom-made 8 mm diameter intrameduallary
nail with an adapter over the distal end was inserted from distal tibia to the shaft of
the tibia. ‘lwo 4.5 mm shanz screws were inserted to the tibia through two locking
holes of the intramedually nail for anchoring the trackers of the navigation system
(Figure 3.1). A torque sensor (Futek Advanced Sensor Technology, USA) with
accuracy less than 0.02 Nm was attached to the distal end of ntrameduallacy nail for
application of externa! rotation torque during the test. Another two parallel 4.5 mm
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shanz screws were inserted over distal shaft of fcmur for anchoring of the trackers of

the navigation system.

N

Figure 3.1 Anterior view of line diagram showing that the intramedullary nail was fixed inside the
distal tibia by two shanz screws connected with navigation trackers. The distal end of the

intramedullary nail was connected (o the torque sensor for application of constant torque.
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3.2.2 Testing protocol

Intraoperative navigation system (BrainLab, Feldkirchen, Germany) was used for
measurement of the testing parameters. The Brainl.ab ACL Reconstruction System
version 2.0 was used to measure the degrees of external rotation and posterior
transiation while the BrainLab Total Knee Replacement System version 2.1 was used
to measure the varus angulation. For the biomechanical test, constant force and
torque were first applied to the tibia of the intact knee. Testing included anterior and
posterior pulling forces of 133 N (Gabriel et al., 2004) for measuring AP laxity at 30
/90" of flexion and rotational torques of 5 Nm (Gabriel et al., 2004) for mcasuring
internal/external rotational laxity and varus/valgus laxity at 30'/90" and 07/30° of
flexion, respectively. The range of motion was guided by the navigation system,

which was measured according to the guide pins and trackers inserted.

The popliteus, PFL and LCL structures of the knec were then sectioned through their
midsubstance. The same testing procedures were repeated to document the laxity of
the sectioned knec. 'Two different techniques of P1.C reconstruction were performed.
In both techniques a formalin fixed tibialis anterior tendon allograft was harvested
from the same leg, and both ends of the tendon were whip-stitched with Ethibon
No.5 suture (Ethicon, Somerville, NJ) for 1.5 cm. 'The diameter of the five tibialis
anterior tendon allograft measured 7 mm, thus none of the graft can pass through the
6 mm graft sizer. During the technique B reconstruction, the two whip-stitched ends
of the graft measured 9 mm in diameter, which was larger in the middle part of the
graft, During the graft preparation, only 9 mm graft sizer would accommodate the
passage of both ends together in all specimens. The details of both reconstruction
techniques were described in the following section. The same testing procedures
were used after each reconstruction.
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3.2.3 Surgical technique

Technique A (Figure 3.2) - This technigue aimed to reconstruct the LCI. and PFL in a
more anatomic way by creating two femoral tunnels according to the footprint of the
LCL and the popliteus tendon as decribed by Arciero (Arciero, 2005). A 2.4 mm
guide pin was inserted anterior and inferior to the fibula insertion of the L.CL.. It then
posteromedially exited to the posterior aspect of the fibuta head at level of the
proximal tibio-fibular joint. A 7 mm diameter transftbular tunnel was created by the
cannulated reamer. A 2.4 mm guidc pin was inserted into the centre of the footprint
of the LCL over the lateral epicondyle of the femur toward the medial cortex. A 7
mm femur tunnel was created by use of a cannulated reamer for the reconstruction of
the LCL. A popliteofibular tunnel was created after establishment the tunnel for the
LCL by insertion a 2.4 mm guide pin into the centre of the footprint of the poplitcus
tendon. A 7 mm popliteofibular tunne! was created by the cannulated reamer. The
tendon graft was passcd through the transfibular tunnel. The posterior limb was
[;assed along the posterior aspect of the proximal tibiofibular joint, through the
popliteus hiatus and then through the poplitealfibula tunnel toward the medial cortex.
The anterior limb was passed over the posterior limb and then through the [LCL
tunnel towards the medial cortex. The graft was tensioned at 30° of flexion, internal
rotation and slight valgus. It was then fixed by sutures tied around a post created by a

4.5 mm cortical screw with washer.

Technique B (Figure 3.3) - This was the modified Larson technique (Larson et al.,
1996) described by Kumar (Kumar et al., 1999), which involved the use of
single-femoral tunnel for the fixation of both anterior and postcrior limbs of the graft.
The transfibular tunnel created in technique A was reused. The femoral tunnel over
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the femoral insertion of the I.CI. created in technique A was used with the tunnel
enlarged to 9 mm diameter. Graft was passed through the transfibular tunnel, and
both anterior and posterior limbs were passed through the femoral tunnel with a
whipping suture. The graft was tensioned at a position of 30" of flexion, internal
rotation and slight valgus. The grafts were fixed by sutures tied around a post created

by a 4.5 mm cortical screw.

Figure 3.2 PLC reconstruction by technique A: anterior view (lcft) and lateral view (right). Two
femoral tunnels measuring 7 mm in diameter were created according to the footprint of the LCL and
popliteus tendon. The tendon graft was passed through the 7 mm transfibular tunnel, the posterior
limb was passed to the popltealfibula tunnel, and the anterior limb was passed over the posterior limb
then through the LCL tunnel toward the medial cortex. It was then fixed by sutures tied around a post

created by a 4.5 mm cortical screw with a washer.
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Figure 3.3 PLC reconstruction by technique B: anterior view (lefi) and lateral view (right). A
single-femoral tunnel measuring 9 mm in diameter was created over the lateral epicondyle for the
passage of both anterior and posterior limbs of the gratt. The graft was fixed by sutures tic around a

post.

324 Statistical Analysis

One-way multivariate ANOVA with repeated measures was used to examine the
difference in all dependent variables. One-way ANOVA with repeated measures was
used on each parameter to examine any significant diffcrences between all testing
conditions, which included intact knee, sectioned knee and reconstructed knecs.
Least-square difference post hoc pairwise comparisons were used betwcen the
different conditions. All statistical tests were calculated by statistical analysis

software (SPSS software, version 16.0, USA). The level of significance was set at
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p=0.05. Results were presented as mean (SD).

33 Results

Multivariate ANOVA showed that knee kinematics was significantly affected by the
four different conditions of the knee (P<0.05). ANOVA also showed that all
dependent variables except posterior translation at 90° of flexion were significantly
affected by the four conditions of the knee (P<0.05). The results of the post hoc
pairwise comparsions in diffcrent conditions of posterior translation, external

rotation and varus angulation were summarized in Table 3.1.

3.3.1 Posterior Transiation

After sectioning the structures of the PLC, there was a significant incrcasc
posterior {ranslation at 30" of flexion from 3.4 mm (1.5) to 7.4 mm (3.8 mm) aiter
application of posterior pulling force (Figure 3.4). After reconstruction of the PL.C by
tcch_nique A, there was an improvement at 30° of flexion to 3.4 mm (2.7 mm), which
showed a significance difference compared with the sectioned knee (p<0.05). There
was no significant differencc compared with the intact knee (p>0.05). Reconstruction
of the PLC by technique B decreased posterior translation from 7.4 mm (3.8 mm) to
5.0 mma (2.3 mm) compared with the sectioned knee, which was not significant
(p>0.05). Moreover, reconstruction by technique B showcd an tnferior result in

resisting posterior translation when compared with tcchnique A (p<0.05).
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Table 3.1 Statistical results of different parameters comparing four testing conditions  {Intact,

Sectioned, Technique A and Technigue B)

Kneo i 5 A B Statistical test
specimen {ANOVA"/Post hoe")

Fxternal rotation () at 30" of Mlexion

70 17.0 12.0 150
2 12.0 19.0 ito 1240
3 120 29.0 10.0 150
4 14.0 270 9.0 140
5 11.0 3to0 9.0 6.0
Mean (SiN 11.2 (2.6} 24.6(6.2) 102¢0.3) 14415 P-0.01/-5. 8-A" S-B". A-B
Externat rotation (*y at 907 of Mexion
1 6.0 i6.0 150 16.0
2 15.0 260 20.0 170
3 20.0 360 27.0 250
4 [7.0 250 13.0 200
§ 17.0 300 19.0 230
Mecan (5D} 15.0(5.3 26.6 (7.3} 188 (5.4 20238 P<001/1-8" 8-A".S-B IR
Posterior translation {mm) at 30" of Aexion
1 20 4.0 1.0 4.0
2 3o 6.0 2.0 5.0
3 6.0 14.0 30 94a
4 10 6.0 1.0 30
5 io 1.0 10 40
Mecan (S£) 14(1.5) 7.4 (1.8) 3407 50(23) P-0011-8 $-A" AB" 1B
Posterior ransiation {mm) at 90° of flexion
1 1.0 2.0 Y} 4.0
2 30 50 30 3o
3 9.0 13.0 40 4.0
4 2.0 1.0 0.0 1.0
§ 2.0 49 jo 30
Mean (S[) 14(3.2) 5.0 (4.7} 26(E5 10412 No sienificant difference
varus angulation () at 0" of flexion
1 0.0 1.5 1.5 1.5
2 1.0 45 15 0.5
k) 25 13.0 15 3]
4 2.5 1.5 0.0 0.5
5 5.5 13.0 35 [ R
Mean (D) 2312.) 7965.1) 2.0(1L.5) 1.0¢0.5 P001/1-5 8-A" 51
Varus angulation (') of 30° of flexion
I 0.5 6.5 45 4.0
2 4.0 9.0 4.0 9.5
3 5.5 195 50 6.0
4 1.0 1.5 1.5 45
5 9.0 17.5 95 80
_Mean (SI) 40135} 12.8 {5 5% 4929 64 {20 P<0.0} /-8 §-A"

Abbreviations: [, intact; 8, seclioned; A, technique A; B, technique B. * Statistically sigmficant difference.

3P value of ANOVA for the four conditions.  ® Results of least-square difference post hoc pairwise comparison,
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Figure 3.4 The posterior translation (mm) for each lested knee stale (intact. scclioned. technigque A
[double-femoral tunnel techniquel, technique B [single-femoral tunncl techniquel) at 307 ot flexion.

Asterisks indicate a significant difference (p<0.05).

332 External rotation

The external rotation of the intact knee was 11.2° (2.6") and 15.0" (5.3") at 30" and
90" of flexion, respectively (Figure 3.5). There was significant increase in external
rotation after sectioning of the PLC structures, which measured as 24.6° (6.2) at 30’
of flexion (p<0.05) and 26.6° (7.3°) at 90" of flexion (p<0.05). Both PLC
reconstruction techniques improved the rotational laxity when compared with the
sectioned knee (p<0.05). Reconstruction by technique A improved the external
rotation at 30" of flexion from 24.6° (6.2) to 10.2° (1.3"), which was comparable to
the intact knee {p>0.05). The reconstruction with technique A showed a better result
than that of technique B, which measured 14.4° (1.57) (p<0.05). There was no
significant difference in cxternal rotation at 90° of flexion between technique A and

technique B (p>0.05).
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Figurc 3.5 The external rotation () lor cach tesied knee state (intact, sectioned, technique A
[double-femoral wnne! technique), technique B [single-femoral tunnel technique]) at 30" of tlexion.

Asterisks indicate a significant difference (p<0.05).

3.33 Varus angulation

At O of flexion, varus angulation significantly increased from 2.3° (2.1") to 7.9°
(5.17) after sectioning of the structures of the PLC (p<0.05). Both reconstruction
techniques restored the varus laxity to 2.0° €1.57) in technique A and 1.0° (0.5) in
technique B, with no significant diffcrence between the reconstructed knees and the
intact knee (p>0.05). However, there was no significant difference between the two
reconstruction technigues (p>0.05). At 30° of flexion, the varus angulation
significantly increased from 4.0° (3.5 to 12.8" (5.5") (p<0.01). After rcconstruction
by technique A, the varus laxity significantly decreased from 12.8" (5.5 t0 4.9° (2.9
*} (p<0.05). There was no significant difference between the scctioned knee and the
reconstructed knee with technique B or between the reconstructed knees with both

techniques.
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34 Discussion

Numerous surgical techniques have been proposed in the literature for restoring PL
instability, including acute repair, augmentation by the surrounding structures and
reconstruction by use of allografl or autograft. In the 1980s, lughston and Jacobsen
(Hughston and Jacobson, 1985) used a lateral gastrocnemius, capsular, [.CL and
poplitcus advancemment procedure that rclicd on the integrity of PL structures.
However, the result was not satisfactory. Clancy and coworkers (Clancy et al., 2003)
diverted the biceps tendon and lixed it to the lateral femoral condyle by a screw and
washer that aimed to reduce the external rotation of the knee, but the P1.C function
could not be completeily restored. Muiler (Muller, 1983) used a strip of the ilotibial
band along the line of the popliteus tendon for a poplitcal bypass procedure. The
clinical outcomes and the degrees of residual laxity of this lech:.ﬁque were not clearly

reported.

[n 1990s, Larson and coworkers (I.arson ct al., 1996) advocated a technique using a
free semitendinosis graft as a figure of eight through a fibula tunnel and around a
screw and washer in the lateral femoral condyle to reconstruct the LCL and the PIL.
The tunnel technigque was similar to the technique proposed by Kumar and coworkers
(Kumar et al., 1999), but it was simplified so that the semitendinosis loop formed a
triangle and was sccured in the lateral epicondyle by use of an interference screw. In
2004, La Prade and coworkers {(L.aPradc ¢t al., 2004} described a two-tail technique
that offered a more anatomic rcconstruction by adding a tibial tunnel to reconstruct
the popliteus, which stressed the reconstruction of thc three primary stabilizers
(poplitcus, PFL and LCL). Nau and coworkers (Nau et al., 2005) in 2005 compared
the two-tail technique and the two-tunnel technique, which was similar to the
technique A used in our experiment, It was criticized that the reconstruction by the
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two-lunnel technique only stressed the reconstruction of the silatic stabilizing
~structures of the PLC (LaPrade et al., 2004). However, both techniques restored the
external rotation laxity at 30" and 90" of tlexion, varus laxity at 0" and 30 of
tlexion, which showed no significant difference between the two techniques of

reconstruction (Nau et al_, 2005).

The anatomy ovcr the lateral side of the knee was first described in 1982 and was
divided into three layers from superficial to deep (Seebacher ct al,, 1982). The
biomechanics of the PI.C was then studied by sequential scctioning of the various
structures in cadaver (Gollehon et al., 1987; Grood et al., 1988; Nielsen and Helmig,
1986; Nielsen et al., 1985; Niclsen ct al., 1984; Seebacher et al., 1982; Shahane ct al.,
1999). From these studics, the LCL was found to be the pnmary restraint to varus
movement. The PFL and popliteus tendon were reported to resist external rotation of
the llcrlcc. Both the ACL and PCL scrved as the secondary restraint to varus
angulation and external rotation. Moreover, the structures of the PLC were
considercd secondary restraints to posterior translation; our results showed increased

posterior translation after sectioning of the PLC structures.

Brinkman and coworkers (Brinkman ct al., 2005) quantitatively documented the
insertion geometry of the LCL and popliteus tendon and found that the poplitcus
tendon inserted around 1 min distalty and 0.84 smn cither anterior or posterior to the
LCL. Therefore, it was concluded that single-femoral tunnel technique could not
restorc normal anatomy. Our results showed that single-femoral tunnel technique did
not completely restore the rotational laxity in the sectioned knee and it was inferior
to the double-femoral tunnels technique as well. There was no significance difference
in external rotation and varus asngulation between the intact knee and the
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reconstructed knee with double-temoral tunnel tc‘chniquc. The reconstruction with
double-femoral tunnel technique included two femoral tunnels with two separate
limbs of soft-tissue graft to simulate thc function of the LCL and PFL, which
explained the experimental results of better rotational control. Apart from using the
tendon graft of the tibialis anterior for reconstruction, the literature has suggested
using Achilles tendon allograft (Schechinger ct al., 2009) or split Achilles tendon
allograft (Sekiya and Kurtz, 2005) for reconstruction of the PLC with double-femoral

tunnel technique.

The navigation system developed for ACL reconstruction would assist surgcon to
cvaluate AP translation and rotation displacement at 30° and 90" of flexion. Given
the accuratc measurement provided by the system, it was uscd in this experiment to
measure knee Kinematics. Another softwarc program in the navigation systcm
(Brainlab Total Knee Replacement System version 2.1) was used to cvaluate the
treatment’s effect on varus angulation. The real-time changes in knee kinematics
presented by the system provided valuable information for surgeon to examinc the
intact, sectioned and reconstructed knees under anesthesia. Therefore the navigation

system may be useful in the clinical setting and this should be further studied.

The cadaveric knees in this experiment were fixed by formalin, which caused a
limitation in the range of motion and the degree of ligament laxity. However, this
negative effect was avoided by each specimen serving as its own control. The
measurements were conducted in the same knee for four conditions including intact
knee, scctioned knee and reconstructed knee with both techniques. Although allograft
with same diameter was used in this experiment, w¢ would suggest that artificial
materials should be used in the future studics to control the thickness, preservation
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and elasticity. Another limitation in this experiment was that the biomechanical test
was not able to fully simulate the in vivo conditions. Moreover, the function of the
dynamic stabilizers was not addressed in this experiment. During PLC reconstruction
in humans, the anterior limb of the graft was tunncled deep to the biceps femoris
tendon insertion and adjacent to the native LCL, but this procedure could not be
repeated in this experiment because the muscle tone of biceps was abscnt. Lastly, the
graft healing and maturation, which are the most important clinical issues, were not
investigated. In this cxperiment, the real physiotogical condition could not be
simulated but the tested conditions could be isolated clearly. Theretore, the results
were reproducible, which facilitated the cxperiment to determine the ditferences

between the two reconstruction techniques.

3.5 Chapter conclusion

Both techniques of PLC reconstruction in this experiment showed improved stability
colmpared with PLC sectioned knee. The PL.C reconstruction with double-femoral
tunnel technique showed better rotational stability and resistance to posterior
translation than the single-femoral tunnel technique without compromising varus

stability.



Chapterd  The development of a biomechanical meter to quantify knee

rotational laxity

Chapter summary

Biomechanical measurement tools have been developed and widely used to precisely
quantily knee AP laxity after ACL injury. This chapter aims to develop a
biomechanical meter to quantify knec rotational laxity under different applied
torques (1-10 Nm) to the knee joint. The meter consisted of an ankle orthosis, torque
sensor and one motion sensor, which would provide an objective and quantitative
measurcment of knee rotational laxity. [t was hypothesized that the proposed meter
would accurately and reliably measure tibial rotation in cadaveric model. lts
reliability and validity were tested using cadaveric human specimens. Intra-rater and
inter-rater reliability were quantified in terms of [CC coeflicient among trials and
between testers. Validity was verified by comparing data with a computer assisted
navigation system. The intra-rater and inter-rater reliability achieved high correlation
for both internai and cxternal rotation, ranged from 0.959 to 0.992. For the validity.
ICC for both internal and external rotation was 0.78 when compared with the gold
standard measurement. The mean dilferences between the proposed meter and the
navigation system were 2.3 and 2.5" for internal and external rotation, respectively.
This simple meter might be useful in a wide ficld to document knee rotational laxity

with various purposes, especially after ACL injury.
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4.1 Introduction

The knee is the most commonly injured body site in sports, which accounts for
10-40% (Hinton ct al., 2005; Louw ct al., 2008). Among all spori-related knee
injuries, around 45% is related to ligamentous injury (Ingram et al., 2008; Majewski
et al, 2006). An accurate diagnosis of knee ligamentous injury relies on
comprchensive physical cxamination, which relates to symptoms and functional
instability of the injured patients (Kocher et al., 2004). Since some of the physical
examinations for assessing AP laxity of the knee are greatly influenced by the
examiners’ experience and skill (L.ubowitz et al., 2008), objective tools (Monaco ¢t
al., 2009; Schuster et al., 2004; Staubli and Jakob, 1991) have been developed and

proven to precisely quantify knee laxity after ACL injury.

The restoration of knee rotational stability is recently being emphasized because
anatomic double-bundle ACL reconstruction has been suggested to restore rotational
~ stability better than singie-bundle ACL reconstruction (Fu and Zelle, 2007). However,
it is still highly controversial. Pivot shift test and dial test are oflen used by clinicians
to measure knee rotational stability before and after ACL reconstruction (Kondo et
al., 2008; Meredick et al., 2008; Yagi et al., 2007). Again, these manual cxaminations
are subjective and dependent on examiners’ experience and skill. Therefore, an
objective tool that measures tibial rotation would be of great value to document knee

rotational laxity of healthy and injured knees.

The procedures for measuring knee laxity should be simple, easy and practical in
clinical setting. It may not be practical to use motion analysis system with skin
marker, although it has been utilized in previous rescarch to quantity tibial rotation
(Ristanis et al., 2005; Waite et al., 2005). Motion scnsor was used by a recent study
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(Musabhl et al., 2007), in which three EM sensors were allached to the lower himb to
measure knee rotational laxity in a relaxed state. The device was only proven to be
reliable on cadaver and human subjects (Tsai et al., 2008) but no validity data was
presented. Besides, computer assisted navigation system (Bignozzi ct al.,, 2010;
Ferretti et al., 2009; Kanaya et al., 2009) has been used to measure intraoperative
knce kinematics during ACL. reconstruction. Though it was reported that the system
could achieve an accuracy of 1° (Koh, 2005), the procedure is invasive to the patient

as it involves rigid fixation of bone marker pins.

In this chapter, a new meter for measurement of tibial rotation was presented. The
meter consisted of an ankle orthosis, torque sensor and on¢ motion sensor. The
orthosis design aimed to provide a more simple way to prevent any ankle motion
over the previous boot design (Musahl et al., 2007). Furthermore, only one motion
sensor was used to avoid caiculation complexity among the three sensors reported
previously. Torque and motion sensors were used to measure the applied torque and
the corresponding tibial rotation. ‘The objcctive was to measure the validity,
inter-rater and intra-rater reliability of the proposed meter. It was hypothesized that

the meter would accurately and reliably measure tibial rotation.

4.2 Method

4.2.1 Development of the proposed meter

The details of the knee rotational laxity meter, which aimed to measure external and
internal tibial rotation, is presented here. The meter consisted of an ankle orthosis, a
torque sensor with a handle bar and one motion sensor at the bottom of the meter
(Ftgure 4.1). The orthosis is a common orthotic device that is used to immobilize the
ank!e joint of patients suffering from ankle related injuries. Three sizes of orthosis
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that accommodated patients with different sizes of foot were fabricated in the
Departiment of Prosthetics and Orthotics. Next, a torque sensor (FUTEK, USA),
which monitored the value of applied torquc, was mounted at the bottom of each
orthosis. A handle bar fixed on the torque sensor allowed tester to apply torques to
the knee joint. One EM motion sensor with acquisition frequency of 120 Hz
(trakSTAR Ascension Technologies Corporation, USA) was further attached to the
other side of the torque sensor such that its longitudinal axis was along the tibia’s
axis of rotation. The motion sensor provided six DOF of its orientation (rotation
angles) and position (three dimensional coordinates) with reference to a signal
emitting frame through high speed electromagnetic transmission. The orientation

data were outputted to a laptop computer. It was used to measure tibial rotation

during the laxity test.

Figure 4.1 The rotaticnal laxity meter, consisting of an ankle orthosis, a torque sensor with a handle

bar and one motion sensor attached at the bottom.

49



4.2.2 Specimen preparation

In this experiment, three preserved human specimens of the lower extremity,
including the hip, knee and ankle joints, were used. The experiment was conducted in
mortuary of Prince of Wales Hospital, Faculty of Medicine, The Chinese University
of Hong Kong. The specimens were checked by inspection, palpation and physical
examination to cxclude any obvious bony deformity, previous [raclure, arthritic

change and ligamentous hyper laxity.

For all specimens, the femur was sawed at 15 cm above the joint line. Two 30 ¢m
long bone pins were drilled through the femur from medial to lateral side. It was then
fixed on an autopsy table using two custom-made clamps that allowed frec
movement of tibia for conducting biomechanical testing. Two pairs of 4.5 mm pins
were inserted over the anterior side of the distal femur and proximatl tibia. These pins

were used for anchoring trackers of the computer assisted navigation system,

423 Computer assisted navigation system

An intraoperative navigation system (Brainl.,AB, Germany) with ACL
Reconstruction System Version 2.0 was used as a gold standard for measurement of
internal and external tibial rotation with accuracy less than 1", It was also used to
monitor the knee ftlexion angle throughout the experiment. Beforc the start of the
experiment, two scts of infrarcd optical motion trackers were fixed Lo the pins that
had drilled into the femur and tibia previously. The trackers were oriented such that it
could be visualized within the full range of motion by the navigation system camera.
The system was calibrated by the use of an infrared pointer to digitize required points
inside and outside the knee joint. A three dimensional model of the knee was
calculated by the system that presented a real-time specific movement of the knee
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including flexion, extension, internal rotation and external rotation.

424 Testing protocol

Two independent testers were included in the experiment for measurement of knee
laxity using the proposed meter. The orthosis was secured to the leg with a tourniquet
and the leg was held at 30" of knee flexion and neutral position of rotation, which
was determined by the navigation system. At this point, the reading of torque sensor
was set to zero. Each tester applied external torque progressively to the handle bar
with 1 Nm increment until 10 Nm torque was reached and then | Nm increment of
internal rotation was applied until 10 Nm was reached (Figure 4.2}. A maximum of
10 Nm torque was applied because human comfortable limit was reported to be
between 5-10 Nm (Park et al., 2008). Ten reading measurements of each internal and
external rotation were repeated three times for each tester. The first tester repeated
the whole procedure for the rest of the knee specimens. The data from the navigation
system was recorded by a technician while the EM sensor data were automatically

recorded in the computer for further analysis.

Iigure 4.2 This figure shows the experimental setup for validation of knee rotational laxity meter.
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4.2.5 Statistical analysis

Por statistical analysis, single mecasurcs ICC with 95% CI was used to gauge
intra-rater and inter-rater reliability and validity. For intra-rater reliability, the ICC
across three trials was calculated for both testers. The average value of the three trials
for tester 1 was compared to the average value of the three trials for tester 2 to
determine inter-rater reliability. For validity, data from the proposed meter and the
navigation system would be compared. Mean, SD and 95% CI of the ditference as
well as root mean square diffcrence at different applied torques were calculated. All
parameters were reported for internal and external rotations separately. A rcliable

correlation was shown i the single measures 1CC was above 0.75.

4.3 Resuits

The EM sensor at the bottom of the proposed meter measured tibial rotation relative
to the femur. The internal and external rotation angles increased with the applied
torque to the knee for both the proposed meter and the navigation system (Figure 4.3).
At 5 Nm apptlied torque, the total range of rofations measured from the proposed
meter (from the navigation system) were 38.0°+2.0° (34.0°+2.6") with 21.3°+0.6
(19.7°%1.5") internal rotation and 16.7°+2.5" (14.3'£1.2") external rotation. The
highest applied torque of 10 Nm resulted in the total range of rotation of 59.3°+3.5
(43.3"£1.2°) with 32.7°£2.5° (24.0°+2.0") internal rotation and 26.7°+3.2° (19.3°+1.2")

external rotation.

For reliability, intra-rater and inter-rater reliability achieved high correlation for both
internal and cxternal rotation, ranged from 0.959 to 0.992 (Table 4.1). For validity,
when compared with the navigation system as a gold standard, ICC for both internal
and external rotation was 0.78, which was regarded a reliable correlation. The mean
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differences between the proposed meter and the navigation system were 2.3° degreces
and 2.5 for internal and external rotation rcspectively. The root mcan square

difference varied with the applied torque, which ranged from 1.0° 1o 8.8" (Table

4.2).
Intarnal rotation {deg)
30
204
—e— Navigation system
—e— Knee rolational {awty meter
104
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-104
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Figure 4.3 Internal and external rotational angle under ditlerent applied rotational 1orque (1-10 Nm).

Tabic 4.t Rehability of knee rotational laxity meter.

Intra-rater reliability inter-rater reliability
Tester 1 Tester 2 ‘Tester | and 2
1CC 95% (1 1CC 95% ClI 1CC 95% CI
internal 0.983 0.885,0.996 0.992 0.977,0.998 .989 (1.896,0.998
rotation
External 0.959 0.566,0.992 0.972 0.857,0.593 0.990 (1.958,0.998

rotation

1CC: intraclass correlation  Cl: confidence interval
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Table 4.2  Validity of knee rotational laxity meter.

Torque (Nm) internal rotation External rotation

IcC 0.781 0.783
95% Cl of ICC 0.589,0.889 0.592,0.890
Mean difference () 2.30 2.53
SD of difference () 4.15 4.17
95% CI of mean difference () 0.75.3.85 0.98,4.09

1 4.80 2.83

2 2.08 342

3 1.00 1.83

4 1.41 2.83
Root mean square difference () 5 1.91 3.70
at different torques 6 2.52 4.16

7 3.70 5.10

8 5.69 6.16

9 744 7.19

10 8.83 7.53
ICC: intraclass correlation  Cl: confidence interval SD: standard deviation

4.4 Discussion
- In this experiment, a new biomechanical device for measuring knee rotational laxity
was developed, and its reliability and validity were tested in a cadaveric model.
Results showed that the correlations between and within subjects were high, which
supported the hypothesis that the proposed meter was a reliable measurement tool.
Though the validity correlation between the proposed meter and the navigation
system was not as high as the reliability correlation, its ICC was above the pre-set
valuc. Moreover, the mean difference for internal and external rotation between the
two mecasurement tools was below 2.5°. The results also supported that the meter was

an accurate device to measure tibial rotation for assessment of knce rotational laxity.

The overall reliability of the proposed meter was high and comparable to other

previous studies. The ICC coefficient was reported to be above 0.94 for all
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intra-tester and inter-tester reliability in a similar cadaveric study in which a device
for measurement of rotational knee laxity was developed (Musahl et al., 2007). With
the same (jevice, it was f{urther applied on living human and revealed an 1CC
coeflicient of 0.81-0.88 and 0.77 for inter-tester and test-retest reliability respectively
(Tsai et al., 2008). Other studies reported the reliability trom (.86 to 0.98 depending

on the value of applied torque, rotation direction and side of the knee (Lorbach et al.,

2009; Shuttz et al., 2007).

When checking criterion validity of a measurement tool, a comparative instrument as
a gold standard should be used and the correlation coefficient between the two
measurement tools should preferably be above 0.70 (Scholtes et al., in press). In this
experiment, the navigation system was used as a gold standard for measurement of
tibtal rotation. Since the relative movement between the temur and tibia was based
on two sets of bone pin markers, the navigation system has been regarded as an
accurate method (Colombet et al., 2007; Pearle et al., 2007; Steckei et al., 2007).
However, because of its invasive procedure, the validity of the proposed meter could
only be achieved in a cadaveric model. That made our finding hardly comparable to
others previous studies. Musahl and coworkers (Musahl ct al., 2007) tested in a best
case scenario for their new device, in which the EM sensors were directly fixed to
the femur and tibia. Therefore, no validity was tested in their study. In another
cadaveric study (Lorbach et ai.,, 2009), a similar device was validated with a
navigation system, and the correlation achieved was from 0.83 to 0.95. However, the
tibial bone was fixed with screws to a metal bar which was cemcnted in a
custom-made inside-boot. Conceivably, this allowed accurate measurement for bone
motion (Musahl and Fu, 2010). In this experiment, the {CC coefficient between the
proposed device and the navigation system was above the preferred value. Together
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with the low mean difterence, we provided evidence of the validity of our proposed

device,

When quantifying the validily of the proposed meler, lower extremity specimens
including the knee and ankle joint.s, thigh, shank and foot segments were used to
simulate a clinically relevant situation. To minimize ankle joint rotation and motion
between the leg and the device when applying rotational torque, an orthosis was
secured with a tourniguet such that Lthe rotational torque was directly applied to the
knee joint. The motion sensor was longitudinally placed at the bottom of the foot
segment (attached to the device) such that its rotational axis was in line with the
rotational axis of tibia. The assumption here was that the shank segment was
cylindrical and therefore the motion sensor and the tibia rotated along the same axis.
Onc advantage of this idea was to avoid placing the motion scnsor directly on the
skin, which would cause crror up to 137 in measurement of rotation especially in
obese paticnts (Benoit et al., 2000). In Figure 4.3, the crror increased during small
and high applied torques though the two measurement values were highly correlated,
It was possibly because pre-loading was necessary before the motion sensor value
became stable. This finding was also comparable to the previous study (Lorbach ct
al., 2009) that the error at 10 Nm apptlied torque was 8.4" and even up to 142" at 15
Nm. It suggested that the motion between the leg and the device would not be
completely avoided, especially at farge applied torque. Moreover, 5 Nm torque was
commonly adopted in the previous studies for measurement of knee rotational faxity
(Branch et al.. 2010; Woo and Fisher, 2009). in consideration of clinical application,
torque value ranged 4-6 Nm was suggested in future study using the proposed device

because of its small error.
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The proposed meter was designed to be clinically relevant. It would be a simple, casy
operating and practical device tor quantifying knee rotational laxity, cspecially for
patients after ACH. injurics in orthopacdic scitimgs. This was why a new design was
modificd trom previously study (Musahl et al.. 2007). An ankle orthosis was used
instead ol an ankle bool because orthosis is casier for patients o put on and get
securcd with the tourniquet. Moreover, only one motion sensor was uscd in order ©
provide a rcal-time reading for operation. This 1s important since it allows a quick
and simple assessment in orthopacdics clinie. In this experiment, 307 of knee Hexion
was chosen for vahidation of the device. One of the reasons was that this particular
knce tlexion angle might be sensitive 1o deteet knee rotational laxaty for healthy,
ACL deficient and reconstructed patients since ACL has its maximum clongation
peak at this Hexion angle (Gabriel et al., 2004). Moreover, biomechanscal
investigations demonstrated that ACL injuries mostly occur in slight tlexion angles
(Koga ct al., 2010). Furthermore, one should bear in mind that reproducibility should
be venfied again in human participants betore applying this meter in clinical ficld. A
standardized procedure for securing the orthosis to the leg as well as defining a

ncutral position should atso be considered.

This experitnent was fimited by the fact that it was a cadaveric experimental test
although the device would eventually be applied on living humans. However, as
pointed out previously, it was not cthical to use invasive procedures in hwman
participants when validating the device. The only way to conduct such kind ol
rescarch was (o apply on human cadaveric specimens. Although great eftorts were
made to simulate a clinically relevant situation, one limitation was that the femur was
firmiy attached 1o the autopsy table by bone bins and clamps, which was not possibie
when measuring laxity in real participants. Therctore, tuture studies were suggested
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to investigate a non-invasive way to stabilize the thigh and verity its effect in living
human subjects. This would be important as minimizing the femur rotation would
enhance accurate torque to be applied to the knee joint. Other limitations also
included low sample size that existed in most cadaveric experiments. Due to the
limited availability of fresh cadavers in different research centers, the specimen

number was minimized to fulfill the statistical requirement.

4.5 Chapter conclusion

A biomechanical knee rotational laxity meter was proposed in this chapter. Its
reliability and validity were verified in a cadaveric model by showing high
correlation among trials and as compared with a gold standard measurement. This

simplc device might be uscful in a wide field to document knee rotational laxity with

various clinical purposes.
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Chapter S The application of optical motion analysis system for functional

assessment of patients before and after ACL reconstruction

Chapter summary

Based on the limitation that passive physical examination cannot produce force and
stress that reflect real physical demand. this chapter aims to apply optical motion
analysis system for assessment of dynamic knee rotational stability. Firstly, knee
stability assessment after ACL injury was extensively reviewed. It included the
stages of diagnosis, surgical trecatment and long-term rehabilitation. Sccondly, a
high-demand jump-landing and pivoting task was adopted to tunctionally assess the
knee rotational stability of patients before and after ACL reconstruction with two
lcchni:qucs. Twenty six men with umilateral ACL injury were treated with either
singl‘c-bundle ACL reconstruction or anatomic double-bundle ACL reconstruction.
All patients pertormed a functional task before and after ACL reconstruction with
mean follow-up of 10,1 months. The range of Libial rotation of the injured,
reconstructed and intact knees during the pivoting movement was measured by an
optical motion analysis system. The results showed that the range ot tibial rotation
was higher in ACL deficient knee than the intact knee preoperatively. The increased
rotation was reduced in the reconstructed knee after doubte-bundle techniques when
comparcd with the deficient knee. ‘Yhere was no significant ditference in the tibial
rotation of the reconstructed knee between both surgical groups. By assessing with a
dynamic functional pivoting movement, it was demonstrated that the anatomic
double-bundte ACI. reconstruction successfully restored knee rotational stability
from an impaired level and the treatment etfectdor both techniques were simitar with

no superiority in anatomic double-bundle ACL reconstruction.
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5.1 Introduction

5.1.1 The knee and the ACL

The lower extremity is composed of three major joints: the hip joint, the knee joint
and the ankle joint. Located in between the hip and ankle joint, the kncc provides
balance and transformation of body load especially tor the movements that require a
rapid change of speed and direction. It has shown that cutting maneuvers would
increase the risk of non-contact knee ligamentous injury due to the increased
varus/valgus and internal/external rotation moments (Besicr ct al., 200i). Even in
straight running, the ground reaction force was reported as three times of the body
weight (Cavanagh and Lafortune, 1980). Therefore, being as a function of supporting
the entire body weight during stance phase, the knee is one of the most vulnerable
joints suffering from acute injury (Adirim and Cheng, 2003) and long-term joint

degeneration (DeHaven et al., 2003; Drawer and Fuller, 2001).

‘Theorctically, the knee joint allows six DOF movements, including both translation
and rotation in three body planes. Clinically, abnormal excessivc laxity in AP
direction during physical examination may be an indication of ACL injury (Woo et
al., 1999). The result of these assessments, however, is determined by the subjective
feeling and experience of the examiners. Instead, biomechanical presentation of the
knee motion provides precisc information for comparison between the intact and
deficicnt knees during knee stability assessment. To describe the geometric
representation, Grood and Suntay (Grood and Suntay, 1983) proposed a joint
coordinate system for measurement of three dimensional translation and rotation
motions of the knee joint. This is essential when studying ligamentous injury as knee

ligaments govern the motion of the knee.
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The ACL is a band of dense connective tissue that courses from the femur to the tibia

(Duthon et al., 2006). It is a major knee ligament to stabilize the joint movement
against anterior tibial translation (Furman et al., 1976) and rotational loads (Fu and
Zelle, 2007). While Norwood and Cross in 1979 suggested that the ACL has three
separate bundles (Norwood and Cross, 1979), most anatomical studics have agreed
that the AM and PL bundles are the only two components of the ACL (Figure 5.1)
(Girgis et al., 1975; L.am, 1968). The AM and PL bundles behave differently in
length (Hollis et al., 1991) and in situ force (Gabricl et al., 2004) during passive
flexion. Due to the diifercnl attachments of the two bundles (Petersen and Zantop,
2007), the AM and PL bundles are responsible for resisting anterior tibial load and
rotational load, respectively. Biomechanical studics have revealed that the ultimate
load of the ACL to failure was three times of the body weight (Woo et al., 1991) and
the time of ACL. rupture was within 100 ms (Krosshaug et al., 2007). Therefore, it is

suggested that there should be a huge explosive force acting to the knee joint during

ACL injury.

Figure 5.1 An anterior view of the right knee, showing ACL with AM and PL bundles.
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5.1.2 Knee stability assessment after ACL injury

About 70% of the ACL injury occurs in sports situation (Griffin ct al., 2000). It often
appears to occur in competitive sports such as soccer and handball, which involves
landing, deceleration and rapid change of direction (Hughes and Watkins, 2006).
When injury occurs during sports activity, athlete with ACIL. rupture is confirmed
after an adequate diagnosis by orthopaedic specialist. Either operative or
non-operative treatments (Beynnon et al., 2005) followed by a rehabilitation program
(Myer et al., 2006)‘are advised to the injured patients before they can safe
return-to-sports (Kvist, 2004). In this chapter, a management model is proposed

(Figure 5.2).

[_S‘;éi‘_e return-to-spo_r_tsﬂé

Sports participation |<

'Knee Stability Assessments
/:Ilnical' Intra-operaﬂv;a
\\ : t T_'

ACL injury Surgical - R Long-term
diagnosis treatment Rehabilitation

Figure 5.2 A management model after ACL injury, showing the contribution of knee stability
assessment before safe return-to-sports. It includes clinical assessment, surgical treatment ¢valuation

and long-term evaluation after rehabilitation.
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Knee stability assessments contribute three main roles in the management model
after ACL injury — (i) clinical assessment that provides a quick and reliable way lor
the diagnosis of ACL injury, (ii) surgical trcaitment ecvaluation that provides
immediate assessment of operative treatment and comparison of ditterent
reconstruction techniques, (iit) long-term evaluation after rehabilitation that acts as a
guideline after rehabilitation program, suggesting if the athicte is fully recovered in
terms of knee stability compared with pre-injury activity level. The three main roles

are elaborated in the following sections.

5.1.3 Diagnosis of ACL injury

Accurate diagnosis of ACL injury relies on injury history (Spindler and Wright,
2008), clinical assessment (Ostrowski, 2006) as well as advanced imaging technique
(Klass et al., 2007). Being different from others, clinical assessment provides a
passive laxity evaluation of the injured knee. The laxity varies considerably within
the normal population and extreme value would be found in hyper-laxity or female
group (Renstrom et al., 2008). Therefore, it is always recommended to compare the
laxity of the injured side with the normal side if the patients have unilatcral knee
injury (Lubowitz et al., 2008). The potential limitations should be kept in mind,
including the uncontrolled force applied and the reflex resistance of the patient
because of anxiety and pain. Moreover, the first clinical examination after an acute
knee trauma is suggested to have a low diagnostic valuc {Irobell et al., 2007). To
enhance the accuracy, the clinical examination should be performed by skillful and

experienced examiner.

Lachman test has a high accuracy for diagnosis of ACL injury (Jonsson et al., 1982).
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Before the test, the examiner should ensure that the tibia does not sublux posteriorly
to avoid false-positive result in a PCL deficient knee. The patient should lic supine
with the testing knee flexed around 30°. The examiner stabilizes the femur and
applies an.anterior force on tibia without restraining axial rotation (Figure 5.3). A
positive result from an ACL deficient patient will be known with proprioceptive or
visible anterior translation of the tibia (Torg et al., 1976). The anterior translation of |
mm to 5 mm is defined as grade | laxity, 6 mm to 10 mm as grade |1, and greater than

10 mm or without a displacement limit as grade III (Lubowitz et al., 2008).

Figure 5.3 Lachman test.

Pivot shift test is relatively complex since it is a combination of internal rotation and
valgus (Kanamori et al., 2002). This test is highly dependent to the technique and
experience of the examiner. However, a positive result of this test is the best for
ruling in an ACL rupture (Ostrowski, 2006). 'To perform the test, the basic principle

is to apply valgus and internal rotation to the leg. The test starts with the knee in full
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extension and then gently flexion to about 40° (Figure 5.4). A positive pivot shifl test
is defined as a forward subluxation of tibia during sudden change in direction. It is a

reproduction of event that occurs when the knee gives way because of the loss of

ACL.

Figure 5.4 Pivot shift test

K'T-1000 is an instrument that has been d.evcloped for an objective measurement for
AP laxity on sagittal plane. The patient lies in a supine position with knee flexion of
about 20" to 30°, support with a firm platform placed proximal to the popliteal space.
The patient is told to relax in this position. The K'T-1000 arthrometer is then placed
ab{;ve the tibia and attached firmly by two bands. After the zero adjustment, the
arthrometer is pulled anteriorly to the tibia in order to provide an anterior force
(Figure 5.5). An audible indication will be noticed at 15, 20 and 30 pounds of force.
The anterior displacement is measured in millimeter while the laxity is often

presented in side-to-side difference.

514 Treatment evaluation of ACL reconstruction

Computer assisted surgery has gone through lots of evolutions in recent 15 years.
One of the technologies for orthopaedic surgery is navigation system, which has been
applied in ACL reconstruction. In the following paragraph, fluoroscopic navigation

system and image-free navigation system will be elaborated.
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Fluoroscopic navigation system (Hufner et al., 2005; Shafizadeh et al., 2005) is
based on the pre-imaging data (both AP and lateral views), such as computer
tomography or radiograph shots, for the modcl formation to be displaced in the
computer softwarc. A pointer containing integrated reflective markers discs is also
attached to the image. By holding the pointer to the known anatomical landmarks,
the surgeon reviews the accuracy of the images when acquiring the AP and lateral
images. To accurately locate the navigated tools in relationship to the selected
anatomical landmarks, surgical instrument with passive marker spheres must be fixed
secu'rely to the patient’s femur and tibia (Figure 5.7). Optoelectronic camera system
with infrared light-emitting diodes tracks all passive markers throughout the surgical
procedure. The line of sight must be guaranteed once after the navigated procedure

starts.

Figure 5.5 KT-1000 to measure AP laxity of the knee
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Figure 5.6 Femoral and tibial transmitters arc inscrted into the femur and tibia during navigation

procedure.

Image-free navigation (Tsuda et al,, 2007) has been widely established recently
because of its simplified procedure. Based on the intraoperative knee alignment
measurement such as knee axis and joint lines, the system provides virtual
illustration of the anatomical structures. With the information after digitizing the
cartilage surface of the femur and the libia, this method combines the existing model

and patient’s knee information as defined by surface matching.

For both fluoroscopic and image-free navigations, since one reference marker set is
fixed to each of the femur and the tibia the relative motion of these two segments can

be ‘measured precisely. Tsuda and coworkers validated the navigation system for
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femoral (unnel placement in double-bundle ACL reconstruction with optical motion
analysis system (digital camera) (Tsuda et al, 2007). The average diffcrences
between the two measurement systems were less than 3% for both the AM and PL
tunnels. Other studies have been reported that the navigation system is reliable to
quarify knce Kinematics during stability examinations, particularly in the setting of
- complex rotatory patterns such as pivot shift test (Colohibet et al., 2007, Ma.rlelli el

al., 2006; Pearle et al., 2007).

With the accurate and precise measurement of navigation systems, it improves the
accuracy of the surgical procedures (Hufner ct al.,, 2005). The computer provides
information of the real-time relative positions of the instruments and the kné’é' joint in
order to assist surgeon during surgical procedures. Moreover, by locating joint center
between two relative bodies, it accurately measures the knee kincmatics in sagittal,
coronal or transverse planc (Figure 5.6). Hence, the navigation system s also used to
collect knee kinematics data for comparison before and after ACL reconstruction
(Koh, 2005). 1t has bccome an objective way to assess immediate eftect of ACI,
reconstruction, especially to compare single-bundle and double-bundle iechniqucs in

terms of anterior translation and tibial rotation.

5.1.5 Functional evaluation after long-term rehabilitation

By applying a certain force on specific direction to the relaxed knce, ligamentous
injury would be tdentificd if abnormal {axity i1s found when compared with the intact
side. This is a usual practice for suspected knee injury without any patients’ active
~ movement. However, when it comes to the rehabilitation stage after surgical or
non-surgical treatment, clinical cxamination does not produce sufficient force to

simulate physical activity (Lubowitz ct al., 2008). The ultimate goal for clinical
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trcatment in sports medicine is to allow paticnts’ safe return-to-sports. It has been
suggested that functional knce stability should be one of the criteria that determine a
sefe return-to-sports (Kvist, 2004). On the n)ltler hand, dynamic functional test that
mimics real game situation during sports involves patients’ muscle strength and
neuromuscular perception, demand of specific movement and confidence ftor
performing. To monitor the knee stability during this specific dynamic movement,

motion analysis is a good way to achieve.

Figure 5.7 Kinematics evaluations during ACL reconstruction.

Patients with ACL injury can be assessed using motion analysis system before and
after ACL reconstruction. The functional assessment is conducted in a gait laboratory
(Figure 5.8), which is equipped of more than three high speed cameras and data
processing software, providing 10x5 m’ captured volume. The three dimensional
coordinates of 9 mm reflective markers can be recognized in the captured volume by
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means of infra-red light emitting cameras. In the center of the captured volume, force

plates are placed on floor level to collect ground reaction force during the movement.

Figure 5.8 A standard gait laboratory.

Marker model is essential for motion analysis. It consists of several reflective skin
markers that depend on the outcome parameters. Ristanis and coworkers (Ristanis ct
al., 2005) adopt the method described by Vaughan (Vaughan et al., 1992) lor
.
mecasurcment of knee kinematics. Fifteen markers are stuck on anatomical landmarks
of lower extremities ilu:luding ASIS, greater trochanter, lateral femoral epicondyle,
tibial tubercle, lateral malleolus, heel, fifth metatarsal h'cml on both sides and sacrum
(Figure 5.9). Before capturing the dynamic movement, anthropometric data which
include weight, ASIS breadth and thigh lcngth,'mithigh circumference, calf length,

calf circumference, knee diameter, foot length, malleolus height, malleolus diameter,

foot breadth on both sides, are collected. N
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Figurc 5.9 Marker sct of motion analysis assessment (left to right: anterior view, posterior view and

lateral view).

After data collection, the evaluation period .should be well defined and trimmed. In
clinical practice, stance phase is chosen for evaluation due to the landing risk factor
of non-contact ACL injury. A standing trial with anatomical position is nceded to
define the offsct degree for all segmental movements in all plancs. Anthropometric
measurements combined with three dimensional coordinates {rom the standing trial
pn')vidc calculations of joint center and axe of rotation. Kinematics of knee joint such
as flexion angle, tibial rotation and valgus angle are calculated using self-compiled

programming softwarc.

72



Several kinematics studies, which used different dynamic movements, investigated
patients with unilateral ACL injury. Andriacchi and Dyrby (Andriacchi and Dyrby,
2005} reported (hat the external rotation and anterior translation were different
between the ACL deficient and intact knees in swing phasc during walking. On
treadmill running, tibial rotation increased with speed in both the injured and normal
knees (Czerniecki et al., 1988). The dilference between the knees, however, was nol
significant. Waite and coworkers (Waite ¢t al., 2005) suggested that low demand
activity such as walking and running did not produce sullicient stress to initiate knece
instability in ACL. deficient koce. In a study of assessing tunctional stability with a
high demanding movement, tibial rotation was found not to be restored after
v

single-bundle ACL Teconstruction with bhamstring or patellar tendon  autografi
(Georgoulis et al., 2007). Dynamic movement should be clintcally based and specitic
to the rescarch objective. For example, if a study is designed to investigate knee
rotational stability, movement that gives a rotational stress to the knee should be
constdered. In a study that aimed to assess knee rotational stability of ACL deficient
and reconstructed paticnts, a combination movement of jumping, landing and

.~

pivoting was used (Ristanis et al, 2005). The movement was regarded as a
high-demand of activily because the patients had to resist a high rotational stress at

the konee joint during pivoting,

‘The injury mechanism is one of the implications of how tunctional movement is
designed. It is reported that over 70% of ACL injurics occur in non-contact situation
(Figure 8.10), which involves landing, decelerating and changing direction (Griffin ot
al., 2000). [f a paticnt has pood stability during these “high risk’ movements, it would
be an important indication for safc return-to-sports. ‘thercforc, movements such as
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3-way cutling (Waite et al., 2005) and 4-way jumping (Sell ¢t al., 2006} mancuvers
are useful to assess the knee stability. Furthermore, a real pame efement should also
be considered in designing movement task in functional stability assessment. In most
situations during sports, movements such as landing and sudden change of dircction
arc often uncxpected. It has been suggested that planned laboratory task and actoal
movement in real game competition would have difterent biomechanical parameters
(Besier et al., 20010). Further, biomechanical study has also shown that uaplanned
cutting is identificd as a risk tactor of non-contact ACI injury (Landry et al., 2007).
In order to mimic the real game situation, anticipation elfect should be brought into
the laboratory. [t can be achieved by placing photo cell recciver with a tight source
across the runway. When the participants pass through the device, a randomized
signal will be triggered in the monitor screen that provides a visual cue for the
cutting and jumping directions. This setting aims to allow a short time decision so

that a gamc-like sitvation is reproducced in the laboratory.

Figure 5.10 Non-contact ACL. injury.

5.1.6 Controversy in ACL reconstruction

[n-vitro studies showed that anatomic double-bundle ACL reconstruction using
hamstring grafl restored both AP translation and axial rotation stability (Mae et al..
2001; Yagi ct al., 2002). With this current technique, clinical studics reported good
restoration ol joint stability and patient-reported outcomes after a short-term

fotlow-up (Fu et al., 2008; Toritsuka et al., 2009). Moreover, a few studies (Aglictti



ct al., 2010; Jarvels, 2007; Kondo ct al.. 2008; Yagi ct al, 2007), which used
subjeclive clinical tests and questionnaircs for evaluation, compared between
double-bundle and single-bundle ACL reconstruction. However, among these studies,
there is limited knowledge of rotational stability as investigated by objective
assessment after anatomic double-bundle ACIL. reconstruction. On the other hand,
there were sludies (Ristanis et al., 2005; Tashman et al.. 2004), using dynamic
functional activity, reported that single-bundle ACL. reconstruction could not restore
rotational stability. Thereftore, the purpose of this chapter was to prospectively
investigate the cffect of single-bundle and double-bundle ACL reconstruction on the
knee rotational stability during a high-demand pivoting task. It was hypothesized that
both techniques would restore knee rotational stability 1o a normal level compared

with the intact knce.

5.2 Method

52.1 Participants

Twenty six men with unilateral ACL injury were recruited tor the study (F1 right
knees and 15 left knees; age, 25.5£4.6 years: height, 1.73£0.08 m; body mass,
006.82:10.6 kg). All participants were recruited in our sports clinic. When patients
were confirmed with unilateral ACL rupture, they were scanned with cxclusion
critcria. ACL rupture was confirmed cithcr by arthroscopy. MRI or clinical
examination. Exclusion criteria included the presence of bone fractures, complex
meniscal injury, ligamentous injuries of the involved knee and previous surgery on
cither knee. All participants reported knee joint instability during sports and all were
recommended to receive surgical treatment. The surgical treatment would be either
single-bundle ACL reconstruction or anatomic double-bundle ACL reconstruction,
depending on surgeon’s decision during operation. Al injuries were sport related,
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and all participants participated in their sporls at least one time per week before the

injury. The preoperative clinical data was shown in Table 5.1. The university ethics

committee approved the study. Informed consents were obtained from each subject

before the study.

Table 5.1  Preoperative clinical data of all participants
No. Injuered Time Preoperative assessment
knee  (month)”  yune ysholm  KT-1000  Lachman  Anterior
e o (mm)" o drawer

1 L 11 471 90 85 3 2
2 l. 3 47 Bs 60 3 3
1 l. 10 747 80 7.0 2 2
4 L. 5 828 95 45 3 3
5 R 3 7 85 15 3 3
G L 2 50.6 63 3o 2 ]
7 1. § 147 85 5.8 1 2
3 R 3 328 95 1.0 2 2
Q R 3 839 100 4.9 2 2
i} l. 4 747 80 25 Rt 3
Il R f o 6 6.0 3 2
12 R s 547 85 4.5 3 3
13 L 5 736 9 1.0 2 3
14 t, 10 674 1814] 535 2 2
i5 R Y 74.7 85 BS i 2
16 R s 793 Rd ou 3 2
7 1. 5 69.0 80 35 2 2
(13 L 3 67.4 65 5. 2 3
19 4 O H9.0 #0 60 R 1
20 R 4 7.6 80 45 3 3
21 L 9 529 65 95 3 3
22 I 4 716 65 s 2 2
23 1. 2 690 65 20 3 3
24 R 2 736 75 5.5 i 3
25 R k| 66.7 85 7.0 3 3
26 L 5 82.8 85 40 3 3
Mcan(S0) 5.0(2.6)  69.2{12.6) BO( 144} 5.3(2.1) - -

Pivot

shift

2

—_ =] ] (ST ] 2] 2] ST S R
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*lime from injury o prevperative assessment.

®Differences hetween both knees when assessed with 30 1b of anterior forces
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52.2 Surgical techniques

In all participants, either single-bundle ACIL. reconstruction  or  anatomic
doublc-bundle ACL reconstructions were performed by two orthopaedics surgeons
who have more han 10 years experiences performing ACL reconstruction. The
operating knee was put on the operating table with a foot rest and latcral thigh
support at 90° of flexion. The operation was performed after inflating the tourniguet.
The hamstring pralts (gracilis and semi-tendinosus) were harvested through an
incision over the ipsilateral tibia and braided with Ultrabraid 2 (Smith & Nephew
Endoscopy, Massachusetts, USA) to cach tendon grafts. A diagnostic arthroscopy
was performed by using the anterolateral and AM porials. After confirming the
rupture of AM and L bundles, the ACL stump was debrided and the toot prints of
AM and P1. bundles were identitied and marked by radiofrequency probe. When
deciding the surgical techniques anatomical structurcs including graft size and
original insertion site area would be considered (Martins et al.. 2009). After ACL
reconstruction, all patients completed a standard rehabilitation program (Shelbourne

and Nitz, 1990).

5.2.2.f Anatomic double-bundle ACL reconstruction

The footprint of the ACL was identified by locating the lateral intercondylar ridge
and the lateral bifurcate ridge, as suggested by previous studies (Kopf ct al., 2009,
Martins et al., 2009). The AM femoral tunnel was preparcd through the AM portal
with the aid of a 6 mm offset guide; the guide pin was placed at the [ootprint of AM
bundle and reamed to 4.5 mm diameter for the passage of the Endobutton (Smith &
Nephew Endoscopy). The AM tunnel was further reamed to 6 mm or 7 mm diameter,
and the integrity of the outer cortex was preserved. The diameter and length of the
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tunnel depended on the graft size and the patient’s anatomy. After the tunnel for AM
bundle was created, the knee was then flexed to 110°. An accessory AM portal was
created according to the gutdance of a spinal ncedle, which was used to aim the
tootprint of the PL bundie. A 2.4 mm guide pin was inserted according (o the
footprint of the Pi. bundle. The PL femoral tunnel, which varied from 5 mm to 6 mm
in diameter, was then created through the accessory AM portal by the Endobutton
reamer and the 5 mm or 6 mm reamer. The bone bridge between the two winnels was

at least 2 mm.

For the tibial tunnels of AM and P1. bundles, 45 and 55° tibial jig (Smith & Nephew
Endoscopy) was used, respectively. The ACL remnant was used as a guide to identify
the footprint of ACL. The tibial tunnel of the PL bundle was created by inserting a
2.4 mm guide pin through a 55° tibial jig. The guide pin was aimed to the footprint
of the ACL, about 6 mm to 7 mm anterior to (he PCL. Another 2.4 mm guide pin was
inserted through a 45° tibial jig, aimed about 9mm away (anterior and medial) from
the guide pin [or the PL tunnel. According to the sizc of the gratl, it was then further
reamed to 5 or 6 mm and 6 or 7 mm in diameter, respectively. The tunnels were

designed to create a bone bridge of about 2 mm between the two tibial tunncls,

Double gracilis and semitendinosis tendons were used for the PL. and AM bundle
reconstructions, respectively. Graft passage was completed for the PL. bundle,
loliowed by the AM bundle. On the femoral side, the PL bundle was fixed by 15 mm
Endobutton loop (Smith & Nephew Endoscopy), whereas the AM bundle was fixed
by 15 mm or 20 mm Endobutton loop. The PL bundle was lensioned at 15 of
flexion and the AM bundle at 60° of flexion. On the tibial side, bivabsorbable
interference screws were used to fix each bundle individually, and staples were used
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to fix both grafts over the medial surfacc of the tibia. Figure 5.11 shows the

arthroscopic images and postoperative radiograph.

Figure 5.11 The arthroscopic images of the anatomic double-bundle ACI. recopstruction, with
postoperative radiograph: 1, ACL footprint of femoral side at 90" of knee flexion; 2, femoral winnels
at 110" of knee flexion, viewed from AM portal; 3, tibial tunnels created by mserting two guide pins
with tibial jig at 55" and 45" for PL and AM bundles, respectively; 4, graft passage viewed from
" anterolateral portal. The postoperative radiograph shows the position of both the AM and PL. tunnels
in the distal femur and proximal tibia, with Endobutton fixation on the femoral side and bioabsorbable

screws and bone staples on the tibial side.

5.2.2.2 Single-bundle ACL reconstruction

The footprint of the ACI. was identified by locating the lateral intercondylar ridge
and the lateral bifurcate ridge. The femoral tunnel was prepared through the AM
portal with the aid of a 6 mm offset guide; the guide pin was placed at the footprint
of the ACL and reamed to 4.5 mm diameter for the passage of the Endobutton (Smith
& Nephew Endoscopy). The femoral tunnel was further rcamed to a diameter

varying from 7 mm to 10 mm and the integrity of the outer cortex was preserved.

The diameter and length of the tunnel depended on the graft size and the patient’s
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anatomy. For the tibial tunnel, the ACIL. remnant was used as a guide 10 identify the
footprint of the ACL.. The tibial tunnel was created by inserting a 2.4 mm guide pin
through a 45" tibial jig (Smith & Nephew Endoscopy). The guide pin was aimed to
the footprint of the ACL, about 8mm anterior to the PCL.. According to the size of the
graft, it was then further rcamed to match the size of femoral tunael. Quadrupled
gracilis and semitendinosis tendons were uscd for single-bundle ACL. reconstructions.
On the femoral side, the graft was fixed by 15 mm or 20 mm Lndobution loop (Smith
& Nephew Endoscopy), whereas on the tibial side, staples were used to tix over the
medial surface of the tibia. Bioabsorbable interference screws were used to hix the

graft on both femoral and tibial sides. The graft was tensioned at 60" of flexion,

523 Experimental procedure

All participants werc asscssed betore and after ACL rcconstruction with a follow-up
of 10.1+2.9 months. An optical motion analysis system with cight cameras (VICON
624, Vicon Motion System [.td, Oxford, United Kingdom) was used to record the
three dimensional rotation movements ol lower extremities at a capluring frequency
of 120 Hz. The system was calibrated on the same day of testing and the mean
residual was less than | mm. If it was not, the system was recalibrated. Synchronized
torce plate {model! OR6-7 AMTI, Watertown, Massachusells, USA) data was
collected at the center of the capture volume at 1080 Hz. A §5-marker madel (Davis
ct al., 1991) was adopted to collect lower limb kinematics during movements. Skin
reflective markers with 9 mm diameter were placed at anatomic landmarks including
ASIS, sacrum, greater trochanter, temoral epicondyle, tibial tubercle, lateral
mallcolus, heel and fifth metatarsal head on both limbs. Anthropomctric data were
measured for kinematics calculation, including body mass, ASIS breadth, thigh and
calf length, midthigh and calf circumference, knee diameter, fool breadth and length,
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malleolus height and diameter. The reliability of the overall procedure has been

reported to be less than 2.4° for within-day measures (Webster et al., 2010).

52.4 Experimental task

Before the movement was performed, a trial ol standing anatomic position was
recorded. Every participant was instructed by the same tester to stand with both feet
in shoulder width and to align the shank and foot segment to a neutral position. This
calibration file provided a definition of 0" for all segmental movements. Both limbs
were tested individually. The subjects were asked to jump off a platform, 40 cm in
height and 10 cm behind the force plate, and to land with both feet on the ground,
with only the testing foot on the force plate. After the foot contact, they were to pivot
90" to the lateral side of the testing leg, which acted as the core leg during pivoting,.
They were then instructed to run away with their maximum effort for three steps after

completing the pivoting movement (Figure 5.12).

6

-

Figure 5.12 The video sequence of the jump-landing and pivoting task, assessing the right knee of the

patient: 1, initial position; 2, jumping; 3, landing; 4, pivoting; 5, push-off; 6, running.

81



5.2.5 Data collection and reduction

The cvaluation period was defined from the first foot contact to the takcoff of the
lesting leg on the ground. Fool contact was determined by the force plate when the
vertical ground reaction torce exceeded 5% ol the participant’s body weight. Three
dimensional coordinates of every marker were exported from the VICON softwarc.
With the anthropometric measurements, knee joint kinematics was thea calculated
(Davis et al, 1991). All calculations were conducted using sclf-compiled program
(Mathworks, Natick, Massachusetts, LJSA}. The main dependent vaniable was range
of tibial rotation during pivoting movement, which was defined as the difference
between the lowest tibial internal rotation afler landing and the highest tibial internal

rotation within the foot contact pertod {Ristanis et al., 2003).

5.2.6 Data analysis

Independent t-tests were used to compare the preoperative demographic data and
posloperative clinical data of the two surgical groups. IFor the biomechanical data,
paired t-tests were performed to investigate any signilicant difference between the
two limbs pre-operatively and post-operatively, and within the injured limb before
and after the ACL reconsiruction, separately for the two surgical groups. The
postoperative injured knee was also compared between the two surgical groups by
independent t-tests. Power analysis was conducted if there was no significant
difference between the reconstructed knee and the intact knee after reconstruction,
and between lwo groups on the postoperative injured knee. The level of signilicance

and study power were set at (.05 and 0.8 respectively.

53 Resulis
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Sixteen and ten participants received single-bundie and double-bundie ACI.
reconstruction, respectively. Table 32 showed the demographic data and
preoperative clinical data of the two groups. There was no signiticant difference on
the subjective questionnaires (IKDC and Lysholm) and the objective clinical test
(KT-1000) postoperatively. Table 5.3 showed the postoperative clinical data of the

two groups.

Table 5.2 Demographic data and preoperative clinical data of the two surgical groups.

Single-bundle group  Double-bundie group Independent t-test

Age (year) 24.4%4.4 27.244.7 p 0.131
teight (m) 1714007 1.7010.10 p-0.134
Weight (kg) 65.3%11.5 69.119.2 p 0.396
IKDC 68.1114.6 70.849.0 p 0.607
Lysholm 78.4E17.3 82.9¥4.2 p-0.331
KT-1000 (mm)’ 5.5%1.8 5.042.6 p=0.592

"Nilferences between both knees when assessed with 30 Ih of anterior forees,

For the biomechanical data, the tibia internally rotated to a maximum degree during
the pivoting phase (Figure 5.13). For the range of tibial rotation in the group of
single-bundle ACI. reconstruction, there was a significant increase in the deficient
knee (15.0'15.57) when compared with the intact knee (7.2°+2.6 ) preoperatively. ‘This
increased tibial rotation significantly dccécascd in the reconstructed knee (8.5+5.3)
and did not dit¥er from that of the intact knee (7.8°13.2 ) alter ACL reconstruction.
For the group of anatosic double-bundle ACL reconstruction, singifar results were
obtained. The range of tibial rotation of the preoperative deficient and intact kneces,
and the postoperative reconstructed and intact knees were 12.6 4.5, 791317, 8.9'%
3.0°, 8.2'+2.6", respectively (Figure 5.14). Regarding over constraining, we compared
the reconstructed and intact knees after surgery and did not {ind any case

demonstrating this problem for both groups. Because there was no significant

83



P
difference between the reconstructed knee and the intact kanee of single-bundle and

double-bundie surgical groups, and between the two groups of the injured knee after
reconstruction, power analysis was conducted (37 true diffcrence) and the statistical

power were reported to be (.74, 0.82 and 0.51, respectively.
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Figure 5.13 Vertical ground-reaction force (top), knee flexion (middle), and tibial rotation (bottom)
during the entire stance phase of the high-demand jump-landing and pivoting task from a typical
ACIl.-deficient knee.
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Table 5.3  Postoperalive clinical data ot all panticipants

No. Injured knee Time Postoperative assesament
(month)* IKDC lysholm KT-1000 Lachman Anterior Pivor
— (mm)® drawer  shift
Single-bunie group
2 i 7 88.5 100 20 i u 1]
3 I 12 94.0 100 2.0 i | )]
4 L 12 839 89 20 0 | i}
6 L ] 940 U5 0.5 U § 0
8 R 1} 954 100 1.0 0 U 0
9 R 13 79.3 Q5 0.0 0 0 ]
I R 9 80.5 U 1.0 0 0 |
12 R 9 100.0 100 713 [ | |
13 L 12 948 98 10 U 0 0
4 l i 94 8 100 0.5 0o 0 0
I8 1. 12 88.5 89 2.0 1 1 ]
19 R 13 93.4 95 2.5 0 0 0
21 1. 7 94 0 95 20 | | ¢
22 L 10 80.5 70 1.0 ] 0 0
23 L. 7 851 90 1.5 ] 0 0
26 L o 93.4 100 1.0 i 1 |
Mecan(SD) 9823}y  90.1(6.5) 93(190) L& - - -
Doyble-bundle group
i 1. 7 100 99 .5 0 0 0
5 R 13 100 100 ¢ Q ] ]
7 L 10 79.3 99 1.5 0 0 0
10 [ 12 80.5 100 25 { 0 o
15 R 7 748 90 3 i 1 0
l6 R 15 160 98 l o v 0
17 t 7 100 100 15 1] 1 i
20 R 12 93 98 U] 0 ] f
24 R 7 100 100 l 0 0 0
25 R 8 93.3 90 6 t | 1
Mean(SH) 10.3(3.9) 92.1(10.1) 97.4(4:Qu_. 2.0(1.6) - - -

*Time from surgery to postoperalive assessment.

®Differences between both knees when assessed with 30 1b of anterior forees.
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Figure 5.14 Range of tibial internal rotation during pivoting movement before and after ACL
reconstruction of the two surgical techniques. *Significant difference as suggested by the paired t test
between preoperatively intact and preoperatively deficient, and between preoperatively deficient and

postoperatively reconstructed for both the surgical groups.

5.4 Discussion »

In this chapter, the increased tibial rotational movement in ACL deficient knee and
the restoration of this movement after ACL reconstruction were demonstrated. For
the anatomic double-bundle ACL reconstruction, our results of significant decrease
of tibial rotation in the reconstructed knee and no significant differencc when
compared with the intact knee after surg.cry with adcquate statistical power supported
that this surgical technique would restore knee rotational stability to the normeﬁ level
of the intact knee. However, we were lack of evidence to prove that singlc-bundle
technique would restore knec rotational stability and that the treatment effect of both
techniques on knee rotational stability would be the same because of inadequate

statistical power.

Our findings supported previous studies (Deneweth et al., 2010; Georgoulis et al.,
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2007; Ristanis et al.,, 2005; Tashman et al., 2004) that showed knee rotational
instability of ACL deficient knee and reconstructed knee with single-bundie
technique. In two studies with protocols similar to those of the present chapter
(Georgoulis et al., 2007; Ristanis ct al., 2005), the tibial rotation of deficient knee
was significantly higher than that of intact knce. Whereas those subjects were
instructed to walk after pivoting movement, ours were instructed to run. We believe
that the task in this chapter provides a higher rotational stress to the knee. [lowcver,
the increased tibial rotation found in the current chapter was not as high as that in
cither of the two previous studies, perhaps because of the difterence in the time from
injury to assessment. The cases in this chapter were based on acutc injury, whereas
those in the two studics were based on chronic injury. OQur participanits might have
performed cautiously in the preoperative assessment. Other studies employing
different functional activities, such as downbhill running {Tashman et al., 2004) and
single leg hopping (Deneweth ¢t al., 2010), have showed abnormat rotational motion
after ACL reconstruction. Regarding study design, all the participants in this chapter
were assessed prospectively, before and after ACIL. reconstruction. The variations
between the study group and the control group were minimized because the

contralateral intacl knee was used as a control.

Anatomic ACL reconstruction (Karlsson, 2010) aims to reconstruct the original ACL
with normal kinematics in all six DOF, including mediolateral and AP translation,
and axial rotation. However, in vitro (Colombet et al., 2007; Li et al., 2006, Woo ct
al., 2002) and in vivo (Deneweth et al., 2010; Georgoulis ct al., 2007; Ristanis et al.,
2005; Tashman et al., 2004) studies showed that tibial rotation is not restored by
single-bundle ACL, ljeconstruction. One of the suggested reasons is that only the AM
bundle is replicated, thereby resulting in insufficient rotational control of the knce;
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another is that the single-bundie techniques tested may not have been completely
anatomic. In the current chapter, ten patients were treated with anatomic
double-bundle ACL reconstruction, in which AM and PL. bundles were both
reconstructed to mimic the original ACL. anatomy. In addition to thc AM bundle, the
PL bundle might provide a role in the stabilization of the knee against a combined
rotatory load (Gabriel et al., 2004). In evaluating double-bundie ACL reconstruction
with a high-demand movement, the significant decrease in range of tibial rotation of
the reconstructed knee suggests the effectiveness of rotational control of such an
anatomic reconstruction. For the sixteen patients who received single-bundle ACL
reconstruction, the graft was reconstructed in a more horizontal way when compared
with the original AM bundie. This orientation of the graft might provide some of the
rotational controls that the PL bundle should be provided. However, we did not
statistically have enough evidence that the knee rotational stability is restored by-
single-bundle ACL reconstruction. When comparing the two surgical techniques, we
a_lso did not demonstrate the superiority of the double-bundle technique. Post
statistical analysis showed that sample size has to be increased to at least 30 subjects
in each surgical group such that the power obtained would be abovc 0.8. The current
result was also in line with a recent systemic review that showed the reviewed papers
did not support the theory that double-bundle reconstruction better controls knee
rotation (Meredick et al., 2008). This first attempt to evaluate different techniques of
ACL reconstruction with functional assessment provides a suitable platform for
future study with large-scale randomized controlled trials comparing the effect of

single-bundle and double-bundle ACL recoastruction on functional stability.

Functional test should be the ultimate step for evaluating ACL reconstruction, given
that it involves real-life loading that human joints are exposed in daily activitics or
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even sport motion. Although dynamic functional test was commonly employed
(Fitzgerald et al.,, 2001), previous studies have mainly focused on functional
performance. Muscie strength is one of the performance indexes during rchabilitation,
in which there is a positive association between thigh muscles and functional
outcome of the knee (Moisala et al., 2007). Other functional tests have been used as
assessment alter ACL. reconstruction, such as vertical jump, figure of cight and stairs
running (Risberg and Ekeland, 1994). All were cxpresscd as strength and ability that
a patient would achieve. Instead, joint functional stability should be investigated
through function test such as running (Tashman et al., 2004} and jumping (Deneweth
: c_tfgl., 2010). In this chapter, a high-demand sports movement was used to investigate
the effect of anatomic double-bundie ACL reconstruction on knee rotational stability.
The stability was expressed as tibial rotation during a pivoting movement, and the
result of excessive rotation before ACL reconstruction was in linc with previous
study (Risberg and Ekeland, 1994). Functional test with motion analysis would be a
good tool to evaluate patients with knee instabitity, after knee ligamentous injury, for

cxampic.

The limitations in this experiment included known drawbacks of motion analysis,
including the movement of skin markers (Reinschmidt et al., 1997). However, the
marker model was validated (Davis et al., 1991) and employed by other researchers
for similar movement (Ristanis et al., 2005; Webster et al., 2010; Yu et al., 2005).
During the procedure, the tnter-tester crror was minimized by having the same
technician place the skin markers and measure all anthropometric data. A st;‘anding
offset trial to define 0 for all segmental movements was collected to avoid subtle
misalignment of the knce joint. Morcover, tibial rotation was reliably measured in a
similar previous study (Webster et al., 2010), and typical crror values (<2.9") were
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less than the usual group differences in rotational excursion as reported in the
literature. Furthermore, to avoid variation among surgeons in the complicated
surgical technique (Karlsson, 2010), two experienced orthopaedic surgeons
preformed all reconstructions. Lastly, to avoid unnccessarily subject variations, we
employed a prospective design in which the same injury knee was compqred before
and after the reconstruction. The intact knee of the same individual was used as a

control.

5.5 Chapter conclusion

The ACL deficient knee demonstrated increased tibial rotation. By using a dynamic
functional biomechanical assessment, it is demonstrated that the anatomic
duuble-bundle'ACL reconstruction successfully restores functional knee rotational
stability during a pivoting movement. When comparing the single-bundle and
double-bundle techniques, the results showed a trend that both reconstructions have

similar effect on knee rotational stability with no superiority in anatomic

double-bundle ACL reconstruction.
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Chapter 6  The application of optical motion analysis system to investigate

anticipation efiect during stop-jumping functional task

Chapter summary

The last chapter demonstrates how a high-demand pivoting task is adopted in a
functional assessment to evaluate knee rotational stability. Knee stability during
functional assessment such as stop-jumping task is a key factor to determine if an
athlete is adequately rehabilitated after knee ljgamentous injury. This chapter aims to
investigate the effect of anticipation on la;1ding maneuvers during planned and
unplanned stop-jumping tasks. Kn(I:e kinecmatics of ten healthy male participants was
collected using an optical motion analysis system during planned and unplanned
stop-jumping tasks. A photocell gate was set on the walkway in laboratory such that
an instruction stgnal was triggered on a monitor when the participants passed through
the gate. Data at the time of foot strike were considered for investigation of’ the
‘anticipation effect during the stop-jumping tasks. Knecc kinematics data were
C(;mpared betwecn planncd and unplanned tasks. External rotational angle showed
significant decreased in unplanned stop-jumping task during forward and right jump
when compared with that of planned tasks. Flexion angle and abduction angle during
forward, vertical and right jump were significantly decreased in the unplanned tasks.
[t was concluded that anticipation effect significantly influenced the landing
maneuvers of stop-jumping task and it was suggested that both planned and
unplanned stop-jumping tasks should be considered when monitoring the

rehabilitation progress after knee ligamentous injury.

o1



Publication: 'This chapter is in revision in Sports Biomechanics.

Lam MH, Lai PK, Fong DTP, Yung PSH, Fung KY, Chan KM (in revision). Effect of

anticipation on landing maneunver during stop-jummping task. Sports Biomechanics

Grant: This chapter is [unded by The Chinese University of Hong Kong, Direct

Cirant for Research.
Fong DTP, Chan KM, Yung PSHI, Lam M1l Anticipation effect on knee rotational

stability during planned and un-planned movement tests in laboratory. The Chinese

Uaiversity of Hong Kong, Direct Grant for Research, 2008.2.020, HK[D34,000

92



6.1 | Introduction

Knec ligament reconstruction such as ACL reconstruc‘tion aims to rcstore the
functional stability and allows athictes to return to sports activity (Myklebust and
Bahr, 2005). Therefore, functional test is used during lollow-up consuitation to
evaluate if an athlete is adequately rehabilitated {(Risberg and Ekeland, 1994). The
movement tasks vary with different purposes, for example running (Tashman et al.,
2007) is used to evaluate gait pattern while hopping (Fitzgerald et al., 2001) is used
to test muscle power. However, knee stability is seldom considered during

high-demand tunctional task.

Knee stability is usually evaluated by clinicians and athletes themselves through
subjective assessments such as clinical examination and questionnairc {Moller et al..
2009; Stengel et al., 2009; Tegner and Lysholm, 1985; Tyler et al., 1999). Objective
assessments have been developed for assessing AP translation (Monaco et al., 2009)
and axial rotation (Musahl et al., 2007) of the knec. However, these measurement
tools are limited to passive laxity test. Knee rotational stability in terms of tibial
rotation has been investigated during dynamic functional tasks (Georgoulis ct al.,
2007; Ristanis ct al, 2005). These studies cvaluated tibial rotation during a
high-demand pivoting task before and after ACL. reconstruction. Besides pivoting,
stop-jumping task (Sell et al., 2006; Yu et al., 2005) and cutting task (Bea&licu et al.,
2008; Besier ct al., 2001; Houck et al., 2007; Pellard ¢t al., 2007) have been used in

kinematics studies but no study focused on knee rotational stability.

Anticipation cffect refers to the phcnomenon that individuals change their motion
pattern when potential threats or dangers are expected (Cham and Redfern, 2002). It
involves in most of the sport movements and research has revealed that unplanned
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movement is more danger than planned movement (Besier et al., 2001). Possible
reasons suggest quick and unplanned movement atfect muscle activation patterns and
result abnormal joint kinematics (Beaulieu et al., 2008; Sell et al., 2006). For
example, Besier and coworkers {Besier et al., 200! ) suggested that unplanncd cutting
mancuvers would incrcase the risk of non-contact ACL injury and Sell and
coworkers (Sell et al.,, 2006) found lateral juimmp was the most dangerous among
3-direction stop-jumping tasks. However, there is limited knowledge if the unplanned
tasks would affcct the knee rotational stability during functional tasks. This
information would be important to decide if anticipation eftect should be considered

during dynamic functional assessment after knee ligamentous injury.

This chapter aims to investigate the anticipation effect on knee rotational stability
during stop-jumping tasks in laboratory. Kinematics at foot strike (Cham and
Redfern, 2002} was considered as ACL injury was reported to oceur 17-50 ins afier
initial foot strike during landing (Krosshaug et al., 2007). It is hypothesized that there
is a significant difference for landing mancuver in terms of tibial rotation between
planned and unplanned stop-jumping tasks. Since returning to sport is the ultimate
goal of knee ligament reconstruction, such information is important for sport
biomechanists to design functional test protocol for assessing knee stability during

and alter rehabilitation of the reconstructed athletes.

6.2 Method

6.2.1 Participants

Ten healthy male participants without any injury history on lower limbs were
recruited. They were recreationai athletes, currently participating at lcast two times
of their sports per week. The mean age, body mass and height of the participants
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were 26.4+1.8 years, 70.9+15.6 kg and 1.73+£0.72 m respectively. The university
ethics committee approved the study. Informed consents were obtained from each

participant before the experiment.

6.2.2 Experimental task

A series of stop-jumping tasks were performed in planned and un.planned manners
randomly for each participant. For each task, the participant was instructed to run
straight on a 10 m walkway approaching a ground mountcc! force plate, with a
ru-nning speed of 3.1 m/s to 3.5 m/s (De Cock et al., 2005), as monitored by the
forward speed of the sacrum marker by a motion analysis system (VICON 624,
Vicon Motion System Ltd, Oxford, United Kiligd()ﬂl). Trials with the running speed

out of the range were discarded.

In the planned tasks, the participants were instructed to stop with both [eet, with the
testing foot on the force plate, and then jump immediately to one of the four
directions (forward, vertical, left and right) as far as they could. In the unplanned
tasks, a photocell gate was set at the participants’ hip height and at a distance of 0.7
m in front of the force plate, allowing approximate 0.2 s to react and perform the
Jjump. When the participant passed through the gate, a voltage signal was delivered to
a computer to trigger an instruction of the movement directien as shown on a 17-inch
monitor in front of the walkway. The participant then stepped on the force plate and
jumped to the instructed direction in the shortest time he could (Figure 6.1). The

four-direction instructions were delivered to the participant in a random sequence.

6.2.3 Experimental procedure
All experiments were conducted in the Gait Laboratory of Alice Ho Miu Ling
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Nethersole Hospital, Hong Kong. An optical motion analysis system with eight
cameras was used to collect three dimensional rotation movements of lower
extremitics at 120 Hz capturing frequency. The system was calibrated on the same
da)‘r of testing and the mean residual was less than | mm. If it was not, the system
was recalibrated. A synchronized force plate (model OR6-7 AMTI, Watertown,
Massachusctts, USA) was used to record complete ground reaction force data at 1080

Hz at the centre of the capture volume of about 3x3x3 m”.

display monitor

force plate

photocell gate light source

10m

g |

starting position

Figure 6.1 Laboratory sctting of planned and unplanned stop-jumping tasks (Vertical jump: A to A;

Forward jump: A to B; Left jump: A to C: Right jump: A to D)
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After explanation of study procedures, anthropometric measurements including body
height and mass, ASIS breadth, high and calf length, midthigh and calf
circumference, knee diameter, foot breadth and length, malleolus height and diameter
were measured. A 15-marker model was adopted to coliect lower limb kinematics
during stop-jumping movements. The markers were sccured with double-sided tape
to the participants’ bony landmarks, including sacrum, ASIS, greater trochanter,
femoral epicondyle, tibial tubercle, lateral malieolus, heel and tifth metatarsal head

on both limbs (Davis et al., 1991). All the procedures were managed by one tester.

A trial of standing anatomical position was captured. Each participant was instructed
by the same tester to stand with both feet in shoulder width and align the shank .and
foot segment to a neutral position. This calibration file provided a definition of O for
all joint angles in all planes. Video demonstration of stop-jumping tasks was shown
“to all participants. They were allowed to practise a series of planned and unplanned
stop-jumping tasks until they were comfortabie to start the test. Each participant was
told to begin the task at the designated starting point, run straight towards the force
plate, stop with both feet and jump as high as possible for the vertical jump and as far
as possible for the forward, teft and right jumps. Thirty seconds of rest was allowed
between each jump and one minute of rest was also given to subjects between the

planned and the unplanncd tasks.

6.2.4 Data collection and reduction

Three successful trials for each direction for planned and unplanned tasks were
collected. For cach successful trial, data from the motion analysis system were
trimmed before and after the time of foot strike. A foot contact was determined by
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thc force plate when the vertical ground reaction force exceeded 5% of the
participants’ body weight. Three dimensional coordinates of every marker were
exported from the VICON software. The knee joint kinematics was calculated with
the anthropometric data measured previously (Davis et al., 1991). All calculations
were éonducted using self-compiled program (Mathworks, Natick, Massachusetts,
USA). -Thc main dependent variable was knee external rotational angle. Kt]ee flexion
angle and knee abduction angle were also clalculat_cd at the time of foot strike (Cham
and Redfern, 2002), as this suggested if the anticipation cffect was significant to the
préparatory stage of the stop-jumping task-.

6.2.5 Data analysis

* All data were analyzed for the right side only and were averaged across three trials
for each condition. Two-way multivariate ANOVA with repeated measures was used
to examine the interactive effects (anticipation effect x dircction) of knee kincmatics.
If the interactive effect was found, stratified paired t-tests were conducted for each
barameter to demonstrate the anticipation effect at cach jumping direction. The level

-

of significance was set at 0.05.

6.3 Results

Multivariate ANOVA showed significant interactive effect (Wilks” Lambda value =
03 55’:, F = 3.614, p<0.05). Therefore, stratified paired t-tests were conducted for each
parameter bct\svcen pianned and unplanned tasks. The result of the knee kinematics at
the time of foot strike was summarized in the .Table 6.1. Besides left jump, all
variables o'f thc planned jumps were larger than the unplanned jumps. Significant
differences were found in the external rotation angle during the forward and right
jumps, the abduction angle during the forward, vertical and right jumps, and the
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flexion angle during the right jump.

Table 6.1  Paired t-test results of knee kinematics on the anticipation effect for all jumping

dircctions.

Knee kinematics

Direction G} Planned Unplanned Significant difference
Flexion 25.8° (7.49) 23.8° (7.4) No
Forward Abduction 94’ (8.9 6.0" (10.9) Yes (p<0.05)
KExternal rotation  20.2° (8.8) 13.9° (6.4) Yes (p<0.05)
Flexion 27.0° (12.00  23.5° (6.5) No
Vertical Abduction 9.1 (10.5)  6.1" (7.9) Yes (p<0.05)
External rotation  17.4° (8.8")  14.1" (5.4)) No
Flexion 295 3.7)  23.0° (7.19) Yes (p<0.05)
Right Abduction 9.9° (1047) 6.5 (10.0) Yes (p<0.05)
External rotation 19.6° (8.6) 13.3 (3.8) Yes (p<0.05)
Flexion 21.4° (4.4) 224" (4.5 No
Left Abduction 57 (103) 79 8.9) No
. External rotation 1.5 (10.6) 162" (6.3) No
6.4 Discussion

In laboratory setting, functional test allows participants to pre-plan the movement
pattern and it may not reflect the real movement pattern in real game competition
during which athletes must react to unanticipated events (Besier et al., 2001).
Currently, research investigating anticipation effect on knee kinematics during
stop-jumping tasks is limited. Pollard et al. (Pollard et al., 2007) and Landry et al.
(I.andry' et al., 2007) reported that both male and female performed similarly in a
random cued cutting maneuver. However, neither of the research groups focused on
stop-jumping tasks, in which most of the ACL injuries occurs during sud;len

stop-landing movement with a change in direction. Sell and co-workers (Sell et al.,
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2006) did comparison between planned and unplanned stop-jumping tasks and
demonstrated increased knee joint loading characteristics such as greater knee valgus
and flexion moments. The authors suggested that dircctional and reactive jumps
should be included in research methodology based on the knee joint loading data. In
a recent study, it has been suggested that unanticipated landing induces modifications
in landing biomechanics that may increase the risk of ACL injury (Brown et al.,
2009). However, this unanticipated effect is not well-understood in terms of knee

rotational kinematics.

In this chapter, knee rotational stability was investigated in terms of knee external
rotation angle. For three of the four directions (forward, vertical and right), our
participants demonstrated decreased knee external rotation angle during unplanned
stop-j;lmping tasks. Significant differences between planned and unplanned tasks
were found in the forward (p<0.05) and right (p<0.05) stop-jumping tasks. The
external rotation angles were 20.2° and 13.9° for the forward jump, and 19.6" and
13.3° for the right jump in the planned and unplanned situations, respectively. It was
surprised that the resuits did not support previous studies (Besier et al., 2001; Brown
ct al., 2009), suggesting unplanned tasks would generate more demanding stress to
the knee. One of the reasons was that our participants performed the tasks cautiously
due‘ to the nature of the unplanned task, which involved short time decision and
multi-directional jumps. . However, without hesitation, participants performed
confidently and showed increased knee rotation for planned tasks since enough time
was allowed for them to pre-program their movement patterns before making the

jump.

Athletes tend to pre-program their landing maneuver during preparation stage, which
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is regarded as the flight phasc before landing (Chappell ¢t al., 2007). Research has
been suggested ACL injuries typically occur at the time of [oot strike (Krosshaug et
al,, 2007). In this experiment, the kinematics difference between planned and
unplanned jump at the time of foot strike suggested that athletes would modify their
stratcgies before tanding on the ground. In contrast to the previous studics (Scll ct al.,
2006; Yu et al., 2005), our participants had a decreased abduction angle during the
unplanned tasks. Chappell et al. (Chappell et al., 2007) reported that female would
have smaller flexion angic than male at the end of preparation stage. Our participants
also demonstrated similar result, showing smaller fiexion angle during the unplanned
right jump (23.0°) than the planned right jump (29.57). It may increase the knec joint
loading and further increase the risk of ACL injury. Participants in this experiment
performed differently in knee kinematics between the planned and the unplanned
stop-jumping tasks during the forward, vertical and right jump. The results suggested
that anticipation cffect would affect landing maneuver and hence it should be

considered if stop-jumping task is used during functional assessment.

None of the previous studies cvaluate knee rotational stability during unplanned
landing maneuver. Knee rotational displacement, which is one of the major laxities in
knce ligamentous injury athlctes, was mcasured in this experiment. Previous study
(Chappell et al., 2007) showed that there was a gender difference in knee rotation
during preparation stage of vertical stop-jumping task. In this experiment, the healthy
participants demonstrated significant decreased knee kinematics for unplanned tasks
in the forward, vertical and right jump. A scrics of high risk movements of ACL
injury was incorporated, including a sharp deceleration, a sudden stop landing
maneuver and a sudden change in direction. Since knee stability is one of the major
considerations to determine if athletes could return to sports after ligament
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rcconstruction, it would be of great value for evaluation of knec stability of the
ligament reconstructed athletes with functional assessment such as stop-jumping task

with anticipation effect.

The limitation in this experiment involved known drawbacks of motion analysis,
including the movement of skin markers (Reinschmidt ¢t al., 1997). During the
experimental procedure, the inter-tester error was minimized by having the same
technician place the skin markers and measure all anthropometric data. A standing
offset trial to define 0" for all segmental movements was collected to avoid subtle
misalignment of the knee joint. Moreover, as this experiment investigated the
anticipation effect on knee kinematics in healthy participants jumping height and
distance were not considered. It would be suggested that other parameters reflecting
functional stability and muscles strength such as ground reaction force and
electromyography data should be included in future studies for assessing athletes

after ligament reconstruction.

6.5 Chapter conclusion

This chapter provided specific knee kinematics information during stop-jumping
tasks, especially the anticipation effect on knee rotational stability. It was concluded
that anticipation would affect landing manucver during stop-jumping tasks by
showing different knee kinematics between planned and unplanned tasks in healthy
male participants. It was suggested that both planned and unplanned stop-jumping
tasks should be considered as one of the functiof¥ assessments to monitor the

rehabilitation progress after knee ligamentous injury.
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Chapter 7 Discussion

In chapter two, varies biomechanical techniques to quantify knee rotational stability
were summarized. Different techniques in the literature for three situations under
which the knee was examined were reported. The practicability, accuracy,
invasiveness, others pros and cons of these biomechanical techniques were
extensively discussed. 'to choose a suitable tcchnique for a specific clinical
application, it is recommended that the study’s propose should be considered, as well
as the experimental setup and the stress applied on the knee. It would be better to
quantify the effectivencss of a new designed surgical technique by using a cadaveric
model before application to living human subjects for intra-operative evaluation or

long time functional stability assessment.

This piece of work provides useful information to choose suitable techniques when
we consider investigating knee rotational stability in the following chapters.
Intra-operative navigation system was used in chapter three to cvaluate knee
rotational stability of a double femoral-tunnel PLC reconstruction technique. In
chapter four, one motion sensor was used for measurement of tibial rotation in
developing a knee rotational laxity meter. At the same time, navigation system was
used again as a gold standard measurement. Further, an optical motion analysis
system was used in chapter five and six, to document the dynamic knee rotational
stability. By using a high-demand pivoting task, we demonstrated the elfect of ACL
reconstruction and also the anticipation effect in laboratory as an extension to
provide suggestion if anticipation should be considered for future functional

assessments.
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Biomechanical technique is only a tool of measurement. In the field of orthopacdics
sports medicine scientists make use of these techniques to solve clinical problems.
Therefore, two controversial issues in sports medicine were chosen in this
dissertation. ‘The first issue regarded the reconstruction technique of the PLC. In the
literatures, it was suggested that the single isometric femoral tunnel did not address
the different insertion sites of the popliteus tendon and LLCL. Later, another technique
that aims to provide a more anatomic reconstruction of the PLLC by re-creating the
insertion sites of the LCL and the popliteus tendon on the femur using a dual-femoral
sockets technique was suggested (Arciero, 2005). In chapter three, we comparcd the
immediate cffect of double-femoral tunnel technique and single-femoral tunnel
technique for PLC reconstruction on knee kinematics, using an isolated cadaveric
injury model. The cadaveric model was used not only becausc thc muscle effect
could be removed during cxperiment but also a preliminary consensus could be
obtained before a clinical trial can be conducted in the future. During the experiment,
a controlled torque was applicd at the knce joint to simulatc a rotational stress. At the
same time, a navigation system was used to quantify knee internal and external
rotation. In this design, the effect of the two reconstruction techniques would be

tested in a well-controlled condition.

The second clinical problem in this dissertation was the rotational control of the
anatomic double-bundle ACL reconstruction. Previous studies have suggested that
the double-bundle technique was proven to have a better rotational control over
single-bundle technique in cadaveric model (Mae et al,, 2001; Yagi et al., 2002).
With the fundamental support in the literature, we decide to conduct a clinical trial to
investigate the effect of ACL reconstruction on knee rotational stability. In this case,
clinical assessments such as physical examination and questionnaire were no longer
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our research focus. Dynamic functional assessment, instcad, was used as a piatform
to evaluate knee rotational stability. In chapter five, by means of optical motion
analysis system, we demonstrated that knee rotational stability was restored by
anatomic double-bundle ACL reconstruction. However, the superiority of rotational
control over single-bundle technique was remained questionable. Future study should
be conducted with large-scale randomized controlied trials comparing the effect of
single-bundle and double-bundle ACL reconstruction on functional stability during

dynamic task.

In view of the biomechanical techniques used in this dissertation, navigation system
would be a simple and accurate measurement tool to quantify knee rotational laxity,
regardless of its invasiveness and cquipment cost. It was suggested to consider using
navigation system when in vitro kinematics would be of interest in the future
research design. Since the navigation system has been developed to provide
guidelines of specific surgical procedure such as tunnel placement of ACL
reconstruction, some investigators utilized the extra kinematics measurement
function for assessing knee rotational laxity during operation (Bignozzi et al., 2010;
Hofbauer et al., 2010; Song et al., 2009). For any research study that involves
invasive procedure to patients, prior approval should be obtained from the cthical
committee of their institutions. Another concern for using navigation system is that
the equipment cost may be too expensive in some of the research centers. We suggest
using two or more high speed cameras and a motion analysis software to achieve the
same data collection function of the navigation system. This methodology would
provide an alternative way with lower equipment cost but a longer data processing

time.
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Another biomechanical technique that used in this dissertation was the optical motion
analysis system. The knee movement of the patients was bascd on three dimensicnal
coordinate of the skin markers attached to the patients’ anatomical bony landmarks.
This kind of motion analysis system is well equipped in most of the standardized gait
laboratories. However, its accuracy has been a concern because of the skin
movement during dynamic task. By considering the validity of the skin marker
model, the reporied typical error value and the availability of equipment in our own
center, optical motion analysis system was chosen to measure tibial rotation during
dynamic functional task in this dissertation. As reported in chapter two, radiographic
measurement was another option for dynamic assessment of knee rotational stability.
This technique was considered to be invasive since bone marker had to be
implemented prior the functional test. The radiographic capturing frequency was
reported to be 2-4 Hz, which was very low whén compared with the optical high
speed camera. This disadvantage highly restricts the motion of the dynamic task.
However, similar technique was developed to improve these limitations of
radiographic measurement (Tashman et al., 2007). The invasiveness is minimized by
having a computerized tomography scan prior to the asscssment so that the
pre-scanned image can be matched with the radiograph. Also, the capturing
frequency highly increases to 250 Hz, which allows a simooth continuous kinematics
data collection during most of the human dynamic movements. However, to the
author’s knowledge, there is only one center that equips this advanced technique
although some centers equip computerized tomography matching technique but with
low radiographic capturing frequency. All in ail, it would be great in terms of
accuracy to apply the current radiographic measurement techniques for assessment of
knee rotational stability during dynamic functional task regardiess of the equipment
cost.
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In orthopaedics sports medicine, ligamentous reconstruction aims to restore
functional stability and allow paticnts safc return-to-sports. Thercfore, functional
stability should be considered as an ultimatc assessment to determine if the patient is
able to return-to-sports. In chapter six, the anticipation eflect was proved to have
effect on knee rotational stability during stop-jumping task. It is suggested including
this rcal game cffect when assessing functional stability during dynamic task.
However, the functional stability assessment may not be practical in every
orthopaedics center because of the time consuming assessment. A simple, practical
and objective assessment tool that reflects functional stability would be of great
interest. In chapter four, a handle and simple device was developed for measurement
of knee rotational laxity. Validity and retiability were verified in a cadaveric model.
This biomechanical meter was designed to usc in clinical setting with quick, reliable

and objective measurement of knee rotational laxity.

In this dissertation, we have demonstrated different applications and development of

biomechanical techniques for measurement of knee rotational stability. Future studies

are suggested as below.

® Develop a thigh fixation device for the use in patients when documenting knee
rotational laxity using the validated meter proposed in this dissertation.

® Check reliability for the proposed meter when applying to patients who have
knee ligamentous injury.

® Determine a threshold that represents a significant difference between the
injured knee and the intact knee when documenting knee rotational iaxity using
the proposed meter.

® [nvestigate the knee rotational stability of patients with knee ligamentous injury
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during unanticipated high-demand functional task.
® Develop a mode! consisting simple and practical measurement (ool to reflect

knee functional stability during dynamic task.
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Chapter 8 Conclusion

This dissertation presented various biomechanical ‘techniques to quantify knee
rotational stability that have been currently used in the literatures. Different
techniques were chosen to apply on current clinical problems in the ficld of
orthopaedics sports medicine in order to supplement the limitation of physical
examination. The PLC reconstruction with double-femoral tunnel technique showed
better rotational stability and resistance to posterior translation than’ the
single-femoral tunnel technique without compromising varus stability. Next, a simple
biomechanical meter to document knee rotational laxity was proposed and verified in
cadaveric model. Further, it was shown that anatomic double-bundle ACL
reconstruction successfully restored functional- knee rotational stability during the
high-demand pivoting movement. When comparing the single-bundle and
double-bundle techniques, the results showed a trend that both reconstructions have
-similar effect on knee rotational stability with no superiority in anatomic
double-bundle ACL reconstruction. Lastly, anticipation effect was shown to affect
landing manuever during stop-jumping tasks by showing different knee kinematics
between planned and unplanned tasks in healthy male participants. It was suggested
that both planned and unplanned stop-jumping tasks should be considered as one of
the functional assessments to monitor the rehabilitation progress after knee

ligamentous injury.
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Appendix A

Comparison of 2 Surgical Technigues for Reconstrucling
Posterolateral Comer of the Knee: A Cadaveric Study Evaluated
by Navigalion System
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i e paet 2 deviden, Bl U Bt wvhisgive b reoene
s b the B hoe o b sl csthlished o

The mmasemy of the ML & compler, and 1L s o
peewd of hodh sdatse and Jy e sbilizers. Pres s
stmdicn neported that there wene 3 priesany sabiliecrs of
LU, inchadiny de baorad collardd figament (1070, pop-
b nasch-temdon vt amd popldonsibular ligansem
M.k whivh wrved e e primacy nozmdinees o Tbial
vakrnal RAALon nuxindly o ¥ ol flesmat 10 The
LT was sugggentod b gt s o (RuIsry rostrsnl by vane
ampdaion. whoren the 199, and e poplitane werne suge-
i 1o T o sortndory skabtivae o vane wogubsnen.
Troviuea tnoed mooymsdyuctive wthods inthe lieratune soss)
W ryootnat the 3 pamaey wasline G2, PFLL
Popbieus sl londun uniy, ! 't g suns o e
110 were romanad o vkl thew oifect

{aomonatu' denribol o lovhrigue for aeconstriction
in 1% that mvolived the stdvalion ol & fnoe seasietnh-
Darats grrafl um o fipuee of ¥ shrough o trasstula wanel
arw] fixaon o an ity peoad ol he 107 and 13
umay o scrow wnd wanher 10 the bteral fomeral comlylke
o revious devadon vartous wodstications of L pecon-
anktion ouhnigus: sl developiwent ol amatoini: reoun-
stiien ™ PLC were repanied ™ 70 Kunwe o ol
demtibed o wvhnigue in PR in which o e wis
drilled in e libailiar beod amd the Lacral Femral vpiovn:
dybe e PLCY siructure woa movotstiockod by e af
aglopemts tendon gral pvowing theough the anch and
~ociinod with an imerforence wonew in the haeral epicon-
dyle wnn. Howeser, reaidual baxity wos reporsd wier
PLET peovpstruction w il the tochnigue® B owas sug-
peuled that the single imvncieic fiorroral tunnel Jid s
whkiress the dilivrem mwThon sites of U poplitee
twendun amd 1L.CE 10 2008 Arciero? sugygented anohor
tevhniyue tha aimed 10 powvide o mure unatomic
revondricioen of the PLE by necivating the wmeniton
sites ol the 101 and the popliteus on Lhe Femus using
wodual femuwal sowket vevhnigue,

The purpese of this study woe W compare the o
mediale ¢tievt of the douhle Temonsd wase] wdimgue
and singhe Fermural wnnel wechniyue foe 1.0 nooon-
sMructien on koce inemwices, by e ol an woladed
valiveric igjury mrsdel. I was by pothesered that the
knee kicematics was better oestored by the double
Temuoral wanel technigque.

METHODS
Specimen Preparntion
Six intact 1 cad fonnalin-preserved knces

were waed in thin study. The specimens were checked

by anspeginn, palpation. and phayspsal esannasiog
imcbuting dhe Lachiman e amd variefoalgus siness
Wt L dvtewl asy ctwaous bosy Jetomunts, pres o
Iricture amd Tieanwentous lovits Ome buer wan foum
o hawe wevere deegenentiog et disvee i hat was
mo sunabbe for thy shodv, vy codavenie Loves wery
tinally usedd in Uwe wspernmental 1oet

Faoe all caadavvric spevinwns, the femur was wwed
Al B3 em ogbewye the pnt e aod the ankle was
disarticulateed, wath thie distal iheotibular joint being
fept intact The Abin and ek 109 em b and
below thy oem lw were commas od, wilh e ankensay
e pembrame boing Koyt i 1T sof] ey win
careiully divavied hy o sngle surgesn while kaoping
Lhe follwiog strugiunes 1alat: medead collaterab hga-
erwenl, pissteromwdisl cwnples, ACE, ICE. popliteis
muecle-lemdon upit, RO 9L aoad menewd. Aot
trom e sintmwes, bl other st Brapes were 5o
moved including the copsute. paleliar teadon, bbbl
bumd, bicepe wemdon, and hanrdnng wwndins The e
aribod provedurees aimwd 1o mEmmwe B clifoots of
e mnewcle w2 wadl e resnaial cieed by the
waprarke. s that ilee 2 secamstucdus tvchngnes were
companad in a will-vostrel ad condren.

The dissecbod ko wore ol on g cuslomenoale
liking apparatus in which the dessal femum was ripidly
hwld wnd that alfowed fres musvennnt ol B thia wwd
tibuks for conducting bi dhamwul waivg A cuedoan-
made A-mun-diameter intromcdullary nuil wiath wa
adapier uver the Jistal cod was inaceied {rem e disal
fabin W the shadl of the obin [wo 45w shans
srews were insorbod b the Whia through 2 locking
hwdes of thy imrawoddluy gl Tor anchoning the
trickers of the navigation sysdem ibig 1 A bwgue
aempar jlutek Sdvaeced Sersor Tevhnadugy. leviae,
A wath sy e Ivss than 0082 Nmowus altoched
e The Jistal vnd o the fotroowdulbars parl Tor apph-
catiom of vyternal rotsioe wwgenr diring e st A
viber 2 paralle]l 45-mun shame somews wore inaned
vver the distal shity ol the Lemwr Doe sncloring o the
trackers of the Ravigation ~y3tem

Tesling P'rutocal

An intmoperative pavigation syslem (HeminLab,
Teldkirchen, Germany) wan used for moamirement of
the teating parameters. The Broinf.ab ACL Rocon-
struclion Syslem, vention 2.0, was usgd Lo mensuwre Lhe
degroes of external rolation and posterior transhation,
and the Brainl.ab Folal Kneo Replacemenl System,
version 2.1, wae uged 10 messure vorus anguwlalon.
Far the ¥ hanicel lest, censtant force and torue
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BIOMECHANICS AFTLR PLO RECONMIRUCTION F ANEL W

Frooms 1, Awiema seen of ey sbagran Jhosing thal the
tiamydntay wil soan finad imaade e ohstad b by 3 alans s
w il bd el mareanen a bots The dustal eval of tHhe isirseed
wllany nol s conno ed b the batgae et ot oppltoamin of
vl lant Wfge

were tinsk apphed te the nhia of the mtact kaee,
nehuded anterior and postenior pulling Torces
T loe mwasuring anteriur-posterior Leaty al
Wranr of Meswon anmd rotalrsonal orgues of S N lor
measusing internallenternal rotational lasity and va-
rusfvalgus laxity s WVARY apd O A of flexioa,
respectively. The range of motion wan guided by the
navigation systemy, which was nwomured according to
the puide pins amd trackers imseried

The popliwus. PHL, asd LOL sawtures of the ke
wire then sectioned theough ther midsabstance. The

4

s wsing proceduns were repeated o decunment the
Lasity of the sectivoaod knoe Two different tochniguees of
MLC revomsisaana were performed. In both lkechnigues
o Jomudin-livad thiadis antenior tendon allograll was
horvested from the samie ek, and both ends of the wendons
wyre whip-sdtvhed with Lthiboad No. 5 sure (bthioon,
Somervilie, N for 1.3 cm The diameter of the 3 tibialis
anterior wendon allogratie mowaursd 7 mm: thus aone of
the gradts could pass through the 6-mm grall sweer. P
mg the technigue B recomtnution, the 2 whip-stitchad
ends ol the praft measonad Y mm in diameter, which was
larger 1 the ol parnt of twe grai. Dunng grail prop-
aration, only a “man grafl sirer would aconmmadate iw
pasage of both ek wegether in al specinens. The
detaits of both recomdnuction ovhinagucs one desenbed in
the followang section. The sans testing procedines wore
wsad after condy Aecostnedtion

Surgicd Techwique

Techmique A: lechnigie A aimed o revonanst
the LCL aod PFL in a more analounc way by cresting
2 lemoral wnpek according to the loolpnink of e

Froums L P seconsipmegon by Sohnbgs A e v
ibelty and batgial vww e Twe fomoral tancd s apcsuning
b e i R f W s fowied asconkng b the Toadpant of de 1
and pogbibeus wwdon e kmlon gt wn pacad Suoogh B 7 i
wamiiibul ninl e ko lends s passed o e pachaetibule
paench, and the anserns Dol o pacasd vy B poskepng B and
Uuew thvighs the LU twwwt i sal the nadial comex. Il was s
Tivand b wamnees ol avend o st creatod 14 a3 S me oo al e
wiih @ Wikt
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2 Lo

LCL ond the poplitess wendon s Jescnbead by Are
cren® (g 20 A Xdomm guide pin wiss inserted un-
terior amd inferior to the tibular insertion of the 101,
It then exiled posteromedially 1o the pesterior aspict
of the tibuke bead ot the kevel of the proxinal tibie-
libulor juat. A 7-mme-diameler transtibular tunnd was
vreated by the vannulated reames. A 2-4-mm puide pin
wins mnserted into the center ot the Tootprmt of the LU
over the lateral epicondyle of the feomr towand the
madial conex. A 7-mm temoral luinnel was created by
use of a cannulated reamer for the recomstruction of
the LCL. A poplitecfibuler tunnel wos created afier
establishment of the tunnel for the LCL by insertion of
a 2.4-mm guide pin into the ceater of the footprint of
the popliteus tendon. A 7-mm popliteofibular tunnel
was created by the capnulated reamer. The tendon
graft was passed through the trassfibular tunncl. The
posierior limb was passed along the posterior aspect of
the proximal tibiofibular joint, through the popliteus
hiatus, and then through the popliteofibular tunnel
toward the medial cortex. ‘The anterior limb was
passed over the posterior limb and then through the
LCL wnnoel toward the medial cortex. “The gralt was
leasioned at 30° of Rexion, internal rotation, and slight
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Frame L MO woeontrmnon by iochugue B ke vew
el amd Lt v v A sampder bewneral sanee) soavumy
main om dbanwier wan cested over the Baeral epecomile for e
pavagy of hoth akrmg asd poatenoy baok of the it The eran
wi teed by sty el atownd o post

iy LA

valgue, lt was then fsed by sutures ted around a post
ereated by o 35-mm cortical sarew with a washer.

Technigue B: Tochnigue 1 was tw noditiod Lanos
technigue' " desanbod by Kumue ¢ al | which involved
thwe use o a simgle Yemoral wnnel for the tisaon of both
asterior and postenior lihs of the gradt g b The
transtibuly tinne erealed in technigoe A was rasad
“The femaoral wneed over the femoral insciuen of te 101
created in wechnigue A wis wed with the winnel enlarged
o 9 nun i dineter. Grall wan possasd throngh \he
transfibuler tunnel, and both anlerior and posterior limbs
were passed through the femoral tunnel with a whipping
suture. The graft was tensioned at a position of 30° of
ficxion, internal rotation, and slight valpus. The grafts
were fixed by tied i a post by a
4.5-mm cortical screw.

Sttlsticad Annlysis

One-way multivariate analysis of variance (ANOV A)
with repeated measures was used to examine the dif-
ference in all dependent varinbles. One-way ANOVA
with repeated mensures was used on cach parameter Lo
examine any significant differences between all test-
ing conditions, which included intnct knee, sectioned
knee, and reconstructed knces. Least-square differ-
ence post hoo pairwise comparisons were used be-
Iween the different conditions’ All <atedical tests
were caleulated by stgistical analysis soflware (5PSS
software, version 16.0; SIS, Chicago. 110, Thwe level
of significance was set ol A Results are pre-
sented as mean (D)

RESULTS

Multivarkue ANOVA showed that knev kiematics
was signiticantly affected by the 4 dilferemt comditions
of the kaee (P < 051 ANOVA ulso showed that all
depemdent varables except postenior translation at 40’
of Aexion were signiticantly affected hy the 4 condi-
tons of the knee oF << 951 The results of the post ho
panwise coniparisons in different condations of pos.-
terior translation, external rotation, and vorus angula
lion are summanavd i Fable |

Pusterior Translation

Aller sectiontng of the structures of the PLC,
there was a sigmificant increase 0 posterior trans-
Tation at M7 of Hexion (rom 3.4 nan S, L 7.4

mm 30D, 38 atter application ol a postertor pulling
force g dr Aller reconstruction of the PLO by
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rastenor iransining when compared with techangue
AP o uk

Externul Rodation

External rotation of the imact knee was 112 oS
2ot and 1307 NI, S0 w0 and Y0 ol tlexion,
respectively 1Fig 50 There was a significant increase
in external eotation afler sectioning of the PLE stroe-
wres, which measured 24.6° (31, 6.2y at ¥ of fles-
won 4F < 08) and 266" 15D, 7.3 a0 of fexion
1P < 05, Both PLC neconatniction technigues im-
proved the rotational Lkisity when compared with the
sectioned knee P < 080 Reconstmichon by tech:
nigue A improved external rotation @l 37 of flexion
from 2467 (SIY, 6.2 1o 10,27 480D, 1%, which was
comparable 10 the intact knoe (P = 055 Reconsirue-
uon with techmique A showed a betier resulft thao that
of techaige B, which measured 1447 (5D, LS <
051 There was no significam difiveence 10 external
rodotion ot M) of flexion between techoupue A and
techaigue B P > 0%

Vurus Angulation

At 07 of flexton, varus angulation agniticantly i
creased frem 2.3 1211 to 7.9° 45, 1) alter sectioning of
the structures of the PLEC oF < 05), Both reconstnie:
tion technigues restored varus laxity o 200 (1.5 in
techniguwe A and L0 10501 in technigue B, with no
significant difference between the reconstructed knees
and the intct koee (£ = 05) There win also no
significant difference between the 2 reconsiruction
technigues " > 08, A W2 of flexion, the varus

Her £1 Al

angulation sigmilicantly incecuecd Trom 4.0 105 w
1287550 < o1 Afler nevomstruction by tevh-
mgue Ao vargs ooty sigmbicantly deerviead  Trom
LR (8% o 4970 208 ¢ -2 0% There was no
signiicam differeace between the sectioned knee and
the reconstrucied knves with technue B oe hetween
the revonstrucied knwes with bath technigues

DISCUSSION

Nuperous surgical woehniques have been proposed
in b biwrature for restoning posterolaleral instabaliny,
ineluding scute repair, auginwnlation by the sumound-
ing sinkiaes, and reconstruction by use of allograll
o avtograll. In the 12 Hughston and Jacohson
uned a lateral gastirocoemis, caprular, 1OV and pop-
liteus advancement provedure that relied on the integ-
nty of the poaterolateral stroctures. However, the re-
sult was aod satisfactory. Claney ot alt divented the
biceps teadon and fined it 1o the Lueral femoral con-
dyle by o serew and washer that antwd o reduee the
external rotution of e knee, b the PLC function
vould mu be completely restored. Muller ' * used a sinp
of the ihotibial band aloag the line of the pophilas
tendon for a poplitcal bypasa provedare. The clinical
outcomes and the degrees af residual laxity of this
technique were noi clearly reponad

In the 199m Larson o al.'’ advocated o lechaigue
using a Iree semitendinesis gralt as a figure of 3
through o tibular tunnel and aroumd o sorew and
wisher in the lakeral femoral coadyle to reconstruct
the LCL and the PEL. The wanel technigue was

W

Fuamd iamaideps
k-3

Bttt Sevtnemmnd | 229 PRITPRE N I Py ]

hdegrees of e

Fieoar 5, Bxtornal rotaton on deprecss for cach Lo kose star
e sectned. chmgoe A doukls femowal mnrcd ochnigac |,
and wxbnigee §F fangle temoetal masel tochmgeel g e o
Aevion Ackerishs salican s agmicml dffireme oF - 9y
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siirbar e w LeeBugue proposd Iy Kunwr o ol ™
g & wan simplitid et the semiteasdiness boop
tonmed o trivogle amd was socurcd in the Jacral vps-
condyle by 1ee of an interfivesee wrew. In Wil
Lalrade o1 ol described a 2=l iechnigue tha o
fered o mory anslemic vensrsction by adding o
bhial tunmel 1o reconsinet  the poplitetas, which
sirvasd the revomnedtion of The  primuary stabilizors
ipepliteus, 1L, and LOLy. Nou ¢t ol.** 10 W0 com
pared the 2-ail techsigue asd the 2-unsel lechnigue,
which was similur 1 wechaigoe A wasd in oor siudy 11
wie vnivided (hat the recopsiructeon by the -l
techrigue enby sircead the ncumensdtion of the atic
sohilizing siravames o the LA™ Hivrover, beah
tevhesyues resoned the cxiamal rotalwen fasky al ¥
and P of flexion and voros laxily o 10 oamd M1 of
Nexion, whivh dhowed no sigaifvant dilfrepee by
e the 2 wohmigues of ecoxstrucion.'

The apatomy over the Ltersd snde of the knce was
lirsd dewaribod in F9R2 and was divided inta 3 Ly o
Trem superlivial w dvep.” The biomevhamive of the
PLL was then stibed by seguential aoviudning of the
varioals strucibes i cadaven, ' 70 T Froo thae stud -
ws, the LUL was fouwd w be the primacy restraunt (©
varus nwsemeat. The PEL and poplitew. iendon were
reported 16 penisd esiernad rotation of the knee. Hoth
e ACT. amd PCL served sa sovomdary Tesraints W
varus angulalion and external rotation. Moreover, 1he
sructures af the PLEC wore combderad socomdary ne
sinunts e posicnor transkation: owr siudy showed -
weased postenod tramlation afler sectiomnay af the
MA° strutones.

Brinkman ot ok Juabtiaively documenisd the
insertion pevawtey of the 1C], urd poplileus tendon
and fouend that the poplitens tondun imerted ansuml 11
mm distalby wnd 3 mm ather antenor of postcrior
to the [0, Therefore it was concloded thal the sin-
gl femoral wanel wechnique coukd nol seatone the
cormal anatensy. Our sy showed tha the siogle
fermowal wamre] wehamgue Jid not compluicly rodore
the rotational laxiy o the sectivond knce and il wan
inferior Be the double Fenweal tuoncl techngue w
woll. “Ihere won o signiticasce diference in oxternad
rotation and varus angulstion hetween the intact knee
and the reconstricied knee with the double-femaorl
tutwel techaique. The reconstruction with the double—
femaoral wnnel technique iocluded 2 femoral unnels
with 2 separate limbs of soft-lizsuo graft to simulsie
the Function of the L1, and PFL., which expisined the
cxperimenial ramlts of better rotational coatrol, Apact
from using teadon graft from the tibislis antenor far
r uction, the Fin has sugpested using

Avhilhy enden sHoprall® or spdit Achilhes wadon
allogralt™ N revoesdraction of the PEAY with 1he
doubly Ferurad twamel wvhmgey.

T o igation syabom developed Tor AL pecune
sructing witihd waisd the surgenn in evislaating an-
Weroposerios Lranslation and rlatson displocement o
Y amd ool flevion Given the asecurde mcasre-
iwends provided by the seademe. it was wecd in o sndy
L mesune knee kisematics, Another software pro
gruny i 1he pavigalion sysiem ¢ Brainl ab “Total Knee
Replacentent Sysdtem, vemsion L 1w wsd (o evolu-
v the eumetts cifevt va vane anpublaion. The
real-tiow changes in knee kiacnution prosented by the
sysem provided valwshbe infimsion fur the sepeon
1o caamine the inuel, soctioned, and recenicied
knces with patienis umler th Thwrelore the
Ravigativa aystern mey b wseluf in the clinicad -
Ling. and ibs shoubd by tarther siwdicd.

The cadavern: kowews an thin atndy were diaed by
tuemalin, which caused 4 limitation e thy 1angy of
smctiun and the degrer of Tgansent Laxiy. However,
this acgalive vifect wa avouded by cuwch xpecinien
sorving o it owe contel The nwasurcinents were
conductad i the same Kove Gor -4 comditions including
intaet kove, sochioned koee, wd reconsinicted koo
with both technigues. Aihough allograt with the
sanw dismoter was weed i s sludy. we would
suggexl that artifivial walerisds should be wsed in Tu-
lure sudies to control thickpess. proservation, sad
vlasirony. Asather hmatabion of this sty is tha the
humechameal est was st shle o fully sinwlsic in
vivo camditions. Marcorer. the function of the Jy-
pamae slabilzes war ool whirosod i us sudy,
During PLA7 revonstructiony in humrwas, e andesior
farmh of' the grafl is tinncled deop 1o the hiveps femeoria
lendon inscrlion and odjscent to the maive LOL, b
thiz provedure could it be repeuted 1 this tudy
bevatme Ihe mumcle wine of twe biceps was aben
Lurdly, grafl bewling aml maurativo, which are (e
el impartant chigical roaes, were ot thyesligaled,
In this Mudy the real phtvsialogic condition could sot
e smulabed. Bl the tesied condrirons vould by se-
loted clearly. Therctore Ihe rosulis were eproducibie,
which (acililatex the experiment to determing the dif-
ferences beiween the 2 rocomtruction techniques.

CONCLUSIONS

Hoth techniques of PTG in this snady
showed improved stability compared with the PLC-
aectioned knee. PIL? recomtruction with the double-
£ | tunuel technique shawed better rotatianal sta-
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Appendix B

Sports Medicine, Arthroscopy,
Rehabliitation, Therapy & 'l'p:cllnology ;

Review
Knee stability assessment on anterior cruciate ligament injury:
Clinical and biomechanical approaches
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Sparts Macitina, A o & Therspy & Technalgy 1009, 120 doclL1IBAIFS02888 100 ooeeed 17 apns 2008
This arciche W svallabla from: Map i T i 4 g
B 0% Larey ot nl, diconwon Biotied Cariral Ltd.
mnmmmmmmmmdmmt Liciwvin (hdtprth JLi3y.
wivich pirmits una, il Ny i, g thy originsd wock H propardy dusd
Abstract

Amecior crucate ligament {ACL) injury is common Ln kres joint accounting for 40X of 1ports
njury. ACL injury leads to knea inacabiicy, thm-.mdomndln;hmmhliqumu
would be useful for dagnosih of ACL Injury. u and
MWﬂmsMMv&hMIManhAﬂ
lﬂuqanddtemuﬂanbndhmmﬂqmwdnwﬂwmdﬂnm
Secondly, saandard cinlal b Y MaRLUrtment rd motion andlyus

for funqdonal we revicwed. Ovthopasdi and ad with relatad
Wwﬂmummdmmduwdhuwdﬂmdam“mmlwACL
injury patients.

inooduction reconstruct the ACL a0 order to restore the knee sability

Spors infury is common, canking Uie sccond highest
[21%} in terma of cause of injury |1] and teadlng to long-
tesm disabllibes and handicaps especially in patients with N y studies sho
hovee injuties [2]. A g all sport-relaied knee injuries,  ACL consists of an

and rewurn the athleics o spors and active lifenyle 8]

{ that 1the intace human
Ital {AM) bundle. and a pos-

one.fiflh (20%) Involves the anterion crucrate ligament
{ACL) - the most commonly taumatized suucture 3.
AC). nupture results fn knee insabillty {4], prohibits the
athletes back o sporia, and resuliy in carly retiverment 5]
Conservative | can hance the sense
of sahility and rehabilitation, but not tn oblective oul-
COME AMELIMENL |6| aod rate of returning o spons 7).

Therefi nty are aften prescribed 10

werolateml {PL) bundle [9), while some swdies even
reported an intermediate bundle in between [10). Biome-
chanics studies showed that AM and PL bundles mainly
contribute 10 anuror-postorior and rotational subility of
the knee wespectively [11,12). Traditonal surglcal meth-
odl tmploy a single bundl: bonc-patellar-tendon-bone or

. Lhe hods provide
good muurloe to arll:mor tibial loads bur not 1o rota-

Page 1 i &
(Page fumbin ot R BAANN farpo.sea)
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tieenal loads |43 Thosctore, the unigue anatamwcal and
bioene lamics chars wenstices of the two hunadbes provide a
rationake o the recent cmwrge of anatemical Jdonblke ban
slhe ACT govonsting on approach (140 05] o0 beted mime
anl sestore the anatomy amd hiomechanis of the it
AL the weoomstioeted kiee [1.2] However. ths adean-
Lyx of naational statilitg has ned been winkeh preacid on
tiving human

Retasaing o kigh lovel ket tiviee soan ulinmate goal
for patient who undergors AL weconstiuciion. FHowever,
stambandizcd and objoctive crieia o assess athlcies sale
retun-toespants e limed Tuncuonal knee stability is
proposcd o b one of twe hey Tacton influcocing sake
et toeapents [in] Before  wcommending wovon-
strncted patients o et 1o iy with preanjury kevel,
grrend ey stabiling should be anained when poiforming
simily onfield movements such s aop-jumping and
culting i the laborstony seiting. Therelore, functional
knee stability evalused by hinematies asosment defi

nitch prowides valuable information on standardiestion
fire vafe return b spons, This anicle noviews the knee sta
hility assessments for inpuey Jigggnosin teatinent wvalua
e and bong wom standand for safe wotssn Lo-spaonts los
AC) deficient knee. 103ims o provide the basic introdue

ton in kace biomechanics and the imponance of stabilisy
asscsaments [ur orthopaedic surgeons, phystotherapists
and scientists with related background.

The knee and its movement

The lower extremity is composed of three majors joints: the
hip joint, the knee joint and the ankle joint. Located in
between hip and ankle joint, knee provides balance and
transformation of load of bedy cven when we perform a
rapid change of speed and direction. Study has shown that
unanticipated cutting maneuvers would increase the risk
of non-contact knee ligament injury due to the increased
external varusfvalgus and internalfexternal rotation
moments applied to the knee | 17]. Even in straight run-
ning, the ground reaction force can be up 1o three times
the body weight | 18]. Therefore, being with the function
of supporting the entire body weight during stance phase,
kiee is one of the most vulnerable joints suffering acute
injury {19] and long term development of vsteoarthritis
[20.21).

Anterior crudate kgoment

The anterior ensciate ligament is a band of dense connec-
tive tizsue which courses from the femur to the tibia [22].
It is a major knee ligament 1o stabilize the joint movement
against anterior tibial translation 23] and roational
loads | 24]. While Norwood and Cross [12] in 1979 sug-
pested ACL to have three separate bundles, most anatom-

Figure |

An antarior view of the right knee, anterior
cruciate with anteromedial (AM) and pos-
terolateral (PL) bundies.

are the only two components of ACL (Digune ] The AN
and PL bundles behave diffecently in lengih |27] and in
site force |1 1] during passive flexion. Due to the different
bony orientation attachment |27] of the two bundles, AM
and PL bundles are responsible for resisting anterior tibial
load and rotational load sespectively. Biomechanical
study | 28] revealed the ultimate load of ACL 10 failure can
be as high as three times of the body weight. Video analy
sis |29] reported that ACL rupture occurs within 100 ms,
indicating a huge explosive force acting w the knee joint
during ACL injury.

Biomechanical presentation of knee motion

The knee joint motion is the relative movement between
the femur and the tibia. Theoretically, it is capable o a six
degree-of-freedom mo : both t 1 and rota-
tion in three body planes. Clinically, excessive mation in
specific direction (anterior-postesior direction) during
physical examination may be an indication of knee liga-
ment injury [30). The reasult of these assessments is often
determined by the subjective feeling and experience of the
cxaminers. Biomechanical presentation of the knee
maotion, instead, provides precise information for com-
parison between intact and deficient knee when assessing
knee atability. To describe the g I i
Grood and Suntay [31] proposed a joint ¢ ae sys-
tem for measuring three dimensional tmnslation and
rotation motiona of the knee joint. This is essential for

ical studies [25.26] agreed that AM bundle and PL bundl

tudying ligament injury as knee ligamenis govern the

Page 2ol 9
[(page number mul ior arielion purposes)
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motion af the knee. For example, ACL rupture would icad
to excessive motion in AP translation and tibial rotation
122} In cadaveric study, it is also suggested that an iso-
lated excision of ACL would increase anterior drawer and
tibial rotation in both flexion and extension [26]. There-
fore, a well und ding of knee ki ics assessmenls
is erucial for the said purpose of this study.

Contribution of knee stabil
stoges of ACL infury

Figure 2 shows a management model for ACL injury, start-
ing from spon panicipation. Most of the ACL injury
{approximately 70%) occurs in sport situation [32]. It
often appears to ocour in cumpcnuve sporta such as soccer
and handball, which involves | g deceleration and
rapid change of direclion movements ]33| When injury
oceurs during spon activity, athlete mlh ACL rupuure is

y ot different

Diagnosis of G
apesIment

Accurate diagnosin of ACL injury relies on injury history
|36). clinical assessment |37] as well as advanced imaging
tn’hmque [38). Being different from others, clinical
asse provides a stability « ol the injured
knee 1o test if excessive motion exists. [t varies considera-
bly within the normal population and a greater motion
would be found in hyper-laxity group [19). h is always
recommended to compare the motion of the injured side
1o the nuumal side |40] il the patients have upilaeral knee
injury. The potential limitations should be kept in mind,
including the uvanconteolled furce applied and the reflex
wesistance of the patient becauze of anxiety and pain. The
first clinical examination after an acute knee rauma is
sugpesied 1o have a low diagnostic value [41). Therefore,
clinical asseassments should be perfonmed by skillful and

Hgamant injury - <finical

confimmed afler an adequate disgnosis by onthopaedi

: 1
need

xp r. Several typical assessments for
Al 3

specialist. Either operstive or non-operative nis
[34] followed by a rehabilitation program | 35] are advised
to the injured patients before they can safely retum:-to-
spons j16].

Knee stability assessments contribute three main roles in
the managemem model for ACL injury - (i) dinical
assessment provides a quick and reliable way for the diag-
nosis of ACL injury. (if) Intra- opemtive astersment ovaly
ates immediate elfect ol operaine ieaiment and
conpares Jilferent iwecomtrocsion swechnigues. (i) func
mal asesment wis s bongterm pudelines during o
atter ichablitaon progeun, indicating if the smhlete »
fully seconcred in tema of stability o pre ey activity
fovel These thooe main sodes are then chiborated i the
following sections

Sate et apets

Spasts p p

e

s Comicsl 7 lveparave | PymsSanat

==

Fipure 1
A management model for ACL injury and contribu-
ton of knee stabllity assestment bafore safe return
to sports.

B g ACL injury are demonstrated helow

Lachman test

Lachmman test has a high accuracy for diagnosing ACL
injury [42]. Before the test, the examiner should ensure
that the tibia is not subluxated postenosly 1o avoid false-
poditive result in a pe cruciate lig t deficient
knee. The patient is asked 1o lie supine and the knee flexes
aound 30°. The examiner stabilizes the femur and
applies an anwrior loice on tibia withou sestoiming awial
ratation {(Figuie 3} A positive resuBt of an ACL deliowent
knee will be preseased with propricceptive o visible ani

nod wanshation of the ybaa 43 Ihe amenor tanshiion
al 1 mm w5 mm s detined o grade | lasity. o mm o 1o
o as grade 1, and greater than 10 mun os wathowt a Jds

placement Timin {end point) as grade 10 [40] Lok point i
Tuither graded as linm. marginal o solt

Figure 1
Lachman tast
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Pivot shift test

PPivot shift test is relatively complex since it is a combina-
tion of intemal rotation torque and valgus torque [44].
‘This test is highly dependent to the technique and expen-
ence of the examiner as the result is graded subjectively
according 1o the knee Jaxity. Howeves, a positive result for
the pivot shift test is the best for ruling in an ACL rupture
[37]. To perform the test, the basic principle is 1o apply
valgus torque and intesnal rotation to the leg. The test
stars with the knee in full extension and then gemly
flexed to ahoul 40" (Figurc 4). A positive pivot shift test is
defined as a [ 1 subl ion of tibia during
change in direction. Tt is a reproduction of event that
ocours when the knee gives way because of the loss of ACL.

KI-1000
This is an instrument that has been developed for an
objeclive measurement for knee antenor-posterior Laxity

1, Therapy & Technology 2000, 1720 hitp/Awww smariijournal comicontent/ 171720

« Compuler programs which inlegraw these images with
suigical infonnation and assist the surgron duiing the
operation.

Navigation systems improve the accuracy of surgical pro

cedures [47] The computer provides information of the
real time celative positiona between the instruments and
the hone to assist surgeon during surgical procedures

Moreover, by locating joint centre between two relative
bodies, it accurately measures the kinematics data in sag-
ittal, coronal or tansverse plane (Figure 6). This tech

nique has been utilized in the total knee replacement
surgery to guide the balancing of ligaments [46]. In the
same way, computer assisted navigation system s
employed 10 collect intra-opemtive details on the laxity of
knee in Jifferent planes both before and alter the ACL
reconstruction |48). Therefore, it would be a good way to
assess immediate effea of ACL reconstruction. especially

on sagittal plane. The patient lies in a supine position with
knee tleaian of about 20° 1o 30°, supparting with a firm
platform placed proximal 1o the poplitcal space. The
patient is told w relax in this position. ‘The KI-1000
arthrometer is then placed abuve the tibia and attached
l'tmly by two bands. After th: zevo adjusiment, the

ter is pulled to the tibia in oder 1o
provide an anterior force [Figl.n: 5). An audible indication
will be noticed at 15, 20 and 30 pounds of force. The ante-
rior displacement is measured in millimeter while the tax-
lty is often presented in side 10 side difference.

Computer-assisted surgery has gone through lots of evolu-
tions in recent 15 years. One of the technologies for ontho-
paedic surgery s the navigation system, which has been
applied in spine surgery [45] and total joint surgery [46].
1t has twa basic components for ACL reconstruction:

* A st of optical camwra o bacate the snpical joim and
fanb. and v create A piane or image ol the cperation site

to compare single-bundle technigue and anatomical don-
ble-bundle technique in terms of antedior translation and
tibial rotation,

Novigation details and measurement
Fluoroscopic navigation system [47,49] is based on the
pre imaging data (hoth AP and lateral views), such as
computer tomography or C-arm shots, [or the model for-
mmnn o lw (Iupla-r ed in the computer sofiware. A
[ d reflective markers dises is
aim attached 1o 1hc(‘ :urn image. By holding the painter
to the known anawmical landmarks, the surgeon reviews
the accuracy of the images when acquiring the AP and lat-
eral images. To accurately locale the navigated tools in
relationship to the selected anatemic landmarks, surgical
instrument with passive marker spheres must be fixed
securely 1o the patient’s femur and bia (Figure 7). Opto-
electironic camera system with infmred light-emining
diodes tracks all passive markers throughout the surgical
procedure. The line of sight must be guaranteed once after
the navagated procedun stants
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hinagy fiee mavigatien |50 has been widely establishied
woenth . Bsed on the inua opectne ke alignment
measurement stich s kiee axis and joint lines, the sysem
provides vidual itlunteation of the anaemcal sinsctuncs
Wath the snformation after digiizing the cantilage siniace
of the lemur amd the tibia this method combines the
existing moddel and patient's kiww s delined by surface
mat hing

Fert Basth Muserponcopric and image frev mavipatkons, sinee
o efenence base i fived cach o the kemur and the tibia
the relatrve mation in spase can be messuned procnchs A
few stundics have reported the validity anad e lability of the
navigation system Tseda ct al |50] vatidated the naviga

Figura &
Kinematics assassment during ACL reconstruction

Therspy & Technology 2009, 1 20 MIp. e smertounel comvcontent: 11,20

Figure 7
Famorsl and thbial tranemittens are inserted into
bone during navigation process

vt svstemn b ool tunmed pls cment i double bun
b a1 gecomtnaction wilh ineotion analvas soem
(higital camera) The sverage differences between the twae
menmcment swstems wore less than T los both AN aml
1 wnnek. Another sindies vondecied by Atagtelli vt al
I 1] Peagle cv 3l [92) and Colembaog et al (93 wwepeatcd
thal novige 1 sastem v whable 1o guangify e Rine
mabcy dunng statnlity examinanons. pansoolady ot
sibing of compha talalery paicias such as pi
toat Thi suggests an weurate
difkes

1 shali
o precise ovaluaiiene of
techniques af WL woomstie tion

Long term svaluotion during end sfter rehobilitaucn -
functienal assessment

Pavsive and actoer tnitisn

By appiving a centain Joiee on spevtlic Juedtion 1o the
welaned knee, liganent iy woukd be identified ot laan
is Tound when comparing o the other sidke This is 2 vl
clinwal examination for sispected kace iy withann
any paienls wive meaemont. Phiaveoven o ma not [
the best asessment when it comws 10 the chabilianon
sbage alicn o rative trement s cline M examinations do
n prodiee sulficient force G stimulate phwsical activin
JH0). The wlimate poal ke clinkeal resment i spants
medicine s 30 allow patients sale swetom eoaports 0w
Alser suppested that funcuenal knee statuliny should be
of the critera that deweemimne & sale il sports | 1)
Boimge dilferen from statie knee stability ol such as K1
o b pamie lunctional ot which mimies el pane
siuation dursng spons, invoeles patients s ke strength
andd eutomuseula percepiion. demand of spefilc mray
ment and conlidence {or petfonming. Lo monor the haee

1%
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strblity dhipingg thiis spaocibe Aot mosement mstion
Al it gound won e ey

Optea! moton analyvm wath ieflective dun marker

Patients wab v anpun can be assossed usvingg metion
anabvais befine and aler W pvonstmictne e fene
thomal sy
a) which isequupped of mone thas thiee high specd o
wres Al data prosessing soliwaie. poasding 1« % m)

capiuiesl volume  The thew disnemsional voussdienes ol
nime mithmeier Yoot maghers can be revognered in
e captuicd v ¢ I means of infia ed light comating
cameres. nthe centie of the caplued velume Torce plaes
e placed cn B kevel imconder toalleor gound wa

ten Dot e dueiae the movemem .

Mather mvnlel o essential Tor motien anaivais B vonsags
el wveral efleoive shin markess that depaond on outome
pravameters Histaris veal |5 4] adeopabw methond desoniled
In Vaughan v ing howe joimt hincmatios 1l

twen mathens a k eon anatomic al Lndmarks ol loses
exLen apane (ASIS)

preater trochanter, Latesal leimeasl vpicondvle, tibial tubaer

e Laeral malkeolus, heel nw il head Vo un hoth
shles and s o (Figore ). Belore capoeing the dvoaumi
maovement. antheopametne day which i lude weiehn

ASMS breadih and thigh length, medihigh cicumbencode,
calf length, calf circumfi knee diameter, foot length,
malleolus height, malleolus di ot breadth on
buoth sides, are collected.

s inw ludimg anterion superior il

ARer data collection, the evaluation penod should be well
defined and trimmed. In clinical practice, stance phase is
chosen far evaluation due to the landing risk factor of
noncontact ACL injury. A standing tnial with ical

Figure ¢
Harker set of motion analysis asevsment (Left to
right: anterior view, posterior view and lateral view)

sunch as thaton angle, tibial fotaton amd valpos angle aie
calculated using progy ing soft . Anthroy i
measurements combined with thiee dimensional coordi-
nates from standing trial pravide joint centre position and
axes of joint rotations. Joint Kinematics is then calculawed
from the position of wflective markers dunng the move-
ments. ’

position is needed to define the offset degiee for all sep-
mental movements in all planes. Kinematics of knee joint

Gait Laboratory

The dynarmi

Dynamic mavement should be clinically based and spe-
cific 1o the reseanth objective, ACL injury would lead
transi I and rotational instability. The movement
that pesfiamed by the ACL Kelicient and Lecomstiuowd
paticnts shoukd be high Jomoanding, pving o ottional
amd valps steess o e knee Bistatis o al [54] vanploy o
combined movement o wwssaong AL deliowent and
wvnmingcted paicnts The movement involves umpany,
banding, prvoding sl ienning. Dhe patient is reguired e
fuenng fonwaed T A0 0m hieh plastornm. fand waths baoith
feer prvet 1othe st lele a0 200 and un v waith
then masimum specd It n tieated w x high demand ot
uwvity o whisch the movement bas o st 3 high sda
tiomal strews do the knee Jduring pivetsng,

The injun mechamism can be oanoimplic on of how we
sy ACL inqury paients 1L weponted that saer JiFa el
AL npery oxaun i sean oonbas ot situaton [ Tyune ey
whivh invalves landing, Jevelenating amd hangng Jeses

nen [ 33 I the paticat has good stabilioe dunng thes
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Figura 10
Mon-contact anterior cruciate ligamant injury

high sk’ movements, it would be an imporant indica-
tion for safe retum-to-sparts. Therefore, movements such
as V-way cutting |56] and 4-way jumping [S7] mancuvers
are useful 1o assess the knee stability In the cutting task,
matients are required to run and cut with single legin three
directions: 90° cut, 45 cutl and crossover cul The 4-way
jumping task consists of straight run and a 1wa-footed
landing followed by a two-footed takeofl maximum
jumping in four directions: vertical, anterior, right and
lefi. After data collection, stance phase is timmed for fus-
ther evaluation Kinematirs and kinetics data will be
measured {from the motion analysis system and the force
plate. Both injury (deficient or teconstructed) and intacy
knee should be assessed since comparison is Important
when investigating knee laxity
.

In most sitwations duting spors, movements such as
landing and sudden change of direction are often unex.
pected. Planned laboratory experiments and actual ath-
letic competition would result different biomechanics
performances |17]. Biomechanics study has also shown
that unplanned astting is identified as a risk factor of non-
contact ACL injury [58]. In order to investigate this unan-
ucipated effect, a device containing photo cell receiver
with light source is instumented across the unway
When the patient passes through the device, a2 rand-
amized signal will be generated from the computer con-
necting 1o thedevice. 1t will then create a visual cue for the
culting and jumping direction through a monitor placing
in frant of the patiem This laboratary setting would only
allow subjects’ short time decision so that a game-like sit
uation is reproduced in the laboratory

Discussion

Standard clinical tests, such as Anterior Drawer test and
Lachmnan test, are commonly used o assess AP stability
before and alter reconstructing the graft. With the help ol
validated navigation system, koee kinematics atability tesy
can be assessed dwing aperation procedure, enabling the
evaluation ol immediate dledt of ACL reconstiuction. The
clinical result in terms of laxity is more reliable using nav-
igation system when compared o conventicnal proce

dure [59] To investigate if ACL reconstruction with

anatomical double-bundle rechnigue betver improve rula

tianal stability, Rabinsan et al [60) suggested that I'L bun

dle was impartant than AM bundle in controlling
rotational component during Pivot Shift text. In another
imra-nperative study |61] in which the surgeon applied
manual maximum force to st anterior-posterior and
1otational stability, however, found no significant differ

ent between single-bundle technique and double-bundle
technique in restoring knee kinematics. [tis still a contro-
versial issue for double-bundle technique Before it comes
to a consensus from diferent research groups

Patients with ACL deficiency report that they feel giving
way rather than anterior-posterior instability during cut

ung movement in spors. Pivot Shift test is a dynamic 11
containing multiple directional mation 1o assess abnor-
mal joint excursion |[53). Lising navigation system, stabil-
iy in terms of routional displacement and anterior
translation can be objectively monitored during Pivor
Shift test. 1lowever, the manual foree applied by the sur-
geon remains une of major limitations in these intra-oper

ative studiex [53,60,61] Robotic testing systems have
been employed in cadaveric experiments to simulate Pivor
Shift test to a combined valgus and internal rotatory loads
|44.62|. This kind of equipments with contralled manual
foree should be implemented 1o the operation theatre for
future study which aims a1 a more scientific proof for hav
ing double-bundle 1echnique on ACL injury patients

For the dynamic pivating movement, the evaluation
period is identified during the stance phase of the pivoting
knee, from the firat contact of landing 1o the take off alter
pivoung Knec joint kinematics should be focused during
the pivoting movement as it gives a high totational stress
on the knee. When it staits 1o pivol, the upper body with
the femur will extemnally 1otate. Meaawhile, the fore foot
of the pivoting leg is sticking on the gsound, the tibia then
internally rotates relatively to a maximum point as a el
(Figure 11)

In the study conductesd by Ristania e1 al [S4], the range of
internal rotation was reported to be significantly higher in
deficien knees than that in intact knees. The authors
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Figure |1

Rotation mechanism during pivoting movement: The
upper body and famur extarnally rotate during the
atart of pivoting. While the fore loot i sticking on the
grnund the tbia nternally rotates as a resuh.

however, did not mention about the other knee kinemat.-
ies data such as valgus angle duning the landing phase,
which might be an imponant implication of instability of
ACL deficient patients. This kinematics siudy maneuver,
which demonstrates a similas clinical resule [63], nat onty
funher confims the rotational lazity in ACL deficiem
paticnts, but also provides an adequate assessment for the
long teim evaluation of anatomical double-bundle ACL
reconstouction.

Conclusion
The knee stability assessmenis in different stages of man-
agement model for ACL injury are imporant in spons
medicine. Related researches on dlinical exami

prreowndiod pus s od kv spoomiens b adviscd o
anatesinal hiwesbedpe. R peded aqupanvngs
Vsl st AN anthees geml nd appaeasad the tinal
LIERTEITLNRIT AL

References

I Drehber B Keaggoan | Canmt bl W9 o W01 Teo (s 8 Meas:
wreiment of sweverity of wports inguries. an epidendal ogual
study. o Befabd JO0, L4RY1 AN

P Debher B G ovsthol §, Shas © Vam der, Ermma 9 Ton U 1§ Longs
sarmm disabifivles and hundicaps follewing tporis injuries: out.
come alter ocwtpatient treatment. ol Akt SO0
FERELRELY)

1 Maeanki M Sonaine 1, Klen 3 Epldenvalogy of athlatic knee
injurias: A (d-year study. Knee Surp Spent (v A JOUS, ( S:089- 5,

4 Vﬂﬁm%m reﬂ"k\\‘vrm” Htrmanj-ﬂurdn

mmnmmd-mwmm MJMMIM.
134264410

5. WGMK“MIDMM.&"MW

cruciate ligament surgery. MJMMMSJMHHI

& Swirtun LR, Janson A, Remstrom P Tha effects of a functlonal
knes brace during carly treatmant of patienta with a nonop-
erarod acute antervior mnhw::rm-nl TEAr & proapoctive
rendomized study. O | Spart 005, 15:199-104,

7 IMC,MC.HMHW anroMM‘d-wlPl.W

of op of anterior
cruciate ligament ~is perits activity & detsrmining
wariablel It | ml 1T304 J0%.

[ | fﬂnl&MZMcrﬁahlﬁmmMWrs
tive and rahabilitative eptiens. My Med Rehabd Cin N Am 2000,

LLE 2

T Peternan W, Jantop T: A of the nr
mtﬂﬁrqudummwu. Chl‘m.hupkhl
4543547,

10 Zarwcxny) B Aocomitruction of the anterlor cruclats lgament
of tha knee wing & deubled tendon grafe. Chy Orthop Rednt R
1907, 120182115,

11 Gabeiel MT, \Nu‘tl U!hn!t 'ﬂ'H,l‘thRI Dhmbuum-l
Ins altu forces in the e L to

intra-operative navigation ACL rec tion and func-
tional evaluation with | lysis sy are high-
lighted for benter understanding nt'hnw these nis

1979, 7:13-26
11 Weao 3L, Kanamon A, Zemeaki | Yag M, Papageorgou C, Fu fiE
The effect] - jar of the A "

contribute to the diagnosis of ACL injury, the immediate
evaluation of operation treatments and the establishment
of safe return. -1o-sports mmu mpmmty The clinical

g vdlh' ings and patellar tendon. A cadaveric
|IIML ior tibial snd I londs. | Boane
Jont Surg Am 2007, 84907914,

14 Hars K, Kubo T, Suginowuta T, Shimau C. Hrstawa Y: Reconatrue-
MeIMMMMWMdeWM

rel c¢ is fur onhog herapists
and scientists with related hukgmund to apply appropri-
ale assessments for ACL injury patients

Compaeting interests
There are no soarces of funding wed 10 assist in the prep-
aration of this manuscript.

‘There are no potential conflicts of interest the authors may
hawve that are relevant 1o the contents of this manuscript

Authors' contributlons

MHL drafted the manuseript, PSHY pariicipated in swdy
design and manuscript stivawre, EPYH advised dinical
opinions for assessing stability, DTPF advised on biome
chanical assessment and drafled the manuscnpt. WYC

Lo 2000, | §840-4,

15 Yap M Kurods R, Nag K. Toahiys 5. K da M Double-
bundie ACL can impr lanal stabiticy
CInOfMIuHAmI 15&100 107.

th Kvise | Rehabili ' 1

Injury: current recammendations far iparts p.anulpqr,bn
Sports Med 2004, 14:265 700,

1T Besior T. Liopd D, Ackdand T, Tumothy A Cochrane | Anticipatory
effocts on knoe |oint loading during running and cutting
manauvers. Maed 5o Sport Lxer 1001, 33:1178-1181,

IR Cavsragh P, Lafortuna M Greund reactien forces in diitance

) Bmerwech 1980, § 3007 404

17 Adsien TA, Cheng TL: Ovarview ofinjuries in the young athlete.
Lpors Med 200), 13:75 41,

. Drawer S, Fuller OW: Prepeniity for cstecartheitis and lowaes
limb jeint I retired profesilonal 1occer players. &ox |
Sport Med 3001, 35:402-408.

I Delizven Ki, Congarna A, Sebutanelt W] Arthwofibrosla of the
knes feliowing ligament surgery. Imb Coune Lear 2003,
51: %301,

72 Duthoa VA, Rarea C, Abrassant S, Fasel JH, Fratachy (3, Menstrey |
Anatonty of the anterior cruciate bgament. Knee Sarg Spernt Ir
A 2006, 14204211

Page Bot
foagw ourm b Aol for Rl porpomes)

154



Sports Mad Asth oy, F

n

14,

Fi3

1

H

LT3
1}

b1

»o

u

i

11

41

43

Ll

Thernpy & Technology 2009, 1 20 eip fAmwy smertiournal comdonntenli 11420

hxanMuleQr*FﬂThﬁMt-hr:mh&-lg-— 4 fasmn B Beins 3 O nd e Agpath n THA
ant — & ik atudias | ﬂm-‘mnmd-mnm'uhg. ey Ovvhop Madet A 2004
Bons fat Sy At 1978, SRV TR 188 4SLITA M.
Fu FH. Zadu LA Mottt b ol tha lnas oG it +F  Hulner T, HMeler A Kendoff D, Zachen | Zelde BA, Fu FH, Kretich
carTEnE O-O-d-phhlwﬁ 34 C.ﬂ-ubolnnlplh-hhn-wwmdnnhnbnd
Lem 3L W e doruad borvas bk ba  Opet Farbn Orspondo
iy kha ] eman I’Mnmdm Try's Hoapial Meifion- 1004, 15: 044
m;::‘m Sy Awe 198, Sy IT15-4224. & Keh f Comp hgarkon and . ok
K Fonslam A: ThmH.Ws-tﬂu ;53“‘"‘ o ok Orphmparch
Mt N e nd by S, 8 Suppl 10 S0IR-51042,
sha, (B Orvhep Redat & | 975204211, 1 MMS.IWHLGM-S.!W[I‘M? Tlu"l l!nui
Holw 1, Takew &, Adams [ MSWWSLTMMM' Ioh&." ',' of M opk r
kepae nchn s muhl—.ﬁﬂhmlr L Yon. Opae T prales FO0S,
ot Iy M winedy, J Bamed Eng VDTS,
1991, 111308114, 0 Tods E iwbaby ¥, Fuosda &, Twheds H, Toh & Yaldation of
Wing 5L, Holin M, Adamy D] Lyon RM, Tekw §: T anube propert bavwad dhiubba—boun di iy Intm By
afl g [ A Com- receniiracthn. Driwpedo 1007, i Tkl 385140,
phas. The alfacts wl apuch + bon. AmjSpat  SI nms.zhmnlg-oms.m Plarcaeh M Ylbde-
Med 1991, IR TI5 Gon of & new pr betad of
X o T, & I bng L B 2 B sl theo of deinlibundin ACI Cin the
tyols of ot late By jury rrachank mah X004, 3 1ITFRTNT.
L bonsd  rrastien th I i 5t Py AD, Sobwmon D) Werach T, Morssu-Gaudry &, Grandte £,
fupptmtad  Souend | Mo S0 Bpow 2007, 11558519 !Md:m 'I'l..Wurm IF l.ol'hbﬂq of navkgatad nes siabid-
Woo b Db L Withrow L Januhai Mt Bioinachanics af ke wy - Am | Spart Mo 7007,
fgwervamis. Am | SporiMad 1999, T7,502.541 1955300
Grood E, Suntay W. A jokst casnlinate sutens for tha clinkal 53 Colombat P. MLCMrnn.gMPWp Using
dascription of i il Aonal dom to the during ACL
fraa. | Bwviad Eng 1992, 195: 126 144 mmll.md.n. Cin Orsbop Radet R 10T, 434:5% &5,
Sauth B, Livesay GA, Weo 5L Blokigy tnd blomachanics ol the 54, Neara L, Gains G, Papageorpou GO, Morsits T. Sargow N,
antarbar Cruchiron Rgarmet. T Spat Med 1993, n.nuro Georgoun AD: Tha silects of anteriar cruclats Bgasmny
Hughia G, Wt } A& rinir-farter rsdal for r wn el rolndlon durng plvodng after
Tigarrein € Wty Spares Mod 2000, Jict L1428 wtalee Eppe Jurg Spoer Tr A 00D, N1C340- 1S
Bayrraar BD, jobnon B) Abste JA, Femary BC, Ndwht CE Treat- 55 Vndmc. B, O Cotwer |- Dyvwema s of Human Galt € aps Town
vt of antarior crudiate Rgumant inlrh, part 1. A ] Span o Xoredhos Pushahvars Ch 19T
Mad 1005, 34157 40T . Wﬂ.ﬁ.mﬂ MCA.H:? DWW, GﬁH&thﬁlﬁ
Mywr G0, Patema W‘MK&Q\MC&HM«IE mu- M‘MMA‘:  — d ¢ T
leatten after S Tr & 2005, 1 LDIT-304
Rora-bdctand hr-mm-ﬁn-wphu?} L S"IC. mcnmr 'I'-i\‘! Ml&mtﬂ.l-ﬂmﬂﬂ The
mwmm T M3 407. ‘nt ul ek & el
Km m‘tﬂmm"ﬂm&.w& beal oy A alﬂhhndurhllu.hhl
of Injuries Armiate the wury
In spart lmlmhm-udml:ll‘l—. Bk | Sport Med 1008, rechembhre Am | Mad o0k, Jdit3-54,
11119 [N Lu-tyl.ﬂ:!ml.ﬂuﬂq Moy C: N rorvi sendar and lowar
Omrownd [ Acourscy of 1 diagresthc tasts fer antarker crus vy b wkt b male end
chats Sgustunt taars. | AW Trining 3008, 4l 20- 131 faralt afits sdolacent soccer players du L R iriediid
flms D, Toms AP, Guryweryod B Hopgood B HR begiog =0 pratard shibi—cul irkAwirver, Am | Spert Mad 1007, 15:1008- 1900
saute pelwrbor crucists Sgwiveat njurkes  Koee 2007, 59 Pwersid S Cural | Mool P, Markoa P Anterksr « ruckats lyganast
Itln .NJ' ao P e ngvl - wrudy on #9
A, Arordt b T, Gar patbunte Am | Spon Med 7004, J454)-S52
nnw'cm.mt mrammmmrm 0. MLCM‘MLMC Colomibat # bnfurent & of an terior
baun B, Pl L Moldeinost G, foon b, Roos b, Sommaech P, St o on hnes bn L Bkl
L Wernee 3, Woprn £, (Wt Nep-mhnaclbpn- walmg Pul by bk gation. Am | Spart
n femade Mod 2007, 15 2008- 2051,
current tontepin m(_ wu.maumq JHdl). 41 Faovetd A, Monweo Ll..daiml. Coummaducs F. DoCMADuhh-
I.nbomﬂ'l. M‘ldﬂldc-mw*:_& et rl I B Lo
lor ity of dw MMMumqw[m(omq. Am |
Ivwn. Am § Sport Med 200U, 36577504, Spoy Med 2000 18 T0-Tét.
Frobell L Lohmander LS, l.oo! HE Acute retetional traems to &2 Bl AM, Arsdersen HN. Barro O, Twrgent | Arwa AAC Incidances and

hh-pw__

_Tu.m.m
Jomsson T, M[MLmFChkﬂMﬂol
af the

LT

machanbm of the phret shil An in vitro dudy. Chn Grthop
Aglet W EPPRZLE00E.

Seckratd B, Dwhler . Eigrt T Prospar thes rendlamiced romper
Iwn of m« rerv alluh-t-umih saterkor cruchate

up! - y T008, T4 107-143
oy ol ths Lathwran d\dﬂulﬂhbr&nsrlhh
1 o Med VML, 100100 HO2
Torg A Conmd W, Kalan ¥ Clinkal diagroals of sntartor snsh
ate Bgervant Inrcablifty in the athista Am | Sparn Maf 1976,
4lied)
Karapnac A, Lonerah) | Rody TW, L G, bu FH, WonSL IMM
alnhltbhlw.onh‘ than of the
d sewndy of n slrrubsied plvor dhiit

tusk a-ﬁ.ummz. unm

L mn) navbga e 00K
Ilguppl L ¥

Pagegofd

e s nl oy LG [t pod o]

155



Appendix C
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Knee Rotational Stability During Pivoting
Movement Is Restored After Anatomic
Double-Bundle Anterior Cruciate Ligament
Reconstruction

Mak-Hatn Lam,”' BEd, Daniel Tik-Pui Fong,”!' PrD.

Patrick Shu- Hang Yung,"! FRCS Ed (Orih). Eric Po-Yan Ho."! FRCS Ed [Orh),
Kwai-Yau Fung,% FRACS (Orth}, ana Kai-Ming Chan,"' FRCS Ed (Orth)
investigation perfarmad at The Chinese Univarsity of Hong Kong, Hong Kong, Chita

L el Trwe roat of knee olatanal stabidy siet analan o dolble bundie anlera Srucade agamentl Gl e e
atruclion has beeo demonstraled o the caxaavanc madel and with passove atiess tesis an bumans tut nod y ol walb dynamed luree
peral somechancsl tesls padarmed by human pardeipants
Purpr Ta prospactreely vwestignde the rangs of titeal rotation of ACL-ded: d ol ACL vucted kewea durnng apreling
bk, The authors rry-pﬂhm:ed 1hat thero woukl be 2 wgndicant icrease 1 hbabinleenal }atalon v e ACL- dehcient knee cor-
pared wilh 1ne conbrafolersd knee powd thay (he ncraased rolafon would refurn (o normal affer anddomic goub.e- Durvde ALL
recamdruciion.

Study Design: Cane senes: Levo! of evidonce, 4

Methods: Ten men with ACQL nury pert a hxph-demand wmp-unding ond paobing kase before and after ACL
recenstruction wih mean foilsw up of 11 menlhs. The lange ol bl rotatan of the nwrad. ieconatncted, and stact kneeaduhing
e puohng m 1 S d Dy an ophcal makan analwss cystem Paved f lesis wers performed o inveshale any
WAL dierence Lalween the 2 himbs preoper alnmely and postope alivaly and wittun Lhe mpuced Lot Gofore and aller a sar
gicol teatment, Shalatical ngekcance was set ot & 05,

Resulte: The range of Nl rot.\ibn Was et o the Al’l dehiienl wies (12 B
opaatesy (P - 03). The kan was roduted i Lbe strocied knae (2 8 A0 ) after ACL racnshrochion varaus
M lact knes poslopeenlively (82 2.6 107 - Q5. There was no sgnilizant chiference in the tibal rolatian tebeeen The minl
knee and the reconstructed knee posloperatively (P 05).

Conclusion: As wih 3 dyhamic funclony pealing movement, the andatomic double-buewt e AL recanshuctan sui,

cesafully restores knee ratalonpl slabidly from an mmpaded bvel

Kaywords: kinamabes: rolalonal instabdity . rotnban: andetar Sructlp Sgament: dautihe buadle

4.5 Hhan wire atacl kree ¥ 0 T pre

andt A Pl s rckens 10 Daeed T Funa, Pl Do m
wl Crinecacedcs ot Trawr.Arogy Foeo, ol Wkt Meapkal Taxul,
of Neowase Tne Chndsd Unsatit, of 1iong hong Hong kang Lt
€-reml dhon o cubs oo bha

Cogararent nf Methepar s and Trawncadobed,, Fringe of Yoalrs
Vet Tacuk, of Voetom Tk Chen=, inoesd, 0 Thare marng
Vavey hoAgy ChAn

"Hung hong Jovkey R SEurts Kuahcn, aod | el Sy (s
ve Moo af Metrme The Cronene limcrty al Hon g Reng Thong
Rirkg (eaa

Ch partnernt o Comyaear s o0t Toenedokng, Asco s & Lirg
SweTwrsche HaipEta, eag hong Oy

O of rORe Duther b s, gochaned 1 0 AR prricriel comtct of b
vEL e of Rrding Ths mslore s [riopo o) ace. itk [oodsbes by Loueg-
o ook wed s coreded b et iy ety ks, Chae Churdser Taml

Tra amafe 30 adrksl o SEorH Beoke s W) 41 i &
LS BRI 4 Ty B8 TR o B R
A The durhicna,
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fws am AL excieen Y ety Weee insdatnbiey
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v " T Meroneal devires waome reventiv developed b
vk vy and nntechanwal assezoment of Kows retatioaad
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Laan woere ditfier ne bwtnanen W Ledefiawnt and it
2 the avayg ploee of salking U teemimall
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: mwmnl kners ' The ditfepnoe betaeen the o
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rines bl ot padier st ent ey ot K
wetainelily ov the W lodetiernt Kaa e Tnoo sy asseasing
Fanstinnal stability with o fugh demanad e aweot, tilial
cedption Bain Bnd aal 0 he festansd aler angle buslle
W mometrclan coth ameinng v palellar endin
Aol ' Therdurs, in the roereat study o pivdding
tank was vsed 1o cvalame the ctheet of anatumic duuhh
burdie AL fanatiam Lo,

In witre studives have whomn that anawmie doasble
hapdle WL puendrmtion aeing hametome grafin restores
anferiersprstunor Eranaiation amd axsll odathmn stainl
ity 'Y With this surreat tchnipe clinal etudice s
copurtadd peck peeteratnn ul gl wtabalty and. uteend
reparte f mtcnnes aHer a shortteem tdloweup ™ 7 Mon-
wer o ton Awdaet '™ compured deuble badle aisl
bandle AULL vt and pe g solbpeetine o owenl
Vst i ap o stuinaires for ctulmalon, Blowever, omng
Ahae wdiee, e na - Temted Koo h ©f pidar wrn ok w Batkul-
ey, a et ggded I uhaadne avee t nfirr ]
dusble-bupdle ACL recunstraction, Yol sides  using
dynaime functional actn ity reportasd that rengle bundie
AL rovcetudnn conbl ol meetore mdlitnol sl
wy T Thendire the punea ot the cirremt stinh was ta
prapaitely oveatigat the amgee of thial pdation of
ACLdvFowrsd  and Mcrunetnetsd ks duriog
n high-densiod 1k The cootraluteral oost by W
v s sontred T8 s hvpod iwerred that e sasild e
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Ton men with wmlaterad ML umury nane meeemted or the
Moy B Al kvees i 4 it b, age, 277 3 T
Begghi, 156 ) o, body masa, G0 02 R Al partn

ipamts were forwded oot sporty clinee Whea pate nts
wirc cvotiomed with gnlateral ACL riptiee 1wy wene
acres ned with cotwion entera The ACL rsplun: was
cotficmed s arthnescopy BBD or chinocal cvomisation
v huwrnn e reria i uded e presemce o mipe Iratuoee.
ramples menesal iguey other bpamemtor inpacer of 1he
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rivoluel ke el pre v vennery o clller e Al
Portiapaabs oo perbed bamee ootk ietade 8 g spais,
ared ' v a0 el d
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VLo s et aeels eebateat ol all parts pands o
I Ly rpeerie bt e ven ier woeeh veheee e
eyary Tande Eahowe B joocpe ont e mmd pretogm et
chimeead datn Thae pantie reints o1 onr sty werse e ficsy
B opetiente ke d 1o parttspate The mnvoerets b e
Wikl g poanver] fhe sbudh Divfenaed consenl v
dizigeed foam s e paetig pLant betoee dlee oody

Swgical Tachn que

Tl portupote et doaishes handle ML psen
dArtinons were paoetnrmed h‘\' Yowlhore Yy and ¥l
Wi B manr Thar I8 vesars 0! espdeuene perfirminng?
AL ervopstontions, The upuned ke v st 1 Hae
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At somiteadinoeas tepdons: were Barvesh 4 thauge aa
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hrpidd P eSmith & Nophes Endoscopy Anchver, Massacnn
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peciermed s The aterulderal ol antereemedios bl
portala, After voatirming tie ruptues of ARl and peresolar
srat 0 Lgadtes e sungen debirded the AL sLump
Al destiBed e fdpnats of the AR ad PL baodhes
wilwh werr amrkeil v o cadietreygaeney pralee Mo et
gt of the AU waw wlentiFierd by kaating the loteran
ey i medee and Ghwe Laterad ledunale eafge s sy
wrrted I prevwue andus !

T AM tevwral funet was propared Lhomgsh e ARD
el warh the aod of o teonm efTeet wacke, s guule o
W= phacred o the hipend of AR bundle aad seamed 1
A dieter of 33 mna loe the passgee o thie Eadebition
Xmith & Nephew Enducoas paos The AM buand b »oux furthoer
ranied toa dipmeter sd tee T moy, wad U integsity of the
wuterserey was prosacd e doaosder and longth of tiee
wnnel depended on the gret s and Lk patiend ¢ anat
mrd After the tnet fue the S Bl s areaied the
B was then tlesed te Ve do ey ABE portal
wad ervated urourding te the guodaier of a s neradle,
wa ek fnam e hadlprial o the 1Y, oandle 3
24 o guide pin wae neerted sooonling e e fiadaeing
of the 1M, mandle The P9 Smorad Banner which vaned
troane 3 Qo boaune 1 dhann Gy was e sreabed Bioagh
the soneseory AR poetal by the FEndelurton oeaow ool
The 3 or bomm rewmer Thae b evdyge bt een the # tan
el W at frast 2 oamm

Por the tibial tynne s of the AR and PL ondle. 45
Uthal pge -Smh b Nephew Endkwaup r were
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to uleatity the fentpeeat nfvhe AL The trbial tronee) of the
ML honlle war vrvatod By st o 2 damme g g
thrangh o 35 tibial jig T gode pin s aimeed 0 thee
foadprnt of the ML ol 6 T ooun ants e to e pas
Teruw oruiule hgamend Susdher 23 oum puide o wae
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vanterior and meediall from thes gonbe pon for the P tuniel
A roedicng o the sy of 1hwe erafl, The PL and AR tihind tan
i werr then forther neanwed to 5 or 6 mm and & or 7 aun
in diineter, respectvaly. The tunavls wene deaigoed o vee.
nte it Imewe hewdae of abeat 2 em betnyeen Uie 2 Whial tonnels.

Ihbled geacilie and srmitendinnes tendone sweee weed
fur the B el AR bundle conslpactions, sepechively,
Lirnft pavage wis completed for the L bundle, fullowed
by the AM bundle i3 the frmorad ride. the PL bundic
noae fived by -mm Endobutton loog «Hmith & Nephew
Ensenmnpy . whepras the AR bandbe was fived b 15 or
Armm Eodobeitton bop Fac L baadle ws iensneed at
15 af flexion and thie AR buddle ot S0 of flexion, o the
tibd sida, biuabeorbable intederente sorews were wad
to fiv cueh bunddle individunliy . and staples were med 1o
1% bath geufis over the gwedud surtbos of the Ui Pigges
I sboaw the arthrurope images and peAcperstbi e rindu-
wraph, Arr ACL rveaeteuction, all patients comph Ged
a sanderd rebabulibatun grogrm ©

Exparimental Procedurs

Al purtieipants were (easet] before ansd after ACL recan
srudior, wilh J foliom-ap ot 100 - 339 manthe An optial
it analyzie sytem with 2 conenr s Vieon 824 Yieon

R 1 s TR T

Metion Syateme i2d, Usiord 1 ated Koigdea wae used
th pyurd the 3 dipeensionsal aeratinn meeod nte of lrser
wplerimnilies wl adagtarong Iregqueis y of 1A, hee svels
wue cabbrated o the e day of testing, and the me
nwidual war lews than 1 mm 104t wae not, the swetem
was rrvilibrated, Syachrunized tore plate  medel Q-7
ARITLL Watertewn, Abwsnrho=otil= datn were cdbictid i
the ernter of the caiplure volume al 108G Hz A Th-marker
madel” wam aoptord o colledt Towere limb Eiematirs daring
muvementa. Skio reflodtive sarbters sdiameter, 1 mnn
weer plieed o waatomn Tindoark s nchsding aaberor
AURTE g Apenee, Sleiain, greader tesdhanies femorak
epivtndyle, tibizl tubwe rele, Lteenl iusihootus, heel, and ifth
mudataraal bead on iwdh himbe  Aathoopomotre dato wene
mrasared for K see alenlnton, veelinding ody mues.
anterur aupener lin spine beendth thagh ool calfengt i
mubthugh and ecult coumbsrenes, Knee dameder oot
hevardth and leagth, wold mallobar Beght and duseter,
Mo relbabadits of the overall precedun: has been mepodied

to b beaw than 24 fier w il diy measare Y

Cxpannmatol Task

Vet The mesvment soae prectarmaed. o tnod o sanding
anatemi pesthion war rvndhed Bvery partipast war
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Figure 1. The arthroscope imaged of the analom: double-bundle ACL lrconsln.u:lém_ with posioparative racliograpl 1, ACL

toolpeant of femoral side 8 90 of knse Hlexan: 2, temoral iunnels ol 110° of knee fleoon, vewsd from anter

1al portal 3; il

hne's created by mserlng 2 guide pins with tibal pg at 55° and 45 {or posteralateral and anleromedal bundies. respectvely: 4
grafl passage viewed from anterclateral portal. The postoperalne radiograph shows the posiion of both ihe anteromediat and
posterolataral winels ¢ the dala) lemur ony groxmal Ubra, with Endobutton Tixabon on the femeral sde and bioabisorbable

screws and pone slaples on the (il sde

metructed by the same Lests ta stard woth both Gt ol
shoulden width and 10 thee shyank anel Tt :;‘gum‘nl ta
a mvulral poiitien. This calirataon e pros wbed o definibion
ol 0 [on all 4egmental movements. flath hmby were tested
mdivihaally. The partiepants wese ashed to jump aff a plat
Foeant, 40 cm in herghitl and 10 em behoand Ui Bnee plate, aned
1o baned with bath feet on the grund. sith only the lesung
lind om Lhe fvee plate Afler the et amtact, they were Lo
prvit 50 1o the lateral aude of the vesting leg, which acted
Ax e g prroting. They were then instimcted

o ke du
1o vun away with therr maximum effort for 3 ateps alter
ompeting The piveling movement Fiuare 2

Dala Coliection and Reduction

-

The evaluaton perisd was dedimed Toan the Tiest Gt -
tact o the takeoll of the testing leg on the groond. Foot
contact was determined by the feree plate when the veru
cal grmual-reactnm furce vxcesded %% of the partkipant’s
hody  weipght Thres dimenannal ‘vordinates  of evegey
marker were exponted Dom the YIOON softwine Wah
the anthroporeloic meagunemn
wia then valatated ™ All eabe
g a sellcompmbed poagyam  MathWarks, Ratick, Mas.
sarhusgettss The moan dependent varmable woas rampe of Bl
wl rotatun durng preting movement, deflined as the

s, ke Joant Ksnematics

winn wery conductod

dillerence between the lawest tbwal mternal ratation aftes
landing and the highest Libial mtemnd ratation withm the

tool ountikt pertuh ™ d
L}

Data Analysis »

aired f teals were performed te s estligat

difference betwern the 2 himbe greaperaty

sl et
My and postop
evatively and within the igured limb belooe and ol the
anatonme. double-bundle AL reconsiruetion Poal Lo
prowet aimiads e was cmhscted of YThere was no apmificoant
diffevence between the reconstroaeted knee amld the intaet
wnee after reoomstnction. The level of cemliconee and
Audy pwer were el gt 00 and S0 vespectivels

RESUL TS

Dy the prvoting: phase, the tlia mtemalls sdted to
v e depve | Frrure S Fo ol tibial redatien
theve was a signiieant 1 o I pcrease inoanteynal rol atsm
of the skedicaent ki 1 T26 157 whwn samparesd with tiee
miiel ke i = 4L prevgeeratnels. This monssed ulaal
voltbon agailicantly o P o« 0 deeveas o 89 2 10 0w
revemstrictel ke and ded ool ditfer fran Ut of the intiwt
e 14 2o altey AUL revomitnictien Figure
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Figure 2 The vrdeo sequunce ol Lhe ump-Luxtesy and pvotng 1ask. assessing the nghl knes of e patient 1, mbal coslon ¢

mpady 1, iandawy o pasien, 5, porth-ofl: & ronming

Iosenbing va erernstnang, v compaanl Liwe etartinacied
ik Lot kmes nfler siorpers sl lwd ool Red s covss dein
uprtrating Al probhbog), Becasr thens was po sgmifieant el
frrene hetueen the i atrtctesd Rnee amil Lhe it knem-
Ay peonddructon, poaer analy ssowae cotduitd e et
ferene, 20 voneekibn, 200, and the sintistad prewrer s
vepartad o bae B et the oy

HSCUSSION

Thas atuds demeneirates the aeves-ed titial rufational
tnoseminl ol T SUE el nent ks sl the desluratton
af the mosemeat olter ML reconmactom The ditlersnce
hetwern the intaet and deficent bresen cuppons the lira
Dvpmthemis, whieneas the deceemsed tibied et anik ade
et st Al 2k paser auppit Lhe ceromd Dy jrdhoss
Dur falings support peevind ~tslen aivomoam ks
siatmpal matakhite of the ACLalelicrent knee i Lhe
ALaroenstnactal ko weh the snghe-bandls weh.
nupae. T 1 2 sdies wath protecols simalar o o
wf 1he prewent Ay 7 the thhial entation ol Uhe delwunt
knee was appaficomtly highe than that of ehe mtact knes
Whwrears thieme potsenls were gialntg Lk o wabh afles the
protdg Mmetenl, o vers mabacted 0 ron We
Dol Tt Lhe Lash dnooar siady prascedes o b
Henab strewsr 1o the ke However, the inerensed tinl
netatmn fnd an e varrrem study was pol as haghoax
that i either of the 2 preswos stadiees, prerhoage bscanse

T duta

of the dillevence wn the tiene o npass 1
Ther waree i fhas nbowds s dace] o ot g .
thuose in the ¥ studies were hased on chvonw sy B pon.
trerpaani+ i thie suely maght have perfarmed enutwngaly an
the prevperative andeeamment  (tkee sbudue emphsoang -
firval functumal acuiues, such ae dovnbull vameeny ' ol
awirthebegeend linpping. have snown abpoermasl olaien o
matr alter ACL veaastrugtum. Biganlog uds dengmn,
all the- parisripants in aur ehsly were s gospednods,
Twtore aied alber A Lovecommtaams o The varn tmirs bedwisn
the sk orvap oml the contaok geeng wens amnameel
brtawnise the comralatinal mtaet ks was need as o vt el

Anataenn ML eeunstractin ' aetet
vrgutnl AR with seimal kinesnaties on all ey e of
freadom, mohsdimg: medhsiaterad il antetngeestesng fians.
Lt as well oo wxand I '
moviv

reronat e the

1
* P auddes binee shown that tduad mlatee e
ol rontimaed by aingle bbb ACL ceonatooeion e of

N
1 fhiever, i et

1 gt sramons s that enl the AWM hundbe st eeple
catel e seslimg i el cent nitstesnad conlind (o
th hpuar aneiher s tkal The sl bundle tes biasgpnes
rested may wat i e been coapleteb e o e o
vevent alandy . afl pattents were treated woth anatonne deabbe.
bandle M1 pevunstruction, m whwn WM and PL kaadles
e beth reconslewciad o meme the snginat AUL anat.

emy I webidtsan o the AM bandbe. the B bundle migzhe
prvwaile i role w Ehes stabadeeaton af the knese agzamat aocemn
Inned retatars, b ! la evabiabon @ the doubde-bunde

ML ramnstiuction with o bshedemand wovement the
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Figure 3. Vertcn! ground-reaciion lorce (lop), knee lkeoen
{rnicklia), and tduai rotabon (bottom) durmg the entwe stance
phase of the high-demand ump-landing and proling task
fromm a typecal ACL-delciem knee.

sgnificant deervease i range of Ulial rotation of the reoon-
siructed knee m thie stwly suggests the vllegivens
rutational comtrol of such an analomic rommstoeton. Toe
better demonstrate the superonty of e double-bundle
techiigue e ael s the eflect of the PL bundbe, fintine stud-
es ave needed with large-scale vondomized conteolbed tnals
companng the effect of single-bundke and double-bundle
AL reometructon on funchonal statality

Functwonal testing should be the ultimate siep for evaluat-
ing AUL recomstructum, given that st invalves real-Tile kowding
o which niman pants are exposid io dioly activities o even
aperts mation. Akbough dsnamie fanclional teting has been
mnphoyved” previous suadies have mamby ficased on fure-
tuwnal performance. Musche strength ir a pedformumice mides
dunng rehabibtation i whicds there w o peitive assocaion
betwern thigh muscke strength and fustctsonod ontesme of
the kaee ™™ Other functional tests bave been used as aseess
ment nfter ACL nconstructem, such as vertcal pianp, Ty

The Nmwesyecs desriaad of Npmrta Mesdicenes

ol 0

oyt

iy A A

pheow e PR T LU W R PP §
Figure 4. Rarge of tbal wilemal rololon durmg pantng
movemant helore and after ACL reconstruction.  Sigmlicant
diiterence as suygested by the pared | lest P - 005 lur pre
aperatrely nlact and peanparativaiy dalcent, F oo 035 tor
preoparalively deliceentl and postoperalvely reconstrucied

ool M ol stanns runong T AN wese egpreased as strengih and
abihity thuet & patient would achiveve Instead, pomi funeoona)
ohality ebywmikl o investigated throngh Tune ben Geds sach e
v il jung 7 I the present study, a high. ok
SgRrtE moveme wns aeed lo mvesigate the offiet of
temmae double-burndle AUL vconstruchon on kawew rolatus
statahity. The stabibity was expressnd s
a pveling mveneent, ol the cesull of excesdave rutatam
beefir ACL vecomstruetion wae m hne with o previous
sty ™ Funetional testing with wation nnalvsis would be
o good toal Lo evaluate pabents with kaee instababity . olter
hoee hzamaentous inpury, lov exaenple
The limstatiwons of the present stods inchide hoown

dvawhbacks of motion analvers, including the movemenl of
shan markers " However, the macker model was vade
dated” andd emploved Iy ather researchers Tor sunikare
mavement T Duviy the procedure, the mtertester
erver was minunized by having the same techmaan plive
the sk markers and measure all anthropometric data
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CONCLUSION
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1 Intra-operive navigation syeiem was wed 10 Jucument knee rotational kinematcs
i when The knec waz examined by clinical tests. ‘lo further evaluate knes rtational )
o atability in terms of tibial rolation during dynamic tasks, optival motion analysis wilh
-‘H' skin reflective marker and mdiographic measurement could be crployed. Simalar
o biamechanical techniques were summarized tor dizcussion. Orthupacdic specinlists
:? and sport biomechanisls are encovraged lo.better understongd these teclmagues for the
e various needs of messurcment of tibial rotation.
13
14
L}
i
i
9
3%
in ,
1
4
13
14
T8
i
4H .
L0
T
ty
w7
4
A
e
b
“i
“g
"
uu
1 121
n
63
G4
b
! -

170



il

iy
]
¥
°5
Su
57
Sl
MR
&0
il
[
O
L]
L5

L INTRODUCTION

‘The kmee is the most commonly snyured body sites during sports, accounting fur aboul
40% of all aports injurics [67). Teaumatic knee injury such as ligament tear would lead
1w knev instability, prohibiting athletes (fom reluming to sports, and resulting in early
retiremient [78] or even premature cnd 1o sport career | 36], Functional knee stability is
one of the key return-to-sport critecna [56} aa high deimanding movements that stross
un ke are always involved i real game situativn. In clinical practice, knee laxaty
evaluation is based on physical examination perfonmed by trained physician, Faree or
tarquee are wanually applicd to the knee joint to see il there is any abnormal motion
when compared to the intact side. Howaver, elinical examination bas a few Hmiation
|65}, wicluding inability o produce sullicient mapnituds of foree fo simulite physical
activity and subjective grading from physician's expeneance.

In the literatuey, thens are various studies 1o assess Knee laxily and stability. Desides
clinical examinastion, sell-reportad owcomne questionnaere 15 oflen used n chmcal
reacarch. Knee stability items that reflect patients’ functional limitation and instabiluy
are included in thexe questionnaines such as IKDC subjective knee ovaluation scorcs,
Anather passive knee laxity assesament incldes stressed magnetic mronance imaging
[89] and objective clinical devices |27,105], These assessments invulve a controlled
slress 1o the knee joint in a specific direclion followed by an objective biomechanical
ruting for the comesponding laxity. In the contrary, dynamic moventent is directly
performed 8o that knes stability would be monitored during specific motion, Far
example, previous studics suggested that abnormal joint kinematics dunng dynamie
movemenis after anterior cruciate ligament (pi!JI,) reconstruction would coninbute 1o
[ang-tenm joint degencration [85,102].

Tn view of the way to assess knee laxity and stabality, biomechantes plays an
important role. With the advanced biomechanical technigocs, asscasments have
become objective, practical and accurate that suits the increasing demand on
measuring knee rolational laxity and stability such as the role of knee structure, injury
diagnbsis and cffect of ligament reconstruction. Therefore, there is a need 1o
understand and Camiliar with the biomechanical techniques For its quantificution and
evaluation. Tn this review, wo include techoigues that have beeg wsed in cadaveric
studics since rescarch that lead fo a better understanding ol knee laxity and stability
would not be cthical to cmploy on living human, for example validation of
maasurement 1ools.
1
in the current study, tibial cotation s defined as Ibe relaive movenical of temur and
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tihia in the transverse plane. The biomechanical techniques would he classificd when
the knce is examined with difterent conditions: (1) under a eerain extemal load [116).
{2) physical examination by phyzician [55], or {3} a specitic dynamic task performed
by subjects 1111]. Since thor iz o wide apectrum of mensuring tools, there i a need
for erthopacdic specialiste and sport biomechanists 1o understand the overview and 1o
chooxe the most suitable one for specilic application. This paper systematically
reviews the hiomechanicol technigues for measurearent of tibual rotation.

Z. METHOD

A aystematic litemture scarch of MEDLINE (from 1966) was canducted during the
last week of December in 2010. ‘Lhe search keyword wis (knee OR tibizl OR tilvia)
AN {rotation OR rotational OR rotatery OR pivel OR prveting) AND (biomechanics
OR biomechanical OR kinematics OR displecement) AND (atzhility R [axity),
which appearced in the title, abstract or keyword tields. Adter duplicates were remeved,
the initial total number of wrticles in the database was 532, The title and abstract of
cach cotry was rcad lo identify. Non-English articles, review and surgical lechnique,
animal studies and non-related artictes were excluded. Alter this subsequent tritming,
the count was reduced to 194. Onlino and library scarches for the full text of those
arlicles were conducted. Anicles nol availsble in the libmry of The Chinese
Universily of Hong Kong were requested from hbrarics in other loesl vmiversitics.
Only full 1ext of iwo articles could not he refrieved, and the final number of artictes
with full text wan 180,

The tull text of cach ol the 180 retricved articles was read 10 detenmine the inclusion
and exclusion criterin in the systematic review. To be included in the systematic
review, three criteria must be fulfilled: (1) the swudy must employ human, cither
cadaver specimen or living subject. (2) the study must preseal tibial rotation,
measuring the relative movémont of femur and tibia in the tranxverse plane, as a
dependent parameter to quantifly the kneo rotalional laxity and stabslity, {3) the study
muxi not involve Lodal knee arthroplasty or the prescription of koee proathesis, s
the knee analomy i greally altered in these studies. Current concepls, revicws, case
reports, computerized model auch as finite element modet o studies without detailed
description of the measuring lechiiyque were excluded. Alter the screcning process,
the final number of aticles included in e analysis was 104,

The 104 selected articles were categorized by the conditions of how the knee was
exantined: (1) extomal load spplication  when the knee was under a certain rotational
load in 3 conrolled manner; (2) physical examination  when the knee was being
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clinically examined by an orthapacdic specialist, 2 physiviherapist or a biomechanist;
(3) dynamic task — when the patient was performing a specilic dynamic movement.
Danographic data of all studies, including year of study, testing subject,
biomechanical wechniques and (he study spplication were summasized.

3 RESULT

For ull included studies, 62 nricles (66%) employed human specimen for experiméent
md the rest 35 studies (34%) were living human. ‘The carliest study in the search was
conducled by Shaemaker and his coworkers [25] in 1982, Incressingly, the studies
hetween 1980 and 1989, 1990 and 1999, 2000 ard 2010 were 12, 16 and 76
mespectively. The applicition all included riudies vary lrom investigating knec
structures o the effect of taping and hracing. ‘the moest common inersst for
reacarchers was ACL followed by posterolateral comer. The biomechanical technique
that was ecmiployed in the incliuded studiez waa shuwn in the following.

3.1 External load applicution

Of the 104 included articles, 74 articles (7195) wore classified in this session. Shay
one stiddies (82%) applied on human cadaver for tho toating subjects and the rest (13
studies) applied to living hurmnan. .

J.1.1 Direct displacement measurement

The most direet way (o measure rotational displacement was by employing a
gohiometer  [2,15,54.90,107,114,115) or clectrogoniometer  [10,66,75.93,112].
Goniometer, also termed as prolractor [86], potenliomeler [4.24,46,69,94,95,100],
tramaducer |21,22,31,57,92,110], was a general term and hence they all followed the
same principle: While both sides of the kneo woro lixed, the goniometer was placed
on the plane, which was perpendicular 1o the axis of rolation of tibin. The rotational
displacement, therefore, was presented in a two dimensionsl plane on which the tikia
rotation was controlled during load application. In addition, one study [39] employed
bony pin 1o dJefine rotational displacement such thal the movement was restricted
iransverse plane snd relative movement between pins was then documented.

3.1.2 Magnetic sensing

Sixteen sludies were (ound anploying magnelic sensing technique since 1996. ‘The
technique waa applicable to cadaver {3,7,8,9,13,17,33,63,73,79,80,38,1006] and living
human |96,97,105]. in cadaveric studics, magnelic sentors were directly altached to
femur ond tibia, and relative movement between both sides was monitored externalty.
Sensors were rigidly tixed to both sidea using nylon posts [15] or (iberglass cylinders
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[RE]: on the contrary, it was neceanary to attach sennors on the skin when it applica to
living human. "The Iateral aspect of the subject’s thigh and the tibial shalt were
recommonded as a refercnce site according to Shuliz et al.'s study [97]. Different from
direct displacemnent measurernent, signal genersted from an external receiver were.
extracted with the help of a compuler-susisicd program, which provided three
dimensional position and orientation of the senrors |77]. Sometimes self-complied
program iz need for caleulation of knee kinematics [3,106].

3.1.3 Optical trucking system

Oplical inxtrument iz ene of the recent techniques for measurement of tibial rotation.
Fight stndies |26,53,58,59,68,72,76,82 |, with the carliest one published in 1990 (72,
coiployed this technique and all applied to cadavers cxcept one sindy [82)
invesligating gender difference in passive knco laxily test, The principle was similar
Lo magnetic intrument. Clusicrs conxisting of three Lo four inlrared cmilting sphecical
markers [26,5%) ware rigidly tixed to femur and tibia with metaphyseal bone scrows
[68] Instead of an oxtemnsl magnetic receiver, infiared camera, was wed (o locatc
three-dimensional coondinates of markers that needed to be further digilized o
eatablish an anatomically based coordinate system [34,157]. The rotational
displacomeni was finslly presented zfter malhematical calculation by the zyxtem
soflware or self-complied program.

3.1.4 Radiographic mensurement

Rediographic method was treated as the meosl accurale lechnique for validation aver
the olher mensurcments [32] since it provided direct bone-to-bome information.
Roentgen stercophotogrammetric snalysis (RSA) waa fimily developed in 1989
emong & greup of researchers from Sweden [47.30), applying 1o living human to
mensure kneo rotational kincmatica. ‘Three 1o six tanislum markers with 0.8mm
dizmeter wers inseried 10 Tomur and Libia by means of arthsoscopy or under lucs!
anesthexia, Bi-planar roentgencgraphic oxposwre filma with 2-4182 was collected 1-2
monihs leey when the testing kneo wis under controlied rotstional tomue. {Tie two
dimensionat coordinales of the markers were plolted on reentgen tiline and therefon:
three dimensionsl coordinates were compuled tn relation to laboratory coordinato
aystem. The displacement was then calculated by custosmized program. Since invasive
procedure was imvulved when inserting markers inlo femur and tibia, this technique
wan miy employed in cadaveric studics [29,49].

3.2 Phynicel exsmination
Physical exsmination is commonly used in clinics to evaluale knce stability atter
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ligamentous injury. Pivot shifl est is commonly used in clinical setting for cvaluating
knee rolationel stability while some clinicians apply cxtemal and intemal rotation
torque manually. Ilowever, the outcome of these tests in subjective grading but no
vbjective kinemalics duao.can be provided. Thereforo, it woa of reacanchers® interest lo
obtain knce Kincmatics by meann of biomechanical lechniques. [n this catogery.
fifteen studies were incloded (lable 2). All studies were conducied after 2002, The
three major techniques for measuring tibial rotstion when examiner performed clinical
tests weee goniomeler [91,113,123], cleciromagnelic sensing {36.37,118] and
infra-operative navigalion systern {14,16,38,43,44,45,74, 98,121} These technigues
were applicable on hath cadaver and living human,

3.1 Inira-operative navigation

Computer agsinted navigation system was a newly developed lechnique which
capecinlly designed for helping swgoons dwing opcretion. In the carly stage of
navigation devclopment, it was wscd o sssist orthopaedic surgeon to improve
accuracy of reconstruction and replacement surgery [83]. Now soflware recentlv
allowed lor research based & degree of treedom (NDOF) knee kinematics mesanrement
[38]. Therefore, it would provide an immediate evaluation of the surgical ocutcome
[16[# For cxample, Lho eflect of anteromedial and posicrolaleral bundles during
saalomical double-bundle ACL reconsiruction could be evaludled during operation in
terms of knee kinematics [44].

Navigation was firaily applied to living human in 2005. The navigstion systemn
consisted of lwo bramsmitier with four markers atiached, onc calibration pomter and
high speed 1 ted to computer for exporting dots. There were o Few
procedurea lo proceed knee kinemalics messuremont [44]. Radiographic film was
maessed pre-operatively fos crealing virtual bone model in the computer system. Twa
sct extemnal reflective markers on cach transmitter were firmly fixed on fomur and
tibia. To locate the relmtive movemenl, soveral intra-articular end extra-atticular
landmarks were manually digitized and were registered by the systom using a straight
pointer. ARer defining the & DOF directions between femur and tibia were defined,
continuous real time knea kinematics could be obtained in the compuler while clinical
tests were being performed.

3.3 Dynamlc task

All filleen included sludies were published after 2000 except two from 19808, To he
included in this section, knce kinemalics should be yuantified while the lesting
subjects were performing specilic dynamic (asks. In the carly years,
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clecirogoniomeler was used for messuring knee rotational displacement during
treadmill running [18,52]. Before RSA was applied on living human i 2001 [12],
there were aboul 10 years of vacuily where no jourmnal papers were reported
specifically investigating on knee rotational stabilily during dynamic task. The main
lechnigues were suinmarized below.

1.3.1 Optical motion anutysis with reflective skin markers

Motion analysis is & study of locometion using cominuous pholographic techmque.
Advanced technique using motion analyzis system with reflective skin markers (o
mesaure knee rotational sability was reporied in 2003 [30]. Skin markers were placed
on lypiceal bony landmarka and subjects were aaked to porform specilic motions,
which probably would give a rolational sireaa to the knee, while the three dimensional
coordinates of the markers were captured by optical instruments. ‘The mackers ™ global
voordinalcs were firsily collected through high speed optical camersa and then
tranaformed to femoral and tibial reforence frames. Relalive displacements between
bath were finally calculated by computer programs based on published description of
knee kinematica [34,117). Marker-set, therefore, was critical in which location and
number of markers varied. Une of the frequemtly used models developed by Vaughan
[10%) vonsisied ol 15 markens on lower extremities. Kinemalicy of hip, knee and ankle
joinl including tibial rotation could be derived from markers’ global coordinates and
20 snthropometric measurements of the subject.

3.3.2 Radlographic measurement

In 2001, Drandsson and his coworkers (12,13] emploved RSA lo investigate knee
rotation on subjecis after ACL. tear. Before the expotiment, 4-5 tantalom markers were
inserted into the distal femur and proximal libia through arthroscopy surgery. lwo
radiographic tubes were used to obtain simullancous exposures al 2-4 He ‘The
radiograghs were memmured manuslly 1o digitized images using a acanner for
subsequent digital epalysis. In recent years, the radiographic measurement of libial
rotation in several siudice [20,62,81.108] has reduced its invasivencss during the
procedure, The subjects” knees were magnelic resonance scanned before their motions
were caplured by Tluoroscopic lesling system. The system combined the pre-scanned
knec model and adjusted in 6 DOF until its projections malched the outlines of the
bonet in the Nuorcicopic images. ‘The 6 1DOF kuee position was reproduved using this
knee model.

4, DISCUSSION
4,1 External load eppHeation




Fk]

In the cadaveric sindies, the both femur and tibia were mounted in fixation systems,
which provided threo 1o 6 DOF including primary motion (flexion-extension) and
secondary motion (anlerior-posicrior ranslation, int¢rmal-exiernal rolalion wnd
abduction-adduction) |23} for free movement under cerlnin testing condilions. Among
these fixation systems, & robotic/universal forco moment senzor tesling syslem was
developed since 1996 [87] and was frequenily applicd to lissuc biomechanical
rescarch (1,19,122]) and simulated clinical testing rescarch [42,48.119,120). In
addition, there were a few sludies recruiting living hwnan  as  subjects
[10,46,64,66,95,97 100,118). These studics employed a sell-custormized fixation
system, in which ratational siress was applied to subjects until their limit of comfon
(604.

The external load applicd on the testing specimens or subjects included iselated
external intemal retalion terque [2], valgus varus torgue [66], anterior tibial load [40],
muscle load [61] and increascd grafl tcanion [11). These specific loads provided a
controlled situation that was widely applicable (o research-based studies. Due 10 its
cxperimental nalure, it is not cthical 10 apply load to hiving human and it cxplains why
80% of the studics used cadaveric model, However, there were a few studics {6082
recruiling living Tumun as subjects that foasd was applicd until the subjects’ limit of
comforl. The mmounl of load should be specifically designed and carefully estimated
before employing 1o living human. In view of the amount of torque applied, over 50%
of the cadaveric studies used SNm while other studies varied from |.5Nm o 20Nm.
‘The torque was much lower when applicd to living subjects, ranging trom 1.5Nm te
10Nm with 4 out of 12 siudies using SNm as the lesting torque.

Among the for 1echniques, magnetic sensing was reported to have highest accuracy
with (.13 degrge |40) followed by radiographic measurement with 0.2 degree and
reproducibility with 1.4 deprees [50]. Since most of the included studics vaed
cadavers, measuring lools such as magnelic nensor or pin marker vould be directly
stlached or implanied to hune, which incvilably results in a bigh avewacy
measurement, On the other hand, there it always & concem that akin motion artifact
exists when measuring knoe cointion on living human und there would beo an <thicol
problem of direct bony pin implantation. Skin artifact wonld be a considerable error of
load wax applied to living human that magnctic sensors atiached over the xkin
involved muscle movemenl during load application. The ethical problem aside, REA
with bony marker implantstion would be considered the best technigque For measuring
tibial rotational on tiving huran.

823

177



4.2 Physlcal examination

Physical examination is one of the most Feanible and practical way to evaluate kneo
rotational stability in orthopaedic clinics, The main delcel, it subjective and
discontinuous rating, has limiled ils applicalion to rescarch study. Different from
experimendal labocalory, welling operstion theatre is nol an wdeal place o provide
controlled load of application due to inatrument size and hygiene concem. With no
doubt, intra-operative navigation system would be the must suitable measurement ool
i operation theatve, Since the lorgue lo the knec shoutd be spplicd manually by the
tester, it is suggesied thal all ghysical examinalions should be performed by onc tester
and rcliability test should be conducied to ensure good consisiency across studics.

Inira-operative navigation system provides immediale ¢voluation of surgical reatment.

This technique spenl an exira 10-mibude lime on average in addition to original
procedures (71} The cxara lime in considered accepiable as it provides a more reliable
clinical result [84} and an ohjective way to quanlify knee kinematics. Moreover, this
lechnique gave a good repeatability |71) and a comparshle result with mechanicnl
testing devices (KT1000 and goniometer) [$1]. Implementing the high precision
navigalion lechnique for comparing differenl reconstruction methods [99) and
extending o other knee surgerics {70]) would be one of the key rescarch arvas in the
future,

Despite the fact thal thae are a number of advaniages a8 discussed above, more
attention should be paid tv addsess the drawhacks. One should be reminded that the
procedure involves invasivencss thal may cause cxtra wounds in the thigh and shank
of the auhjects. To accurately locale the relative movemen, transmitlers with markers
were screwed into femur and tibia. The invasive procedure would result in additional
hane loss and surgical sears to pationts, To minimize the invasive cffeet, an alicrmative
way would be magnetic scnsors aitached on skin by plastic braces |11¥8] [lowever,
validation between Iwe techniyues should be established before ita application to
living human.

43 Dynamlc task

Comparcd with the cadaveric sludy which is of limited clinical ublity [28], dynamic
insk provided mons impertand information of knee stubility no matter the tesling knec
was inlact |104), injured [41] or rcconstructed [13). In carly ycars, techniques
involving external fixalion structure altached to subjects’ limb would highly allect the
gait patlem [18]. Optical motion analyzis and radiographic measuretent have
therctore became the mont frequently adopled techniquen recently o measure knes

P13

178



D= R

rolational slability.

When vomparing the dmwbacks of the two techmques, BSA obvicusly involves
invasive procedures and radiation cxposurc. Although the amount of exposure was
reported 1o be similar 1o a single clinical knes computerized lomography scan [102],
the controversial issue of implanting bony marker through arthroacupic surgery was
another difficulty for subject recruitment. On the other hand, crror due to skin
mavement when applying oplical motion analysis with retlective skin marker was
claimcd [I1413] A poimt cluster method was developed in 1998 |6] 1o lackle the
problem. This method aimed b minimize the cffects of skin maotion artifact hy
cmplaying an overabundance of markers on cach segment Hs limitalion alf
computationnl complexily |3] has become the major techmicul challunge to
orthopacdic specialists while bismechanists are advised lo enderstand the principle
behind in arder 1o achicve high accuracy result.

Molion analysis with skin marker lechnique s non-invasive, practical and applicable
nol only in rescarch laboratory setings bul also in onthopaedic clinics. ‘The system
congists of two or sbove high-speed camerns and a fow spherical markers.
Commercialized soflware system also includes auto-digitizing and kinematics
calculation. Nevertheless, resulis of knee internal and exderial rodation from difTerent
marker-sel protocoly were poorly correlated [25). For example, Thambyah ¢ al. {104}
used 17 skin markers while Georgoulis ¢t al. [23] adopied the model with 13 skin
markers developed by Vaughan [109]. Self-compiled program for calculating knee
kincmalics was also nol slandardized and comparison between ntudies with dilTerent
marker-sct protocals would he highly difficult if not impoasible.

In recent ycars, ‘lashman and coworkem {101,102 cmployed RSA techmique to
evaluate knee kinematics of human ACL reconstructed knee during treadmill sunning
afler the application to canine ACL deficient knes in 2003. Similar o the similar
proweol of biplane radiography gencration with a trnaverse plane computer
tomography scan 1o determine transformaltons belween marker-based and ansomical
coordinale systems, the exposure frequency of the RSA technique was highly
incrcased to 25011z, which enhanced a sufficient smooth conlinuous kincinalics data
during most of the human dynamics movements.

The hiomechanics technique for measuring tibial rotational s well developed 1n
cadaveric model. Accuracy of most ol the technigues is reported Lo be high as bone to
bane information could be ubtained dircctly. There is still room of improvement on
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the techniques applied on living human, cspecially in the development ot a practical
and accurate lechnique for dynamic tazks. The future studies should focus on vahdiy
between mapgnetic measurement and radiographic  measurement  becanse  the
run-invasive magnetic sensar would be useful in ordhopaedic clinics il it could
produce relinble and valid easuoement, Morcover, regarding the oplical mution
enalysix with skin reflective marker, consensus should be obtained for standardized
market-sel protocol for measurernent of tibinl rotation during dynam¢ task.

5 CONCLUSION

The hiomechanical techniques 1o mcasure tibral rofalional were summanzed,
providing an overview of knee rolational kinemalics measurement lechnigques. We
systemnatically reviewed, from fundumcntal cadaverte studics to newly developed
intra-operative tests, the messurement technigues according to the condition in wiech
the knce was examined: external {oad application, physical examination and dynamic
task. lo choosc a suilable mensurement technique for specific clinical appheation,
study purposc should be first identificd, and more attention should be pad on whether
cadaveric model would be employed, gnd also the way of stress applied 10 the knec.
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ABSTRACT

Background: Biomechanical measurement tools have been developed and widely
used to precisely quamtify knee anterior-posterior laxity afler anterior crucile
ligament (ACL) injury. However, objective device 1o docwment knee rotational laxily
has not been well established in the literature. The proposed knee rotational laxity
meter would accurately and refiahly measure tibial rotation.

Methods: A new biomechanical device to quantify knee intemal and extemal rotation
under different applied torques (1-10Nm) to the knee joint was developed. Its
reliability and validity were tested using cadaveric human specimens. intra-rater and
infer-rater reliability were quantified in terms of intraclass correlation (1CC)
coeflicient among trials and between testers. Validity was verified by comparing data
from a computer assisted navigation system. Mean, standard deviation and 95%
confident nterval of the différence as well as the mot mean square difference were
calculated. The comrelations were deemed to be reliable if the ICC was above 0.75.
Results: The intra-rater and inter-rater reliability achieved high comrelation for both
internal and external rotation, ranged from 0.959 to 0.992. For the validity, [CC for
both intemal and external rotation was 0.78. The mean diftferences between the
proposed meter and the navipation system were 2.3 degrees and 2.5 degrees for
internal and external rotation respectively.

Conclusions: A new knee rotational laxity meter was proposed in this study. lts
rcliability and wvalidity were verified by showing high comrelation among tnials,
between testers and when compared lo a golden standard of measurement. This
non-invasive and simple device might be used in a wide field to document knee
rotational laxity with various purpoacs, especially after ACL injury.

Key Terms: Tibial rotation, knee stability, measurement, laxily
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INTRODUCTION .
The knec in the most commonly injured body site in sports, which accounts for
10-40% . Among all sport-rclated knee injurics, around 45% 15 related 1o

ligamentous injury '

. An accurate diagnosis of knee ligamentous injury relies on
comprehensive physical examination, whit;h relates to symptoms and functional
instability of the injured patients '3, Since some of the physical examinationa for
ussessing anterior-posterior laxity of the knee ;Il't‘.' greaily influenced by the examiners’
experience and skill ', objective 100ls ' have been developed and proven to
precisely quantify knee laxity after anterior cruciate ligament (ACL) injury.

The restoration of knee rotational stability is. recently being cmphasized becausc
anatomic double-bundle ACL reconstruction has been suggested to restore rolational
stability better than single-bundle ACL. reconstruction ©. However, it is still highly
controversial. Pivot shift test and dial test are often employed by clinicians to measure
knee rotational stability before and after ACL reconstruction . Again, these
manual examinations are subjective and dependent on examiners' experience and skill.
‘Therefore, an objective tool that measures tibial rotation would be of great value to

document knee rotational laxity of healthy and injured knees.

The procedures for measuring knee laxity should be simple, easy and practical in
clinical setting. It may not be practical to use motion analysis system with skin marker,
although it has been utilized in previous research to quantify tibial rotation ™€,
Motion sensor was employed by a recent study , in which three electromagnetic
(EM) sensors were attached to the lower Ih;ﬁ to measure knee rotational laxity in a
relaxed state. The device was only proven to be reliable on cadaver and human

subjects ** but no validity data was presemted. Moreover, computer assisted navigation
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systent **'L has heen wied 10 measure intra-operative knee kinematics during ACT.

© reconstruction. Though #l was reporfed that the syatem could achicve an accuracy of' |

degree ', the procedure i invasive 10 the paticnt as il nvolves rigid fixation of bune

markers pins,

fn this study, o new meter for measuring tibial rotation was prescnled. ‘The meter
vonsisted of an snkle orthosis, lurque sensor and om: motion sensor. The orthosis
design nimed to provide o more simple way 1o prevent eny ankle motion over the
previous bool denign. Furthermore, only one motion sensor was used to avowd
valculation complexily among the three sensors reported previously. Toeque and
molion sonsors were used 10 maasure the applicd torque and the correaponding tibial
rolation. The objective of this study was to mcasure the valididy, inter-rater and
irtrn-rater roliahility of the proposed meter. It was hypothesized that the meter would

accuratoly and roliably measure tibial rolation.

METHODS

We presented here the dotails of the knee rotations! laxity meter, which aimed to
meaaure oxicrnal and inlermal tibial rolation. The meter consisted of an ankle orthoais,
a torque sensor with a handle bar and one molion sensor ai the bottom of the meter
{Figure 1). The orthosis iz a common orthotic device that i3 used to immobilice the
ankle joint of patients suftering from ankle related injuries. Three sizes of orhosis
that sccommwodated patients with different sizes of foot were fabricated in the
Department of Prosthetics and Orthotics. Next, a torque sensor (FUTEK, USA),
which monitored the value of applied torque, was moumted at the bottom of each
orthosis. A handle bar fixed on the torque sensor allowed tester to apply torques to the

kneo joint. One EM motion sensor with acquisition Fequency 120Hz (irakSTAR
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Ascension Technologies Corpuration, USA) was (urther stinched (o the ather sikde of
the torque sensor such that its lengitudinal axis was along the tibia's axis of rotation.
The motion sensor provided six degrees of frecdom of ils oricitation and position
with high specd and accurate tracking data. ‘The erientation datn were outputted 1o &

laptop compuler, It wax used to reasure tibial rotation during the laxity test.

fnt thix sludy, three preserved human specimons of the lower extremily, inclding hip,
knee and ankle joints, werc used. The cxperiment was conducted in mortuary of
Prince of Wales Hoapilal, Faculty of Medicine, The Chinese University of Hong Kong.
‘The specimens were checked by inspection, palpation and physical examination to
exclude any vbvious bony deformity, previous fracture, arthritic change and

ligamentous hyper laxity.

For all the specimens, femur was sawed at 15 am above the joint line, ‘Two 30 cm long
houe pins were drilled through the femur lrom medial to lateral side. [t was then lixed
on an autopsy labke using two custom-made clamps that allowed lree movement of
tibia for vonducting biomechanical 1esting. ‘Iwo pairs of 4.5 mm pins were inncrted
over the anierior side of the distal femur and proximal tibis. These pins were used for

anchoring irackers of the compuler assisled navigation system.

An  imtra-operalive navigntion system {BrainLAB. Germany) with ACL
Reconstruction System Version 2.0 was employed os & golden standord for measuring
internat and external tibial rolation with accuracy less than one depree. It also vsed to
monior the knee flexion angle throughout the cxperiment. Before the stert of the
experiment, twe gets of infrared optical motion trackers were fixed to the pins that had

drilled into femue and tibis previously The trackers wore oriented such that it could
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be visualized within the [ull range of motion by the navigation system camera. The
sysicm was calibrated by using an infrared pointer to digitize required points inside
and outside the knee joint. A three dimensional model of the knee was calculated by
the system that presented a real time specific movements of the knee including flexion,

exiension, internal rotation and external rotation.

‘Two independent testers were included in the experiment for measuring knee laxity
using the proposed meter. The orthosis was secured to the leg with a tourniquet and
the leg was held at 30 degrees of knee flexion and neutral position of rotation, which
was determined by the navigation system. At this point, the reading of torque sensor
was sci to zero. Each tester applied extemal torque to the handle bar until 10Nm
torque was reached and then 10Nm torque of intemal rotation was applicd in the same
way (Figure 2). A maximum of 10Nm torque was applicd because human comfortable
limit was teported 1o be between 5-10Nm ¥, The measurements were repeated three
times for each tester. The first tester repeated the whole procedure for the rest of the
knec specimens. The data from the navigation system was recorded by a technician
while the EM sensor data were nulomn;icaily recorded in the computer for further

analynis.

For statistical analysis, single measures intraclass correlation (ICC) with 95%
confidence interval (CI) was used lo gauge intra-rater and inter-rater reliability and
validity. For intra-rater reliability, the ICC across three trials was calculated for both
testers. The average of the three trials for tester 1 was compared to the average of the
three trials for tester 2 to determine inter-rater reliability. For validity, data from the
proposed meter and the navigation system would be compared. Mecan, standard

deviation and 95% CI of the difference as well as root mean square difference at
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different applied torques were calculsted. All parameters were reported for internal
and external rotations scparatcly. A reliable correlation was shown if the single

measures [CC was above 0.75.

RESULTS

The EM scnsor at the bottom of the proposed meter mcasurcd tibial rotation relative
to femur. The imternal and external rotation angles increased with applied torque to the
knee for both the proposed meter and the navigation system (Figure 3). At SNm

applied torque, the total range of rotation measured from the proposed meter (from the

navigation system) was 38.01£2.0 (34.0£2.6) degrees with 21.3+£0.6 (19.7£1.5)
degrees internal rotation and 16.7£2.3 (14.321.2) degrees external rotation. The
highest applied torque of 10Nm resulted in the total range of rotation of 59.3%3.5
(43.3£1.2) degrees with 32.7£2.5 (24.0£2.0) degrees internal rotation and 26.713.2

(19.3%1.2) dogrees external rotation.

For rcliabilily, intra-rater and inter-rater reliability achicved high correlation for both
internal and external rotation, ranged from 0.959 to 0.992 (Table 1). For validity,
when compared with the navigation sysiem as a golden standard, ICC for both
internal and external rotation was 0.78, which was regarded a relinble correlation. The
mean differences between the proposed meter and the navigation system were 2.3
degrees and 2.5 degrees for inlemnal and external rotation respectively. The root mean
square difference varied with the applied torque, which ranged from 1.0 degree to 8.8

degrees (Table 2).
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DISCUSSION

In thix study, a new hiomechanical device for measuring knee rotational laxity was
developed, and its reliability and validity were tested in a cadaveric model. Results
showed that the correlations between and within subjects were high, which supported
our hypothesis that the proposed meter was a reliable measurement tool. ‘Though the
validity corrclation between the proposed meter and the navigation system was not as
high as the reliability correlation, its [CC was above the pre-set value. Morvover, the
mean difference for intemal and external rotation between the two measurement tools
was bolow 2.5 degrees. The results also supported that the meter was an accurate

device to measure tibial rotation for assessing knee rotational laxity.

The overall reliabilty of the proposed nwter was high and comparable o other
previous studics. The ICC coefficient was reported to he above 0.94 for all intra-tester
and inter-tester reliability in a similar cadaveric study in which a device for
measurement of rotational knee laxity was developed . With the same device, it was
further applied on living human and revealed an [CC coefficicnt of 0.81-0.88 and 0.77
for inter-tester and test-retest reliability respectively *. Other studies reported the
relinbility from 0.86 to 0.98 depending on the value of applied torque, rotation

direction and side of the knee '**%,

When checking criterion validity of a measurcment lool a comparative instrument as
a golden standard should be used and the correlation coeflicient between the two
measurement {ools should preferably be above 0.70 *°. In this study, the navigation
system was employed as a golden standard for measuring tibial rolation. Since the
relative movement between femur and tibia was based on two sels of bone pin

markers, the navigation system has been regarded as an accurate method %,
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However, because of its invasive procedure, the validity of the proposed meter could
anly be achieved in cadaveric model. ‘That made our finding hardly comparable to
others previous studics. Musahl and coworkers  tested in a best case scenario for
their new device, in which the EM sensors were directly fixed 1o the fermur and tibia.
‘Therefore, no validity was tested in their study. In another cadaveric study " a similar
device was validated with a navigation system, and the corrclation achieved was from
0.83 to 0.95. However, the tibial bone was fixed with screws to a metal bar which was
cemented in a custom-made inside-boot. Conceivably, this allowed accurate
measurement for bone motion . In the current study, the ICC cocflicient between our
device and the navigation system was above the preferred value. Together with the

low mean difference, we provided evidence of the validity of our proposed device.

In the present study, the validity of the proposed meter was quantified. [ower
exiremity specimens including knee and ankle joints, thigh, shank and foot segments
were used to simulate a clinically relevant situation. To minimize ankle joint rotation
and motion between the leg and tho device when applying rotational torque, an
orthosis was secured with a tourniquet such that the retational torque was directly
applicd to the knee joint. The motion ucn.l.t;r was longitudinally placed at the bottom
of the foot segment (aftached to the device) such that its rotational axis waz in line
with tibia rotational axis. The assumption we made here was that the shank segment
was cylindrical and thercfore the motion sensor and the tibia rotated along the same
axis. One gdvantage of this idea was to avoid placing the motion sensor directly on
the skin, which would cause ervor up to 13 degrees in measuring rotations !, especially
in obese patients. From Figure 1, the error increased during amall and high applied
torques though the two measurement values were highly correlated. it was possibly

because pre-loading was necessary hefore the motion sensor value hecame stable.
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This [inding was also comparable 1o the previows study '* that the emror at 10Nm
applied torque was 8.4 degrees and cven up to 14.2 degrees at 1 5Nm. (It suggested that
the motion between the leg and the device would not be completely avoided,
especially at large applied torque. Moreover, SNm torque was commonly adopted in
the previous studies for measuring knee rotational laxity **. in consideration of
clinical application, torques ranged 4-6Nm were suggested in the fiture study

employing our device because of its small error.

‘The proposed meter was designed to be clinically relevant. It would be a simple, easy
operating am.l practical device for quantifying knee rotational laxily, especially for
patients after ACL injuries in orthopaedic settings. This was why a new design was
modified from previously study®. An ankle orthosis was used instcad of an ankk boot
because orthosis is casicr for patients to put on and get sccured with toumniquet.
Moreover, only ane motion sensor was used in order to provide a real time reading for
the operator. This is important since it allows a quick and simple assessment in
orthopaedics clinic. In the present study, 30 degrees of knee flexion was chosen for
validating the device. One of the reasons was that this particular knee flexion angle
might be sensitive to detect knee rotational laxity for healthy, ACI. deficient and
reconstructed patienis since ACL has ils maximum elongation peak at this {lexion
angle ’. Morcover, biomechanical mvestigations demonstrated that ACL injuries
mostly occur in slight flexion angles . Furthermore, one should bear in mind that
reproducibility should be verified again in human subjects before applying in clinical
field. A standardized procedure for securing gﬂhosis with different sizes to the leg

should also be considered.

This study was limited by the fact that it was a cadaveric experimental test akthough
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the device would hopefully be applied on living humans. However, as pointed out
previously, it was not cthical to employ invasive procedures in human subjects when
validating the device. The only way to conduct such kind of research was to apply on
human cadaveric specimens. Although great efforts were made to simulate a clinically
relevant situation, one limitation was that the femur was firmly altached to the
sulopsy table hy bone bins and clamps, which was not possible when nicasuring Iaxily
in real patients. Therefore, fulure studies were sugpested to investigate a non-invasive
way to stabilize the thigh and verify its effect in living human subjects. This would be
imporiant as minimizing the femwur rotation would enhance accurate torque to be
applied to lhc knee joint. Other limitations also included low sample size that existed
in most cadaveric experiments and preserved human specimen. Due to the limited
availability of fresh cadavers in different flocations, the specimen number was

minimized to fulfill the statistical requirement.

CONCLUSION

A new knee rotational laxity meter was proposed in this study. Its reliability and
validity were verified in a cadaveric model by showing high correlation among trials
and as compared to a golden standard of measurement. This non-invasive and simplo
device might be used m a wide field to document knee rotalional laxity with various

purposes,
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FIGURE AND TABLE CAPTIONS

Flgure 1: A knce rotational laxity meter consisting of an ankle orthosis, a torque
sensor with a handle bar and one motion sensor al the bottom ot the meter

Figure 2: Experimental setup for validating knee rotational laxity meter

Figure 3: Internal and extemal rotational angle under different apphed rotational
torque (1-10Nm)

Table 1: Reliability of kinee rotational laxily meter

Table 2: Validity of knee: rotational laxity meter
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Table 1. Reliability of knes eotational laxily meter

Intra-ewier rellabliily Imter-rader rellabiliay
Yonder L Testarl Tonier i omd 2
e WC_ wmaQ KT 5% C1 lcc L.
Interusl reintion asm 41850996 0% 4.971.099% 0.9 0. 196,0.998
Extersnml retution 0959 _ 03650997 am 02570993 0.990 0.953,0 9%
ICC: intrack ol s Cl: cunfidk inlerval
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Table2

Tabie 2. Validity of knee rotational laxity meter

-RJC: intraclass correlation  Cl: confidence interval SD: standard deviation

Torque (Nm) Internal rotatlon  External rotation

Icc ' 0.78 0.78
95% Cl of 1CC 0.59,0.89 0.59,0.89

Mean difference (deg) .30 2.53

3D of difference (deg) 4.15 417
95% C1 of mean difference (deg) . 0.75,3.85 . 0.98,4.09

o 480 2.8

2 208 3.42

3 1.00 1.83

o 1.41 2.8}

Root mean square difference 5 1.91 3.70

(dep) at different torques 6 2.52 4.16

7 370 5.10

8 5.69 6.16

2 7.44 7.19

10 8.83 7.53
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ABSTRACT

Knee stability during lunctional assessment such as stop-umping task is a key factors
o determine 1 an athlete 15 adequately rehabilitated aller koee hgamentous injusy.
This study aimed e investigate the effect of anticipation on landing mancuvers during

planned nnd unplanned stop-sumping tasks. Knee Kinenatics of tea healthy male
2

participants was collected using an optical i;wm'n aaalysts system during planned and
unplanned stop-jumping lasks. A photocell gate was set on the walkway in labortory
such that an instruction sigral was triggered on a moenilor when the participanis
passed through the gate. Data al the time of Toot sinke were considered jor
investigating the anticipation cffect dudng the stop-jumping tasks. Knee Kinenahc
dat were compared between planned and unplanecd tasks. Statistieal sipnificance
was wel at pel 05 level. External rotational angle showed sipnificant decreased in
unplanned stop-jumping task dunng forward (p<0.05) and right (p<0.05) jump when
compared 1o that of planned tasks. lexion angle and abduction angle during forward,
vertical and nght jump were signilicantly decreased in the unplanaced  Lasks.
Amnticipation vl'f-ccl significamly influenced the Janding mancuvers ol stop-jumping
task and we suggested that buth planned and unplanned stop-jumping tasks should be

considered when monstoring the rehahbilitation progress after knee igamentous injury.

URL,; httpiimc.manuscriptcentral.camfrsph Email: ykwongbtva.edu
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INTRODUCTION

The kaee is the most commonly injured body sile in spords, which aceounts fuor
10-40% (Hinton. Lincoln, Almyuist. Dovognih, & Sharn, 2008: Louw, Manilall. &
Grimmer. 2008) of all inpines. Among all sport-related knee injunies, around 45% s
related to hgamentous anjury {Ingram. Fields. Yard. & Comstock. 2008: Majewski.
Susanne. & Klaus. 2006). Athletes who suffer from ligamem dismiption would
csmricm"c knee instzbility (Veltni, Deng, Torzilli, Warren, & Muynard, 1995; Woo,
Debski, Withrow, & Janaushek, 1999). Knee ligament reconstiuction such as anlenor
wuciale ligament (ACL) reconstruction sums to restone the functional stability and
allows athletes o return 1o sports activity (Myklebust & Bahr. 2005). Therefore.
functional test is used during follow-op consuliation 1o cvalume if an athlele s
wdequately rehabilitated (Risberp & Ekeland, 1994). ‘The movement 1asks employed
vary with different purposes. for example unmng (lTashman, Kolowich, (Calloa,
Anderson. & Anderst. 2007) is used to evaluate gait patters while hopping (Filzgerald.
Fephant. flwang. & Wainner, 2001) is used 1o test poscle power. However, knee

n

stability is scbdom considered during high demand Tunctional task.

Koce siability is vsually evaluated by clinicians and athictes themselves through

subjective assessments such as clinical examination and questionnaire (Moller,

URL: htpiimcamanuscrptcentral.comirsph Email: yuveonfitvu edy
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Weidenhielm, & Woerner, 2009 Stengel et al.. 2000 Tegner & Lysholn 1985 Tyler.
Mellugh. Gleim. & Nicholas. 1999). Objective assessments have been developed for
assessinp anteno-postenion ranslation (Monaco ¢l al.. 2009 and axial rotation
(Musahl ¢t al.. 2007) of the knee.  However, these nwsisorement tools are himited to
passive laxity test. Koce rolational stahlity in terms of tibial rotation has been
investigated during  dynamic functional tasks (Georgouhs. Ristanis. Chouliaras.
Moraiti, & Stespion, 2007: Lam et al.. (inpressy. Ristanis o al., 2005). These studies
evaluated tibial rotation during a high demand pivoting 1ask before and alier ACL
reconsiruction. Besides pavoting. stop jumping task (Sell et al, 2006 Yu of af.. 2005)
and cutting task (Beauvlieu, Lamontapne, & Xu, 2008: Besier. Hoyd, Ackland. &
Cochrane, 2001: Houck. De Haven. & Malomey, 2007: Houck. Duncan. & De Haven.
2006. Pollard. Sipward, & Powers. 2007) have also been employed in Kinematics
stuties but no study focused on Knee rotalional stability.

Anticipation cffect refers to the phenomenon that sadividuals change their motion
pattern when polential threats or dangers are expected (Cham & Rediern, 2002). It
involves 10 owst of the sport movements and research has revealed that unplanned
movement is more danper than planned movement (Besier ¢l al., 2001). Possible

reasons sugpest quick and uaplanned movement attect muscle activation patterns and

URL. htip;/im¢.manuscnptcentral.convrspb Email: ykwongtval.edu
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Sports Biomechanics

resubl abnormal yoynt Kinenkues (Beawlion et al.. 2008 Beswer ¢l al.. 2003 Sell et ol
2000). For exumple. Heswr and coworkerstBester o1 al . 2000 suppesied  that
unplanaed culling mancuvers would increase the nsk of non-contacl ACY injury and
Sell amd coworkers tSell ¢t al.. 20061 foond lateral ump was the most dangerous
amoag d-dircction stop-jumping tasks. However, there s limned knowledge 1f the
usplanned movements affect on knve rotational stability during lunctional toks. This
infornmiing wold be importont (o deerde iF aptcipation effect should e considenad

during dynamiv funclional assessmen afier knee liggimentous imjuary.

This study aimwd 10 investigate e anlicipation e¢ffeer on ke Kinentaties dunay
stop-jumpang Gisks in labomtory. Kisematics st fost ainke (Cham & Redfern, 2002)
was considered in our study as ACL ingury was neported 1o oceur 17-50 millisevonds
after indtial font siptke during laading (Krosshaug o al.. 20075, We hypothesized that
there was signilicnnt ditfereace tor landing manewver in terms of fibial rotation
hetween planncd and unplanmed stop jumpéng tashs. [[ relmping W spot e
ultimate poal of’ kave ligament neconstroction. such information is importim for sport
biomaechanists (o design Tusctional test protocul Tor assessing knee stability dunng

and afler rehabililation of reconstructed athbetes.
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Sports Hiomechanics

METHOD

Subjecis: len heatthy male paticipants wathoul any teqory histary on Iower hahs
were recrtited. They wore recreational athletes, cunepily participatiog al kast twao
Lmwes of their sponts per week. The mean age, body nass amd height of the parsopants
were 2641178 years, HRYL15.62Ke and [.73:0.72m nespectively. The univenily
ethics commiller apprved the stody. Infurnmllicunscnls were obained (rom cach

particpant before the experiment.

Experimontial Task: A senex of stop-jumping lasks were performed in planned and
unplanned manncers randomly For cach partivipant. For cach 1k, the subject wins
instrucied Lo rua straight on a [0-mcter walkway approaching a ground-mounted force
plate. with o rnning speed of Llavs o 3.5mds (I Cock. 1 Clercg. Willens, &
Witvrouw, 2008), as monitueed by the torward speed of the sacrum marker by a
mwlios analysts system {VICON (624, UK). Trials with sunning speed vut of the ranpe

were discanded.

In the planned tasks, the paricipants wene instructed 1o stop with bt feet, with he
fosting luzst on the foree plate. aml ther gump immediately W one of the low direciions

tforward, vertical. kefl and right) as far as they could. ln the unplanned tasks, a

URL: htpfmc.manuscnpteential.comirspl Email. yRkwon@Avar edy
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phodoced] gate wirs set ab the sulyjects” hip Beipht and at i distance of 8.7 meter i from
of the Toroe plate, allowing approsimate 0.2 socond e react and peiborm the ump.
When the panticipont passed thiough the pate, o vollage sipnal was delivenad to 2
compuder W igper an instrection of the movemest diceviesn as shown on o Flanch
wmitor in front of The walkway, The panticipant then siepped on the foree plate and
Jumged toy the instrucied direction in the shentest time he could (bgure 1y The

ows-duineehion astosetions were delivesed e the subject in o rrudom seguene

xperimental Procedore; All expenments were sondocied 1 the Gak Lalworatory of
Alice Tlo Miu Ling Nethersole Hospaial, Tloag Kong. An oplical molion anafysi
systemy with aight cameras waz employed to collevt three dimensional  recton
movements of lower extrendivs a1 120H2 caplwiing frequency. The system was

calibrawd on the same day of testing and the mean residual was less than Jmm, 11wk,

the system was recalibeated. A synchroniasd force plate IAMT OR6-T. Massachusetts,

USAY was wsed 1o eocord complete proumd readtion foree data at 108011 ot the centre

of the caplure volume of shott 2x3xd m’,

Aller explanation of siudy proveduncs, anthropomrwednic awasurements including body

height and mass. anterior superior iiac spines (ASIS) breadih, high and calt kength.
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n;;llh'lgh and call’ circumiterence. Knve dianwter. Tool breadih and length. malleolus
height asd diameter were measured. A fifteen-marker mml:.‘l was adopted o colleal
fower limb Kinematics durtng stop-jumping movements. The markers were secured
wilh double-sided lape to the participants” bony landnkuk. inclwhng sacrum. ASIS,
ereater rochanter, femural epicondyle. tibial tubercle, lateral malleolus. heel and futh

metatarsal head on both limbs (Davis, Qunpuw. Tyburski. & Gage. 1991 All the

procedures were nxanaged by one tester.

A tnal of standing anatomical position was caphwed. Each participant was instructed
by the same tester 1o stand with hoth Teet in shoulder width and align the shank and
fout segmwent 1o a peetral position. This calibration fike provided a defimibon of zero
degroe for all joint angles in all planes. Video demonstralion of stop-junymng tasks
was shown to all participants.  ‘They were allowed 1o pracuise & senes of planned and
unplanned stop-jumping tasks uatil they were comfortable to start the test. Lach
[nm‘t:i[nnl was told to begin the task at the designated starting point. rup sicaght
towards the force plate. stop with both foet and jump as high as possible for the
vertical jump and as far as pussible for the forward, lelt and nght jumps. Thinty
seconds of rest was allowed between each jump and one minute of rest was also given

to subjects between the planned and the unplanned 1asks.

URL: hitpdimc.amanuscriplcential.comdrspb Email: yhwaon@iiviu.edu
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Data Collection und Reduction: Thiee seceessiul uials Tor each direction 1oy
plansed and unplanned tasks were collected, Por cach successtul inal. data from the
molion analysis system were Inmmed before and after the nme of fool sinke. A foat
contact was deternined by il force plate when the vertical ground reaction force
exceeded 5% of the participants’ body weight. Three dimensional coordinates of every

marker were exponied from the VICON sollware. The knee pmnt Kinematics was

calculated with the anthropometric data measured previously (Davas o al, 1921 All

calculations were conducted using self compiled program (Mathworks, Massachuselts,

USA). The main dependent vanable was kaee external rotational anghe. Knee Hexiwon
angle and knee sbduction angle were alse caleulated ab the time of foot strike (Cham
& Redfern, H002). as this sugpested i the unanticipated effect was significant to the
preparatory stage of the stop-jumping task.

Data Analysis: All data wore nnuly;m.! for the nght side only amd were averaged
across three Irials for each .um:liliun. Two-way multivariate analysis of variance
(MANOVA) with repeated nwasures was employed to examine the interactive effects

tanticaapation offect x dircetion) of knee Kinematics. I the interachive eifect was found,

sirtificd paired t-tests were conducted for each paranwter 1o demonsirate the

URL: htip:ihncananuscriptecentral.comirspb Email. ykvan@ivwu.edu
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anticipation effect al each jumping direction. The Jevel of sipmbicance was setw .05

RESULTS:

MANOVA showed sipnificant interacive effevt (Wilks™  Lambda  value=0.353,
F=3.614. p<05). 'i'lln:‘n'hw_ siratthied  poared  1tests were conducted tor cach
parameter between planned and unplanned asks. The result of the knee Kinematics at
the tme of foid strike was summanzed 1n the Table 1. Besudes left jump. al) vanables
of planmed umps are larger than unplanned jumps. Significant dilferences were found
in external rodation angele dunng l'nn;ud and et pomps. ahduchon angle donny

forward, vertical and nytht umps. llexion angle dunng right wmp

DISCUSSION:

fn laboratory setting, fonctional wsts allowed subgects 1o pre-plan movemnent patterns
and 1t might not refleat the real movement patterns performed v competition during
which athletes must react 1w upantiapaied events (Bester o ab., 2001). Caaentiy,
research investipating antivipation ¢ffevt on knee kinematics during stop-jumping

tasks is limited. Pollard and coworkers (Pollard ot al, 2007 and JLamdry and

vowarkers (Landry, MoKean, Hubley-Kozey, Stamish. & Ieluso. 2007) reported that

s

both male and female performed similady In mndomly cued citing mancuver.

URL: hitp:fime.manuscriptcentral.comyrspb Email: yhvongdtva.edu *
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However, potlier rescarch proup focused on stop- gy Lasks, i whicls pwst ot the
ACT, impuries veours dunng sudides stop-Endine movenwst with a change in dinecion
Selb amd coworkers (51l o al 200063 did comparisen between plunncd and vnplanned
stop-yumpag 1sks aml demenstrated increased knee gomnt foswding characterishio such
a5 greater kaee valgms and flexion momients, The authors sugpested thal duectional
and reswctive jumps shonbl he included in research awthodology ised on the kney
foane foading data, Inox recent siudy (HBrown, Palmier-Snuth, & Mol can, 20003, 50 was
sugested that usanhicipated laoding induced Andiflications in banding bomechanies
that may moerease osk of ACL inpay. Thowever, ths unasticipated effect 1 ool

wobl-undersiond in terhis of knee rodatiomal Kineratics.

In 1he present stidy. Knev rillalil?ll..'ll stability was investigated in tecms of knee
exterpal rotstivn anghe, For three of the four dircaions (forward, vesteal and i),
our subpts demoastrated decreased kave external eotalion angle during unplanned
stoprjumpriae  tasks. Sigmbcanl difurences botween planned snd  veplanned tashs
were found in forward {pl).05) and dpght ip<0.0%) stop-jumping tasks. The external
rotation anghkes wene 20,2 degrevs and 139 deprees lor loewansd jumigy and 1O deprees
and 1312 degrees for nght ump in planned and waplanned situations respedively.

was surprised that the resulls Jid not suppoel (0 provious studies (Beswr ot al.. 201:

URL. httpdfimemanusernipleantral comvispd Bmal: ykvongtvwu edu
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Brown ot al. 2000) sugpesting unplanped tashs woudd gonerate more demandiae
stress o the knee One of the reasens was that our subjects performed the Lasks 0 a
mone Csafe way due 1o the uaplanmed tash’s nature, which insolved shen e
dectsion amd - mub-diechonal  qumpe Howeser,  wilhogt - hestiation, subpects
performed contidently and showed increased Anee rodation Tor planoed Geiks ance
capuph nw was allowed for them o pre-progeame hew mavement patierns befoe

making the jump.

Athletes wend o pre-propram their landing mancover duning prepacstion stage, which
is reganded as the (hght phase befone Janding (Chappell. Cresphiton. Glam, Yu. &
Gayrett, 2007, Investigutors l\:lit‘lvc that ACL injurws typreally occur ai the unwe of
foor sinke (Krosshaug o ab. 2007: Olsen, Mykicbust, Enpebretsen. & Hahr. 20040 In
il cunent study, the hinesssbics dilference Between planned and unplanned Jump w
the tinw of Fool stnke sugpested that athletes would nwodily ther stategies before
Landing on the ground. In contrast e the previoas siudies (Sell ot ab., XK, Yo o al.,
3005} our subjects had 3 decremsed abduction angle during unplanned tasks. Chappell
and cevurkers (Chappell ot al., 2007) reported that Temake would have smalter Nexion
angle Yhan male at the cnd of prepacation stage. Uur partreipante alse demonsirated

sinular resull, showing smalkr Ikexioa angle during uaplanoed right jump ¢23.0

YRL: ntp.ameananuscaptcential convrsph Emnail, ylosonghtvaneou
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degrees) than planned righn gumg (2905 depreesy. 1 may nceease the koee ol
loading amd Tuther imerease e vish obF ACL murs. Postiapaots moour study
perdormed  diflervally  in knee Kioenwtes between planesd and  unplasaed
stop-jumping Lisks dunmg fosward, vertieal and right jump. The resubls suppested tha
anticipation chiect wonld aflect Tamding mancuver and benve it sbould be considered i

stop-jnping task iy employed during tunctional assessawent.

Neme o e previous studies evaluate Knee petatiomnad stabilly dunng unplanned
lamdmg mancuver. In present staly, ko rotational displacement. which s one of 1he
mager Jaxaties o knee lTigamentons ingury sthletes, was measunsd Previous study
(Chappell oL al.. 20073 showed that there was a pender diiference i knee notabon
dunag prepasation stage of verwal stop-jumping 1k, The bealthy subjects o
study demonsicated sirnificant devreascd knee Keematics boe unplanied 1ashs a
forward, verncal and nght jump. [t was behoved thad the differeace a the time of toot
sirihe may ifleence the lamding phase, which would be nwee stivessiul we the AC).
than that in the keolY phase Juring the stop-jurping Goks (lund & Sayder Mackler,
0T, In the cureent study. we incorporaied o seres of hegh sk movements of ACL
impury includiag a sharp deceleralion. a sudden stop landing mancuver and o sudden

change i dincction. Since knee stability 5 one of the major considerations 1o

URL: htipdmcananuschptcential.convisph Bmalk. ykwen@tviu edn
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detenmane o athletes could retrn o spopts alter livament reconstioctiion. i wouhl be
of prest value tor evaluating Kove stabably of Lgoment reconstructed athfctes with

Tunctiona) assessmwenl such as stop-jumpenge task with anticipaton ellve.

‘The Hmmation in the present stmly involved hnown drawbacks of mwlico analysia.
including the movement of skin markers (Reinschnmd,. van den Bogent. Nipp.
lundberg, & Muphy, FO97) Dunng the expeamental procedun?, dlw inlee-lester emer
Wk nunimized by having the same techmcian pliwe the skain markers and measure all
anthropomelre dats. A stamding offset tmal o deline sero depiee tar all seprmental
mweens was cotlected o aveid sublle masalipnment ol e koce pant. Morcover, s
this study invesugaled the anapaion cffect o koee kinematees i healthy
participants junynne beght and distapee were mod considered. Ie would be sopeesied
that viher parameters reflecting functional siability and museles strenpeth soeh as
ground reactin toree and eleciromyography data should be incloded an Tuture studes

for assessimg athlbeles after ligament reeonstivetion.

CONCLUSION:
This study provided specilie ke kioematics informatios dunng stop-pamping tasks,

especially the anticipation ¢ffect on knee rotational stability, It was concluded tha

URL: apdimoananuscaptcenteal. comirsply Emant ykwemdtv o edu
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antivipation would altect Bding wanuever duwing stop-jumpang tasks by showine
ilferenl knee kinematics belween planned and unplaneed tasks o healthy male
partcipanis. We suppested that both planned and unplaeped  sop-umping Lashs
shoold e cunsidored as one of the luacdnal assessmenis (o mombon  the

rehabiblainm progress atler kaee Digamentous injny

URL. httpuimeananusgnpicentral.convisph Emad: yhvan@tvar edu
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FIGURE AND TABLE CAPTHONS
Figure |: Laboratogy setime of planaed and vwaplanoed stop gumping tasks (Verical

Jump. Ao A TFosward jumpe A te 35 Lely ump: Ato O Right jumps Ao 1)

Tablle 1: Padred 1-test resulis of koce kinematics on the anticipation etfeet (or all

Jungnng divections,

ACKNOWLEDGEMENTS

The research project was made possible by cquipmentfesourees donated by The

Heny Kong Sockey Club Chanties Pt

URL: httpifrne.manuscaptcentral.comdrsph Email: yhvmnigtvu edu

229



62

n3

65

20>

In7

InR

oY

70

270

77

P2

o
»
Sports Blomechenics

REFERENCESR

Beavlien, M. T lamenwpne. M. & Xu.o 1 2008) Gender dilferences 1
ume-lrequency EMG anatysis of unanticpated cutting nmancuvers. Wedicine ouned
Neiewts e i Sporis and Faesfse, SO0 TT95- 1804,

Iesier, T 1L Llowd. B, (L Ackland, 1. R & Cochrane, 3. 1L 12080 Amticipatory
cffects va hnee joint kading during running and cetting maneuvers Medicinze aud
Sedenee in Spocss and Exewice, 207) 1176-118)

Brown, T N Padpven-Smnth, R M., & Mebaean, S0 G (2009 ) Ilerences belween
Sexes and Lambs o 1hip and Keee Kinemanes amd Kinetics dunng Anticipated
aml U nantiapated Jump Lindings: imphications toe ACL injury. e J Spoiis Med.

Cham, R.. & Rediern, M. 8. 12002). Changes in gait when amicipating shippery floors.
Logtit and Posune, 1512). 159171,

Chappell. J. 12, Creighton. R, AL Gidliann, CL Yu, B, & Garrett, W, k. (2007),
Kinematics and eleciromyopraphy of linding preparation 1 verical stop-pamygs:
ks o noncontact aplerior uciale hsaoent iy, Aw F Sports Med, 15(2).
238240

Pavis, R. 3. Ounpuu. 8. Tyburski. D & Gage. L R (1991 A gail analysis data
enllection and neduction lechmgue, Human Movewent Science, HQS), 315587,

Do Cock, AL e Clrey, Do Willems, T.. & Wivronw. 1. 12005%). Tempoeai

URL: hiyp:rmeananuscryicemiial.caumirsph Emait, ykvoniv.s.edu

Page 16 of 23

230



Page 170l 23

L]

82

R

IR5

286

K7

Lt

i

ua

M5

1

Sports Blomachanics

vhiteacteristics of Tool rell-over during haseloa jogmng: relerence dasa 1or Young
adulis. Ceenr and Postre, 2040, 332434

Fitrgerald, G K. Lephan, §. M. Hlwanp, 1 H. % Wainoer, R 5. 020000, Hop wals as
peedictors of dynanue knee stabiliay. dowenad of £ thopacdse auld Speris Pinsical
Herapy, 111D S88-597.

Georgoalis. A DL Ristans, S Chouliaras, V. Moraiti, . & Stersion, N 2007
Tikval redation 15 A reslonet alter ACL reconstnuciion with a hamsinae gral.
Clinicnt Crihopardics and Related Research, 354, ¥9-94.

Yinten, R Y. Lascolo, A, L. Almgquest, b1 Dowssginh, Wo AL & Shanma, K. M.
2005, Epidemiobogy of Jacrosse sajones i high schoed-aged girls and boys: a
Ayeur prospective study, American Jowrnal of Spovis Medicine, 35(9), 1MS-F314,

ITowck, J. K. Ik Haven, K. E. & Malooey, M. (2007), Influenee ol anlicipation on
muwvenwil patleras 1 subgects with ACL defioency classitied as soncopens., J
Orthap Spents Phys Pher, 1712). 5604

Hhwek. 1 R Duncan. Al & ¢ Hlaven, K. L (20000, Comparisoa ol frontal plane
trepk kincnmtics and hip and kace moments during antivipated and unanticipated
walking and sidv step culling tasks. Cair Posmee, 2403, 314-322.

liured. W) & Snyder-Mackler. [ (2007). Knee instabihily afler acute ACH, ropture

alfects movement palterns during the mid-stance phase of gail. Journal of

URL hitp o manuscnpicentsaluamirsph Bmal. ykvai@tou edu

2314


http://mc.inanuscriptcentfal.coiiVrspb

Rib1]

Wt

ok

RV

U

Lt

My

MK

L

KL

i

32

n:

RIE}

s

6

7

3R

Aports Blomechanics Page 18of 23

Cinthopeedic Resvan . 2530000 1 3ew-1 377,

Ingram. §. G Fields. § Ko Yard, B Lo & Comaock, RO} (2008, [pademmiodoey ol
knwe injurics anwag boys and girks in U8 huph schoed athletics, A S Speiv Med,
A0 FIG-1122

Kresshaug, 1. Nakamae, A, Boden, B, P Engebeetsen, [, Smith, G Shnderbech,
R eval. C2OF7). Mechanisms of anterion cruvate Bypamens ingicy tn b hetball
vides analysis of 30 enses. Ameriven Jowrnal of Spovis Medivine, 1503, 159 367,

Lagy, M_H. Jung, 101 P, Yuap, PSCHG o B Y Funp, KDY & (han KL M.
((inpeesy ). Koce rotational stabality during piveting movement s 1esonsd alter
amatomic double-bandle anterior craciate ligamend reconstructon, Am £ Spori
Med.

Landry, 8. ", McKean, K. A Hubley-Kosey, C. L, Sianish, W. 1., & Delusio. K
(2007 Neuromwscular and lower himb biosaechanical ditferences exist between
male amd temale elite adoleseent soceer plavers dunng an unantiapaled side-vut
manctver, A S Sparts Med, $5011), RS- FXN).

Vouw, Q. A Manilall. 1, & Grinnmer. K. AL 120085 pidemiology of knee injuries
among adolescents: o systematic review. Britich Joursed of Sports Medicine, 4X(1).
2-10.

Majewski, M. Susapne, 1. & Klavs, 5. (2006). Lpideruology of athlelie knee

URL: hitp:fmconanuscnptcentral.comdesply Emall ykvarind@hnu.edn

232



Page19ol 28

Y

1

122

123

phsl

A28

KR

27

Rt

29

10

ERT

RRE

KRR

1o

7

3ports Blomechanics

injurws: A Hlvear study. Kaee, 78(3), 184- 188

Moller. E . Weidenhielm. 1., & Werner, § 12000, Outcomw and kree-related suadiy
of life afler asterion cruciate ligament reconstrucnon: a long-teem Follow-up. Kniee
Kurg Sports haunudol Aetlieose, 1707). 1R6-704

Monace, k.. Labinnea, 1. Maesin, 1 e Carh. AL Contedies. §0 & Fenemi, A
12009 Instrumented sieasurements of ke laxity: KT-1000 versus navieation.
Keuee Surg Xpowts Travmarol Ao tlerse, 17163 617621,

Musahl, V., Bell, K. M., Tsan, AL G Costie, RS, Allarre, R Zaptop, FL el (HH7)
Development of a simple deviee for measureneent of sodational koce laxny. Knee
Surgers Sports Traumatedagy Arthrevongn, 15(8), 1J00-100 2,

Myklebust, (3. & Bahr, R. 12005). Retum we play puidelines afer anienor cruciale
liganwni surpery. British Jowenl of Sports Medicine, 3R3) 12713,

Olsen. 0, E. Myklcbust. (L. Lppebretsen. 1.0 & Babr, R, (20041 Inpury nwchamsms
for anlerior crueaale ligamest mmunes in feam bandball: a systematne video
aralysis. Awrerican Jourmad of Spoirts Medicine, 32040, 1002-1012.

Pollard. C. B}, Sigwiwd. 5. M.. & Powers. € M. (2007). CGoender differenoes in hip
Joint kinematics and Kinctics during side-step culling manvuver. CClimical fows ol
of Speert Medicine, 17(1), 3847,

Reinschmadt. ., van den Bogert, AL ), Nipp. B M. Luadbere, AL & Murphy, N,

URL- hfipaime.manuscrplcentiat.eamirsph Eman: ykwomgitea edy

233


http://mc.rTwnuscrlptcentfaLcoiTVrspb

KR}

AR

Mo

1

Al

M7

R

g

250

Ea)]

A5

s

380

Sports Blomachanics

U997, Lllest of skin mosenwnt o the analyses of sheletal knee poan motion
dunng nmning foursal eof Biowmechatios, 0T, 720712

Risberg, M. AL & Lkeland, AL 11990 Assessment of lunctional wsts aliel antuiior
cractate higament suseery. Jisinal of (rihopuaedn ond Sports Pinsaad Hherap.,
o 212-247

Ristanis. 8 . Stergion, N Patras, Ko Visiliadis. [1. 5. Giakas. (G, & Georeouhis, A1
L2005, Fxeessive fhial nodati durning ngh-demand activines is sol restooed by
sntenor crucale ligament recomsiruclion. Ardhroseopy, 28001 323329

Sl U CL beis, O MU ABL D P T, Y58 Myers, LB Ta 1L o al (HEX).
The effeat of dinenon and reactiva on the pewromuscalar and brmrechanical
characierialics of the hooe dining tasks that simuliste the poacontaet anlenor
cruciate hgament injury mevhamsm. American Joinsd of Sporis Medicine, 201),
4354,

Steagel. Do, Klufmeoller, I, Rademacher. (6 Mutze, 8 | Bauwens. K. Butenachon, K.
o al. (2009, Functiemal vulcomes and bealth-related qualdy of ile alier
rubul-assisied anterior cruciate ligament reconstruction with pateHar tendon peafts
Kuee Sury Sporis Pawnatol Artheose, 17(5), 446-455,

Tashman, S.. Kolowich, P, Collan. 13, Anderson, K. & Anderst. W, 12007, Dynamic

function of the ACL-reconstrocted knee duning musning. Clinieal Qrthiopaedics

URL: htgmemanusciplsentral comdisple Emad: yleeoniivu edi

Poge 200l 23

234



Page210f 23

87

Rat |

359

W}

anl

e

na

I

s

G

kY

6y

R

hH]|

Sports Biomechanics

amveed Keloted Researvd, 434 6071,

Togmer. Y., & Vysholme 1 (3985 Rabng systenoan the evalughion of kice liganem

nunies, € bt Orthep Relat RextB98%), 1349

Byher, T kL MeTlngh, M. P Gl €0 W & Nachedias, § 01 (19995 Assooation ol
K'T- 1000 imeasurements with chimcal tests of knee stabilny Fovear ledtowng
anterion cruciale lipamem revonstmuction. Jewinal of Ovhopoedie amd Speorey
Pingical Fierapn, 300, 340 545

Veltr, 1. M, Deng, X IL. Tordlh, PAL Waren, R L & Maynand, M) (195) The
nle ol the crocte and posterolateral bgameats in stabality of the knee A
bromechanenl sludy. Anr S Sperres Med, 234, 13- 443,

Wou. 5. 1. Pebski. R, B Witheow, ). Th, & Janawhek. M. A (1999). Bromechames
of knee ligaments. Awrerican Josenal of Spewts Medivine, 2714), 51543

Y, #., MeClure, 5. B Onate, 2o AL Guskiewser, K, M., Kirkeodald, 1) T & Ganen,
W, L (. Ape and pender elfects on loaver extremdy binemities of youlh
soveer plasers i stop-up tash. Asserivan Jowiel of Sports Medicine, 100),

1356 1204,

URL: mtpJsimcamanusanptoential.coiirspb Emanl. ykeronagiear edy

235



Sports Biomechanics Page 2201 23

r - —l e
i B_ * disptay monttor
| E) €

:l g J force plate

- —_ e
| Py

' f_{‘l 5 g =)
| g \
@ 3
photocell gate light sourca
e
9
_18

. starting posttion

L]

10m

Laboratory sething of ph d and I d Mop jumping tasks (Vertical jump: A o A; Forward
fump: Abto B; Leftfump: A o C; Mght jump: A o D)
190x254mm (%% x 96 DPI)

URL: hupiime. mawscnpleoniral.comirsph  Emasl: ykwaniiwu edu

236



L T k-]

Table | Frmted | et railis of P

ApMiTi Evarmic hanwt

ol % 4 The bl palen Akl bot ol g TN T Y
Ditecson  Khwe lonematics [+ ve) Plarwwd w g
inwon MBS o T T 2]
Forward  Abehx B LLFNT.1) B H10W Yo ape 1 P
Frigmal naaion FLi N YT [T 3] YLt U U
Frtaemn 0T FALTIR L Ho
Verikesl  Abdiion LRI ] &1l Yot gl hy
L strinal rotalen [EERL ] td1-iha M
Taon ALt h Aty Vot oz 01 00
fAigh At RERIETT Rt Vo i Bk
F ulwirad rctate TH b iR G [ KRN Y ) Yus 1p. b ir
¥ rnin 214 {40 v AT AL LN
Lelt Abou ton L AL k] JU Ry L3
E dernial rtaleon 15 e 162 (G M
[TLTI A TR [ » Wt Ao

237



