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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 philosophy in orthopaedics and traumatology 

at The Chinese University of Hong Kong in July 2011 

Sports related 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 cxpcriencc. Furthermore, the passive assessment 

cannot produce suftlcient 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 effect of different reconstruction techniques of posterolateral corner 

(PLC). The PLC reconstruction with double femoral tunnel technique shows belter 

rotational stability and resistance to posterior translation than the single femoral 

tunnel technique without compromising varus stability. Next, a simple and objective 

biomechanical meter to document knee rotational 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 evaluate dynamic knee rotational stability before and after anterior cruciatc 

ligament (ACL) reconstruction. The result shows that anatomic double-bundle ACL 

reconstruction successftilly restores functional knee rotational stability during a 

high-demand pivoting,'movement to a normal level. When comparing the 

single-bundle and double-bundle tcchniqucs, the result shows a trend that both 

reconstructions have similar efleet on knee rotational stability with no superiority in 

anatomic double-bundle ACL reconstruction. Lastly, optical motion analysis system 

is used to further investigate the anticipation effcct during stop-jumping tasks on 

knee rotational stability. By showing different knee kinematics between planned and 

unplanned tasks in healthy male participants，the landing maimever is shown to be 

i 

affected by the anticipation effect. It is suggested that both planned and unplanned 

stop-jumping tasks should be considered as one of Ihe functional assessment tasks to 

monitor the rehabilitation progress after knee ligamentous injury. 

Future studies on the correlation 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. 



C h i n辦咖伸彷 

隨著運動參與人數的上升，運動創溢已經成爲不可避免的後果。常中般常姑的 

運動創惕是膝關節勒帶受傷，令傷者帶來不|Hj程度的傷啓，例如膝關節旋轉不 

概定。臨床體檢丧足現時殺普遍用來診斷受傷及評估手術後康復進展的方 
« 

法。丨fUi^這种：檢查的準確性限制於測試M的技術和經驗。再者，被動式的檢查 

不能提供足夠的旋轉扭力來反映真资生活屮的需求。所以本論文旨补：應用先進 

的生物力舉儀器及硏發新的牛.物力學方法來虽化膝關節旋轉穏定性，並替試爲 

當前的臨床問題提供解決答案。 

首先，本論文綜合多年來文獻屮所描述的生物力學方法，報告有關里化膝關節 

旋轉穩定性的技術，？^?選取了數個1^適的技術應兩在運動醫今、的臨床問題上， 

藉此補充了臨床身體檢査的不足。第一，利用電腦輔助導航系統硏究不丨HJ後外 

側結構1[建手術的即時成效。結果顯示雙股得險道技術比較單股骨隨道技術更 

有效修復旋轉及後移定性。第二 •本論文硏發出一個簡單和客觀的生物力學 

計:t儀，來評估被動式膝關節旋轉穏定性。透過電腦輔助導航系統作爲•度的 

黃金標準進行了屍體驗証，並獲得高準確性及可猫性的結果。爲進一步評估動 

態穩定性,是次硏究應用了光學励作分析系統爲前十字靭帶受傷的病人在術前 

術後進行了一個高強度轉向動作的穩定性評估。結果表明前十卞勒帶雙束解剖 

‘重建手術能在功能上修復膝_節旋轉穩定性，並達致正常水平。常比較稱束重 

速技術時，出於_•稀手術方法均對旋轉穏定性起了相MJ的效果，所以不能反映 

雙束解剖重建技術之優勝處。殷後，光舉動作分析系統再被應用在一倘&停跳 

躍的動作上，分析預期反應對旋轉穩定性之影锻。從健康的男受試者巾發現預 

期及非預期動作在運動學上有明顯分別，証明了落地時的動作受到預期反應的 

影释。當許估膝關節勒帶受傷後的厳復情況時，應考慮預期及非預期的急停跳 

躍動作爲功能測試之一。 

i i i 



未來方向包括硏究被動式穏足性測試及動態功能穩史性測試的相關件.’令臨床 

.!•.能以簡單的生物力學測試來預測膝丨糊節功能®定性。 
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qhaptyrV Infrpduction 

Chapter summary 

In the beginning of this dissertation, a brief background introduction that leads to the 

study aim and objective would be elaborated in this chapter. The increase in the 

number of sports participation comcs after the awareness of the relationship between 

healthy lifestyle and mortality rate. Sports related injury has become an inevitable 

consequence. Among these injuries, knee ligamentous injury is one of the most 

common sports injuries and it results in different degrees of harm to the athletes, 

such as knee rotational instability. In view of Ihe knee rotational stability assessment, 

physical examination is often used in the field of orthopaedics sports medioinc for 

injury diagnosis and evaluation of surgical treatment and rehabilitation. Regarding 

the limitation of the physical examination, the outcomc is affected by patients' 

muscle reflex and it also depends on the examiners' skill and expericncc. 

Furthermore, the passive assessment cannot produce sufficient rotational stress that 

reflects the real physical demand. Therefore, this dissertation aims to apply advanced 

biomcchanical technology and develop new bioinechanicai methodology to quantify 

knee rotational stability as an attempt to provide solutions to tlic 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 mcdicine’’ which jointly 

sponsored by the American College of Sports Medicine and the American Medical 

Association (Sailis, 2009)，people all around the world are more engaging lo sports 

activity and exercise. In Hong Kong, with the impact of hosting the Olympic 

Equestrian Sports in 2008 and East Asian Game iti 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 (Consultancy 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), the number of participants has 

progressively increased year by year, from 1000 runners in 丨 997 to over 60000 

runners last year. This local race has now become a remarkable sports event 

internationally. 

Although sports participation brings people health, it sometimes causes injury. The 

injury rate in sports is comparable to other common types of injury reported in 八&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 actively 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 are 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 incidcncc of sports injury (Shcphard, 

2003). 

1.2 Problems of sports injury 

While researchers arc aware of the benefits from exercises, sports related injury may 

negate the gain (Marshall and Guskiewicz, 2003). Sports injury would result in pain 

(Fahlstrom et al.，2006), loss of playing or working time (Orchard and Hoskins, 2007) 

as well as medical expenditure (KJIOWICS et al” 2007). Severe 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 (Logerstcdt et al., 2010)，disability, permanent 

cease of sports participation (Myklebust and Bahr, 2005), psychological problem 

(Mann et al” 2007)，and even death (Quigley, 2000). Without adequate treatment and 

rehabilitation, sports injury may also causc significant susceptibility in developing 

osteoarthritis (Lohmander et al., 2007) and other kinds of permanent sequela (Marchi 

etal., 1999). 

The economic expenditure due to sports injury would significantly increase the 

society's burden. In late 20*h 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 



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 even 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 et al., 2006). Among all 

sport-related knee injuries, around 45% is related to ligamentous injury (Ingram et al” 

2008; Majewski et al., 2006). The major knee ligaments include cruciate ligament, 

collateral ligament and posterior lateral ligament (Daniel et al., 1990). Although 

extensive research have reported that MCL would heal after an isolated injury 

without any intervention (Woo et al.，1997), some of the ligamentous injuries arc 

complex such as PLC injury (LaPrade et al.，2006) and more importantly most of the 

ligaments do not heal when torn. Therefore, ligament reconstruction has become the 

standard treatment in the field of orthopaedies sports medicine (Beynnon et al., 2005). 

Untreated knee ligamentous injury would affect gait pattern (Sheibiirne el al., 2005)， 

increase the risk of re-injury (Arnason et al” 2004) and eventually contribute to 

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

Athletes who suffer from ligament disruption would experience knel^instability 

(Veltri et ah, 1995). The term ‘instability’ has been used to describe (1) an abnormal 

motion or motion limit 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). 



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 motion in a 

specific direction (Butler ct al., 1980). The structure that provides the greatest 

limitation for a specific direction is considered the primary restraint while the 

remaining structures that limit the motion after disruption of primary restraint are 

termed secondary restraint. For example, ACL functions as the primary restraint and 

secondary restraint to limit AP translation and tibial rotation, respectively (Petersen 

and Zantop，2007), and PLC 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 

(Fii and Zelle,"' 2007). Moreover, in view of the anatomical and biomechanical 

understanding 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 Helinig, 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 



served as the primary restraints of knee external rotation at 30" of knee flexion. 

Residual laxity has been reported after PLC reconstruction suggesting that 

single-femoral tunnel could not address the different insertion sites of the popliteus 

and I.CL (Arciero, 2005). 

Traditional surgical treatment of ACL injury used a single-bundle 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 AC I. 

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 models (Woo ct al., 2006; Yagi ct al., 2002)，the superiority 

over single-bundle technique has not been proven in human subject (Meredtck 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 

questionnaire (Harreld et al., 2006), image scanning (Tashiro et al., 2009)， 

bioniechanical 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 (Lubowitz et 

6 



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

for ruling in an ACL rupture (Ostrowski, 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 relax 

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 that 

reflect real physical demands (Noycs ct al.， 1980), In view of these limitations, 

separate altempt 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 

ill various clinical related situations for supplement of clinical examination's 

Ijmitations. Figure 1.1 illustrates how this dissertation tackles the limitations by using 

different biomechanical techniques. A cadaveric model is used in chapter 3 to 

eliminate any muscle contraction involved and the tool for evaluation is 

inlra-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. 



Physical examination to assess knee rotational Instability 

乂、 
Inability to relax 

because of anxiety 
High dependence on 
skill and oxperience 

Inability to reflex real 
physical demands 

乂. 

Proposed 
solutions 

Cadaveric model 
(chapter 3) 

Objective meter 
for quantification 

(chapter 4) 

Functional assessment 
(chapter 5 and 6) 

I ；1 

techniques 

Figure 1.1 Illustration o f how this dissertation tackles the limitations o f clinical examination by using 

different biomcchanical techniques. 

1.6 Study aim and objective 

This dissertation aims to apply advanced biomcchanical technique and develop new 

biomechanical methodology to quantify knee rotational stability. The objectives of 

this dissertation include the followings: 

1. To apply computer assisted navigation system to evaluate two PLC 

reconstruction techniques using a cadaveric model; 

2. To develop an accurate and reliable biomechanical meter to evaluate 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 evaluate liinctional knee rotational stability. 
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Chapter 2 Biomechanical techniques for evaluation of tibial rotation - a 

systematic review 

Chapter summary 

rhis chaptcr systematically reviews the biomechanical techniques to evaluate tibial 

rotation, for the better understanding of choosing suitable protocol with specific 

clinical application. A systematic search was conducted and finally 104 articles were 

included in this review. The articles under review were classified according to three 

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 rotational 

stability in terms of tibial rotation during dynamic tasks, optical motion analysis 

system with skin reflective marker and radiographic measurement were suggested. 

Similar biomcchanical techniques were summarized for discussion. This chapter 

provides information of choosing suitable biomechanical techniques for the 

following chapters that aim to solve specific clinical problem in relation to knee 

rotational stability. 



Publication: This chaptcr is submitted to Knee Surgery, Sports Traumatology, 

Arthroscopy. 

Lam MH, Fong DTP, Yung PSH, Chan KM revision).八 systematic review on the 

biomechanical techniques to evaluate tibial rotation. Knee Surgery, Sports 

Traiimatoiogy, Arthroscopy 
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2.1 Introduction 

Tlie knee is the most commonly injured body sites during sports, accounting for 

about 40% oTall sports injuries (Majewski et al.，2006). Traumatic knee injury such 

as ligament tear would lead to knee instability, prohibiting athletes from reluming to 

sports, and resulting in early retirement (Myklcbiist and Bahr, 2005) or even 

premature end to sport career (Kvist, 2004). Functional knee stability is one of the 

key return to sports criteria (Kvist, 2004) as high demanding movements that stress 

on knee are always involved in real game situation, (n clinical practice, knee laxity 

evaluation is based on the physical examination 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 side. I lowever, physical 

examination has a few limitation (Lubowitz el al., 2008), including inability to 

producc 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 limitation and 

instability are included in these questionnaires such as IKDC subjcctivc knee 

evaluation scores (Irrgang et al., 2001). Another passive knee laxity ai>sessment 

includes stressed magnetic resonance imaging (Scarvell et al., 2005) and objective 

clinical dcvicc (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 
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after ACL reconstruction would contribute to long-term joint degeneration (Ristanis 

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

In view of the way to assess knee laxity and stability, biomechanics plays an 
T 

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 knee anatomical structure, 

injury diagnosis and effect 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 tcchniqucs would be classified when 

the knee is examined with different conditions: (I) 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 (Waite 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 choosc the 

most suitable technique for specific application. 

2.2 IVIethod 

A systematic literature search of MEDLINE (from 1966) was conductcd 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 532. The title 

and abstract of each entry was identified. Non-Knglish articles, review and surgical 

technique, animal studies and non-related articles were excluded. After this 
、 

subsequent trimming, the count was reduced to 190. Online and library searches for 

the full text of these articles were conducted. Articles not available in the library of 

The Chinese University of I long Kong were requested from libraries in other local 

universities. Only full text of two articles could not be retrieved, and the final 

number of articles with full text was 180. 

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 employ 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 

knee arthroplasty or the prescription of knee prosthesis, sincc 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 measuring technique were cxcludcd. 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 examined 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 

I'or all included studies, 69 articles (66%) used human specimen in the experiment 

and the rest 35 studies (34%) used living human. The earliest study in the search was 

conducted by Shoemaker and his coworkers (Shoemaker and Markolf, 1982) in 1982. 

Increasingly, the studies between 1980 and 丨 989,丨 990 and 1999，2000 and 2010 

were 12, 16 and 76, respectively. The application of these studies included 

investigation of knee structures such as ACL，PLC and meniscus, and evaluation of 

taping and bracing effect. The most common interest for researchers was ACL 

followed by PLC. The biomechanical technique that was used in the included studies 

was shown in the following. 

2.3.1 External load application 

Of the 104 included articles, 74 artictes (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 Oircct displacement measurement 

The most direct way to measure rotational displacement was by using a goniometer 

.(Andersen aird Dyhre-Poulsen, 1997; Gupte et al., 2003; Kriidwig et al.，2002; Scopp 
• 4 

et al;, 2004;'UlIricli ct al., 2002; Wojtys et al., 1987; Wojtys et a l , 1990) or 

、 ’ « 

cicctrogoniomctcr (Baxter, 1988; Lundb^rg and Messner, 1994; Morin et al., 2008; 

‘ 、 • - . • ,’ • 
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Shapiro et al., 1991; 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.,丨989; Markolf et al., 2010; Shoemaker and Markolf, 1985; 

Shoemaker and Markolf, 1982; Stoller ct al.，1983)，transducer (Draganich et al., 

1990; Draganich ct al.，1989; Gollchon ct al., 1987; Lane et al., 1994; Shahane et 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 (llofmann ct ai., 1984) 

used bony pin to define rotational displacement such that the movement was 

restricted in transverse 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 ct al., 2010; Apsingi et al., 2009; 

Apsingi et al., 2008; Apsingi et al.，2008; Bull et al.，1999; Coobs et al., 2010; 

Griffith et al.，2009; Lie et al.，2007; McCarthy et al., 2010; Nau ct al.，2005; Nau et 

al.，2005; Samuclson ct al., 1996; Tsai ct al., 2010) and living human (Sluiltz and 

Schmitz, 2009; Shultz et al., 2007; Tsai et al., 2008). In cadaveric studies, magnetic 

sensors were directly attached to the femur and tibia，and the relative movement 

between both sides was monitored externally. Sensors were rigidly fixed to both 

sides using nylon posts (Bull et al.，1999) or fiberglass cylinders (Saniuelson et al” 

1996). while it was attached on skin in the application to living human. The lateral 

aspect of the subject's thigh and the tibial shaft were recommended as a reference 
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site according to Shultz ct al.'s study (Sluiltz et al., 2007). Different from direct 

displacement measurement, signal generated from an external receiver were 

extracted 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 kincmatics 

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

2.3.1.3 Optical tracking system 

Optical instrument is one of the recent techniques for measurement of tibial rotation. 

Eight studies (Ferrari et al., 2003; Kondo el al.，2010; l.aprade et al., 2008; l.aPrade 

et al., 2004; Manuel et al., 2004; Matsumoto, 1990; Mueller et al” 2005; Park ct al., 

2008)，with the earliest one published in 1990 (Matsumoto, 1990), used this 

tcchniquc 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 

sphcrical 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 used to locatc three dimensional 

coordinates of markers that needed to be further digitized to establish an anatomical 

based coordinate system (Grood and Suntay, 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 

measurements (Cranberry et 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; Karrholni et al., 1989), applying to living 

human to measure knee rotational kincmatics. Three to six tantalum markers with 0.8 

mm diameter were inserted 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 plotted 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 procedure was involved when inserting markers into the femur and 

tibia, this technique was only used in cadaveric studies (Gaasbeek et al., 2005; 

Kaneda et al., 1997). 

2.3.2 Physical examination 

Physical examination is commonly used in clinics to evaluate knee laxity alter 

ligamentous injury. Pivot shift test is one of the common tests in clinical setting for 

evaluation of knee rotational laxity while some clinicians apply external and internal 

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 rotational kinematics by means of 

biomechanical techniques. In this category, fifteen studies were included. All studies 

were conducted after 2002. The three major techniques for mcasursment of tibial 

rotation when examiner performed clinical tests were goniometer (Sekiya et al., 2008; 

Whiddon et al., 2008; Zehms et a l , 2008), EM sensing (Hagemeister et 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., 

n-
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2008; Ishibashi et al.，2005; Ishibashi et al., 2009; Miura et al.，2010; Song et al., 

2009; Zafiagnini 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 

especially designed for helping surgeons during operation. In the early stage of 

navigation development, it was used to assist orthopaedic surgeon to improve 

accuracy of reconstruction and replacement surgery (Picard et al., 2001). New 

software recently has allowed for six DOF knee kinematics measurement (Hofbauer 

et al” 2010). Therefore, 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 et al., 2005). 

The navigation system was firstly applied to living human in 2005. The system 

consisted of two transmitters with four markers attached, one calibration pointer and 

a high speed camera connected to computer for exporting the data. There were a few 

procedures before knee kinematics measurement (Ishibashi ct al., 2005). 

Radiographic film was assessed prc-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 movement, several 

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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2.3.3 Dynamic task 

In this category, fifteen studies were included and ail were published after 2000 

except two from 1980s. In all studies, knee rotational kincmatics 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 (Czemiecki et al., 1988; Knutzen et al., 1987). Before RSA was 

applied on living human in 2001 (Brandsson et al., 2001), there were about 10 years 

of vacuity 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 technique. 

Advanced technique using motion analysis system with rcflective skin markers to 

measure knee rotational stability was reported in 2003 (Georgoiilis 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 rotational stress to the knee, 

while the three dimensional coordinates of the markers were captured by optical 

instruments. The markers' global coordinates were collccted 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 

Vaughaii (Vaughan et al.，1992) consisted of 15 markers on lower extremities. 

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 anthropometric 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 tubes were used to obtain 

simultaneous exposures at 2-4 Hz. The radiographs were jprocessed manually to 

digitized images using a scanner for subsequent digital analysis. In reccnt years, the 

radiographic measurement of tibial rotation in several studies (Dcfrate 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 testing 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 model. 

2.4 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 applied 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 (Hsu ct al., 2006; Kanamori et al., 2002; 

Yamamoto et al.，2006; Yamainoto et al., 2004). In addition, there were a few studies 

recruiting living human as subjects (Baxter, 1988; Johannsen et al., 1989; Louie and 

Mote, 1987; Liindberg and Messner, 1994; Shoemaker and Markolf, 1982; Shultz ct 

al., 2007; Stoller et al., 1983; Yagi ct al., 2007). These studies used a self-customized 

fixation system, in which rotational stress was applied to the participants until their 

limit of comfort (Leven, 1978). 

The external 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 (1 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 much 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 varied from 1.5 Nm to 

20 Nm. The torque was much lower when applied to the living subjects, ranging 

from 1.5 Nm to 10 Nm with four out of 12 studies using 5 Nm as the testing torque. 

Among the four techniques, magnetic sensing has been 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 inevitably results 

in a high accuracy measurement. On I-he 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 ethical 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. 

2.4.2 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. Different from 

experimental laboratory setting, operation theatre is not an ideal place to provide 

controlled load of application due to the instrument size and hygiene conccrn. 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 

manually 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 treatment. 

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 clinical result (Ptaweski et al.，2006) and an objective way 

to quantify knee kincmatics. Moreover, this technique offers a good repeatability 
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(Martclli et al•’ 2007) and a comparable result with mechanical testing devices such 

as K I-1000 and goniometer (Kendoff et al.，2007). Implementing the high precision 

navigation technique for comparison of different reconstruction methods (Steckel ct 

al., 2007) and extension to other knee surgeries (Martclli et al., 2006) would be one 

of the key research areas in the future. 

Despite the fact that there are a number of advantages as discussed above, more 

attention should be paid to address the drawbacks. One should be reminded that the 

procedure involves invasiveness that may cause extra 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 etTect, 

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. 

2.4.3 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 et al., 2004)，injured knee (liouck and 

Yack, 2001) as well as rcconstructcd knee (Braiidsson et al.，2002). In early years, 

techniques involving external fixation structure attached to participants' limb would 

highly affect the gait pattern (Czemiecki et al., 1988). Optical motion analysis 

system and radiographic measurement have therefore become the most frequently 

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 el al.，2007), the controversial issue of implantation of bony markers 

through arthroscopic surgery has bccomc 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 ct al., 1998) 

to minimize the skin movement by using an overabundance of markers on each 

segment. Yet, 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 software system also includes auto-digitizing and kinematics 

calculation. Nevertheless, results of knee internal and external rotation from different 

marker set protocols were poorly correlated (Ferrari et al., 2008). For example, 

Thainbyah et al. (Thambyah ct al.，2004) used 17 skin markers while Georgoulis et al. 

(Georgoulis et al., 2003) adopted the model with 15 skin markers. Self-compiled 

program for calculating knee kinematics was not standardized and comparison 

between studies with different marker set protocols would be highly difficult if not 

impossible. 
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In recent years, Tashman and coworkers (Tashman et al., 2004; Tashman et al., 2007) 

used RSA technique to evaluate knee kinematics of human AC I. reconstructed knee 

during treadmill running alter the application to canine ACL deficient knee in 2003. 

Similar to the protocol of biplane radiograph generation 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 sufficient smooth continuous 

kinematics data during most of the human dynamic movements. 

The biomectenics technique for measurement of tibial rotation is well developed in 

cadaveric model. Accuracy of most of the techniques is high because bone to bone 

information could be obtained directly. There is still room of improvement on the 

techniques applied on living human, especially in the development of a practical and 

accurate technique for dynamic tasks. The ftiturc studies should focus on validity 

between magnetic measurement and radiographic measurement because the 

non-invasive magnetic sensor would be useful in orthopaedic clinics if it could 

produce reliable and valid measurement. Moreover, regarding the optical motion 

analysis system with rcflcctivc skin markers, consensus should be obtained tor 

standardized market set protocol for measurement of tibial rotation during dynamic 

task. 

2.5 Chapter conclusion 

The biomechanical techniques to measure tibial rotation were summarized, providing 

an overview of knee rotational stability measurement techniques. We systematically 

reviewed, from fundamental cadaveric studies to newly developed intraoperative 

experiments, the measurement techniques according to the condition in which the 
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knee was examined: external load application, physical examination and dynamic 

task. To choose a suitable measurement technique for specific clinical application. 

study purpose should be first identified, 

whether cadaveric model would be used, 

knee. 

and more attention should be paid on 

and also the way of stress applied to the 
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Chapters The application of computer assisted navigation system for 

comparison of different techniques to reconstruct PLC of the knee 

Chapter summary 

This chapter aims to apply computer assisted navigation system to evaluate the 

immediate eftect of two PLC reconstruction techniques. By adopting a cadaveric 

model, muscle contraction would be eliminated. Five intact formalin preserved 

cadaveric knees were used. Navigation system was used to measure knee kinematics 

(posterior translation, varus angulation and external rotation) after applying constant 

Force and torque to the tibia. Four different conditions of the knee including intact 

knee, PLC sectioned knee and PLC reconstructed knees by the doublc-fcmoral tunnel 

technique and single-femoral tunnel technique were evaluated during the 

biomechanical test. Sectioning the PLC 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 reconstruction techniques significantly restored the 

varus stability. The external rotation and posterior translation at 30° of flexion after 

reconstruction with double-femoral tunnel technique were significantly better than 

that of single-femoral tunnel technique. In conclusion, by using computer assisted 

navigation system, the results suggested that PLC reconstruction by a doublc-fcmoral 

tunnel technique achieves a better rotational control and resistance to posterior 

translation than single-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 Wcntorf, 2002). Failure to recognize the PLC injury will lead to 

failure in reconstructing ACL and PCL (Covey, 2001; Gollchon et al.，1987; LaPrade 

ct al., 2002; LaPrade et al., 2002; Seebachcr ct al.，1982). Our understanding of 

anatomy and biomechanics of the PLC has improved in the past two dccades, but the 

best technique to reconstruct the PLC has not been well established (Arciero, 2005; 

Covey, 2001; LaPrade et al., 2002; Scliechinger ct al., 2009; Veltri and Warren, 

1994). 

3.11 Primary and secondary restraints of PLC 

The anatomy of the Pl.C is complex, and it is composed of both static and dynamic 

stabilizers. Previous studies 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; Scebacher et al., 1982; Shahane et al., 1999). I hc 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 popliteus muscle-tendon unit) (LaPrade ct al., 2004; 

Larson et al., 1996; Nau et al., 2005), other structures of the PLC were removed to 

avoid their ctTcct. 

3.12 Reconstruction techniques of PLC 

Larson and coworkers (Larson et al., 1996) described a technique for reconstruction 
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in 1996 that involved the utilization of a free semitendinosis graft as a figure of eight 

through a transfibular tunnel and the fixation at an isometric point of the I.CL and 

PFL using a screw and washer in the lateral femoral condyle. In previous decades 

various modifications of reconstruction technique and development on anatomic 

reconstruction of PLC have been reported (Arciero, 2005; Fane Hi ct al., 1996; Kumar 

et al.，1999; Slannard et al., 2005). Kumar and coworkers (Kumar et al., 1999) 

described a technique in 1999 in which a tunnel was drilled in the fibular head and 

the lateral femoral epicondylc. The PLC structure was reconstructed by use of 

autogenous tendon graft passing through the tunnels and sccurcd with an interference 

screw in the lateral epicondyle tunnel. I lovvever, 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-fcmoral sockets technique. 

The purpose of this chapter was to compare 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. It was hypothesized that the 

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

3.2 Method 

3.2.1 Specimen Preparation 

Six intact human cadaveric formalin preserved knees were used. The specimens were 

checked by inspection, palpation and physical examination including the l.achman 
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test and varus valgus stress test to detect any obvious bony deformity, previous 

fracture and ligamentous laxity. One knee was found to have severe degeneration 

after 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 15 cm above the joint line and 

the ankle 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 tissue was carefully dissected by a 

single surgeon while keeping the following structures intact: MCL, posteromedial 

complex, ACL, PCL, poplitciis muscle-tendon unit, LCI., PFL and menisci. Apart 

from these structures, all other soft tissues were removed including the capsule, 

patellar tendon, iliotibial band, biceps tendon and hamstring tendons. The described 

procedures aimed to minimize the effects of the muscle tone, as well as restraint 

caused by the capsule 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 intramcduallary 

nail with an adapter over the distal end was inserted from distal tibia to the shaft of 

the tibia. Two 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 (Fiitek Advanced Sensor Technology, USA) with 

accuracy less than 0.02 Nin was attached to the distal end of intramcduallary nail for 

application of external rotation torque during the test. Another two paralkil 4.5 mm 
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u 
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 to the torque sensor for application of constant torque. 
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shanz screws were inserted over distal shaft of femur for anchoring of the trackers of 

the navigation system. 



3.2.2 Testing protocol 

Intraoperative navigation system (BrainLab, Feldkirchen, Germany) was used for 

measurement of the testing parameters. The Brain Lab ACL Reconstruction System 

version 2.0 was used to measure the degrees of external rotation and posterior 

translation 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 measuring 

internal/external rotational laxity and varus/valgus laxity at 30790° and 0730" 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 poplitcus, PFL and LCL structures of the knee were then sectioned through their 

midsubstance. The same testing procedures were repeated to document the laxity of 

the sectioned knee. Two different techniques of PLC 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 (Bthicon, 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 tcchniquc 

Technique A (Figure 3.2) - This technique aimed to reconstruct the LCI. and PrL in a 

more anatomic way by creating two femoral tunnels according to the footprint of the 

LCL and the popliteus tendon as dccribed by Arciero (Arciero, 2005). A 2.4 mm 

guide pin was inserted anterior and inferior to the fibula insertion of the LCL. It then 

posteromcdially exited to the posterior aspcct of the fibula head at level of the 

proximal tibio-fibular joint. A 7 mm diameter transfibular tunnel was created by the 

cannulated reamer. A 2.4 mm guide pin was inserted into the ccntre 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 popliteus 

tendon. A 7 mm popliteofibular tunnel was created by the cannulated reamer. The 

tendon graft was passed through the transfibular tunnel. The posterior limb was 

passed 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 ai., 1999), which involved the use of 

single-femoral tunnel for the fixation of both anterior and posterior limbs of the graft. 

The transfibular tunnel created in technique A was reused. The femoral tunnel over 
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Figure 3.2 PLC reconstruction by technique A: anterior view (left) 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 lunnel, 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 

crcatcd by a 4.5 mm cortical screw with a washer. 
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the femoral insertion of the LCL creatcd 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. 
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Figure 3.3 PLC reconstruction by technique B: anterior view (left) uiid lateral view (right). A 

single-femoral tunnel measuring 9 mm in diameter was created over the lateral epicondyle for ihc 

passage of both anterior and posterior limbs of the graft. The graft was fixed by sutures tie around a 

post. 

3.2.4 Statistical Analysis 

One-way multivariate A NOVA 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 differences between all testing 

conditions, which included intact knee, sectioned knee and reconstructed knees. 

Least-square difference post hoc pairwise comparisons were used between 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). 

3.3 Results 

Multivariate ANOVA showed that knee kinematics was significantly alTected 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 

affectcd by the four conditions of the knee (P<0.05). The results of the post hoc 

painvise comparsions in different conditions of posterior translation, external 

rotation and varus angulation were summarized in Tabic 3.1. 

3.3.1 Posterior Translation 

After sectioning the structures of the PLC, there was a significant increase in 

posterior translation at 30° of flexion from 3.4 mm (1.5) to 7.4 mm (3.8 mm) after 

application of posterior pulling force (Figure 3.4). After reconstruction of the PLC by 

technique 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 difference 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 mm (2.3 mm) compared with the sectioned knee, which was not significant 

(p>0,05). Moreover, reconstruction by technique B showed an inferior result in 

resisting posterior translation when compared with technique A (p<0.05). 
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Tabic 3.1 Statistical results of different parameters comparing four testing contlilions (Intact, 

Sectioned, Technique A and Technique B) 

Knee 
specimen 

S 

External rotation (*) at 30' of flexion 

70 17.0 12.0 15.0 

12.0 19.0 110 120 

120 29.0 10 0 15 0 

14.0 27.0 9.0 14 0 

11.0 31.0 9.0 16.0 

.2 (2.6) 24.6 (6.2) 102(1.3) 144(1 

6.0 16.0 15 0 16.0 

15.0 26.0 20.0 170 

20.0 36.0 27.0 25.0 

17.0 25 0 13.0 2 0 0 

17.0 30.0 19.0 23.0 

15.0(5.3) 26.6(7.3) 18 8(5.4) 20.2 (3.8) 

Mean (SD) 

External rotation (') at 90* of flexion 

2 

Mean rSD) 

Posterior translation (mm) at 30' of flexion 

1 2 0 4.0 3.0 4.0 

2 3.0 6.0 2.0 5.0 

3 6.0 丨 4.0 8.0 9 0 

4 3.0 6,0 1.0 3 0 

5 3 0 7.0 3.0 4 0 

Mean (SD) 3.4(1.5) 7.4 (3.8) 3.4 (2.7) 5.0(2 3) 

Posterior translation (mm) at 90* of flexion 

1 1.0 2.0 3.0 4.0 

2 3.0 5.0 3,0 3,0 

3 9.0 丨 3.0 4.0 4.0 

4 2.0 1.0 0.0 l.O 

5 2.0 4.0 3 0 3.0 

Mean (SD) 3.4 (3.2) 5.0 (4.7) 2.6(1.5) 3.0 n .2) 

Varus angulation (*) at 0' of flexion 

1 0.0 15 1.5 1.5 

2 1.0 4.5 1.5 0.5 

3 2.5 丨 3.0 3.5 1.5 

4 2.5 7.5 0.0 0.5 

5 5.5 13 0 3.5 1.0 

Mean (SD) 2.3(2.0 7.9 f 5.1) 2.0(1.5) 1.0 (0 5) 

Varus angulation (*) of 30' of flexion 

1 0.5 6.5 4.5 4.0 

2 4.0 9.0 4.0 9.5 

3 5.5 19,5 5.0 6.0 

4 1.0 11.5 1.5 4.5 

5 9.0 - 丨 7.5 9 5 8.0 

Mcanrsm 4.Q (3.S) 12.8(5.5) 4,9(2.9) 、_6 ,4 (2.3) 

Statistical test 
(ANOVAVPost hoc**) 

P<0,01 /l-S . S-A . S-B .A-B 

P <0 01 /l-S .‘S-A . S-B . I-B 

P<O.OI /l-S .S-A , A-B . I-B 

No sienincant diffcrcncc 

['-001 /l-S . S-A .S-B 

P<OQI/I-SVS-A' 

Abbreviations: I, intact; S, sectioned; A, technique A; B, tcchniquc B. ' Statistically significant diftbrencc. 

"Rvalue of ANOVA for the four conditions. Results of least-square ditTercnce post hoc pairwisc comparison. 
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Intnct .Secfioneil Tecluu(.|iie A Teclimqiie b 

30 degrees of flexion 

Figure 3.4 The posterior translation (mm) tor each tested knee slate (intact, sectioned, technique 八 

[double-femoral tunnel tcchniquc], technique B [single-femoral tunnel technique]) at 30' o f flexion. 

Asterisks indicate a significant difference (p<0.05). 

3.3.2 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). XHe reconstruction with technique A showed a better result 

than that of technique B，which measured 14.4' (1.5。）(p<0.05). There was no 

significant difference in external rotation at 90° of flexion between technique A and 

technique B (p>0.05). 
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Intact Sectioned Tecluuqiie A Technuiue B 

30 degrees of flexion 

Figure 3.5 The external rotation ( ') for each tested knee state (intact, sectioned, technique A 

[double-femoral tunnel technique】，technique B fsinglc-fcmoral tunnel technique!) at 30' of flexion. 

Asterisks indicate a significant difference (p<0.05). 

3.3.3 Varus angulation 

At 0° of flexion, varus angulation significantly increased from 2.3" (2.1°) to 7.9。 

(5.r) after sectioning of the structures of the PLC (p<0.05). Both reconstruction 

techniques restored the varus laxity to 2.0° (1.5。）in technique A and 1.0* (0.5") in 

technique B, with no significant difference between the reconstructed knees and the 

intact knee (p>0.05). However, there was no significant difference between the two 

reconstruction techniques (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 reconstruction 

by technique A, the varus laxity significantly decreased from 12.8。（5.5。）to 4.9。（2.9 

(p<0.05). There was no significant difference between the sectioned knee and the 

reconstructed knee with technique B or between the reconstructed knees with both 

techniques. 
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3.4 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, allograft or autograft. In the 1980s, I lughston and Jacobsen 

(Hughston and Jacobson, 1985) used a lateral gastrocnemius, capsular, LCL and 

poplitciis advancement procedure that relied on the integrity of PL structures. 

However, the result was not satisfactory. Clancy and coworkers (Clancy et al., 2003) 

diverted the biceps tendon and fixed it to the lateral femoral condyle by a screw and 

washer that aimed to reduce the external rotation of the knee, but the PLC function 

could not be completely restored. Muller (Muller, 1983) used a strip of the ilotibial 

band along the line of the popliteus tendon for a popliteal bypass procedure. The 
ft 

clinical outcomes and the degrees of residual laxity of this technique were not clearly 

reported. 

In 1990s，Larson and coworkers (I.arson et 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 PFL. 

The tunnel technique 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 sccurecl in the lateral epicondylc by use of an interference screw. In 

2004，La Prade and coworkers (LaPradc ct al., 2004) described a two-tail technique 

that offered a more anatomic reconstruction by adding a tibial tunnel to reconstruct 

the popliteus, which stressed the reconstruction of the three primary stabilizers 

(popliteus, PFL and LCL). Nau and coworkers (Naii 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-tunnel technique only stressed the reconstruction of the static stabilizing 

structures of the PLC (LaPrade et al., 2004). However, both techniques restored the 

external rotation laxity at 30" and 90° oT flexion, varus laxity at 0° and 30" of 

flexion, which showed no significant difference between the two techniques of 

reconstruction (Nau et al” 2005). 

The anatomy over the lateral side of the knee was first described in 1982 and was 

divided into three layers from superficial to deep (Seebacher et al., 1982). The 

biomechanics of the PLC was then studied by sequential sectioning of the various 

structures in cadaver (Gollehon et al” 1987; Grood et al.，1988; Nielsen and Helmig, 

1986; Nielsen et al., 1985; Nielsen ct al., 1984; Seebacher et al., 1982; Shahanc et a I., 

1999). From these studies, the LCL was found to be the primary restraint to varus 

movement. The PFL and popliteus tendon were reported to resist external rotation of 

the knee. Both the ACL and PCL served as the secondary restraint to varus 

angulation and external rotation. Moreover, the structures of the PL.C were 

considered 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 popliteus 

tendon inserted around 11 mm distally and 0.84 mm either anterior or posterior to the 

LCL. Therefore, it was concluded that single-femoral tunnel technique could not 

restore 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 ciilTerence 

in external rotation and varus angulation between the intact knee and the 
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reconstructed knee with double-femoral tunnel technique. Tlic reconstruction with 

doublc-fcmoral tunnel technique included two femoral tunnels with two separate 

limbs of sort-tissue graft to simulate the 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 rcconstruclion of the PLC with double-femoral 

tunnel technique. 

The navigation system developed for ACL reconstruction would assist surgeon to 

evaluate AP translation and rotation displacement at 30° and 90° of flexion. Given 

the accuratc measurement provided by the system, it was used in this experiment to 

measure knee kinematics. Another software program in the navigation system 

(BrainLab Total Knee Replacement System version 2.1) was used to evaluate the 

treatment's effect on varus angulation. The real-time changes in knee kinematics 

presented by the system provided valuable information for surgeon to examine 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. 'I he 

measurements were conducted in the same knee for four conditions including intact 

knee, scctioncd knee and reconstructed knee with both techniques. Although allograft 

with same diameter was used in this experiment, wc would suggest that artificial 

materials should be used in the future studies 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 tunneled deep to the biceps feinoris 

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 absent. Lastly, the 

graft healing and maturation, which arc the most important clinical issues, were not 

investigated. In this experiment, the real physiological condition could not be 

simulated but the tested conditions could be isolated clearly. Therefore, the results 

were reproducible, which facilitated the experiment to determine the differences 

between the two reconstruction techniques. 

3.5 Chapter conclusion 

Both techniques of PLC reconstruction in this experiment showed improved stability 

compared with PLC sectioned knee. 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. 
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Chapter 4 The development of a biomechanical meter to quantify knee 

rotational laxity 

Chapter summary 

Biomechanical measurement tools have been developed and widely used to precisely 

quantify knee AP laxity after ACL injury. This chapter aims to develop a 

biomcchanical meter to quantify knee rotational laxity under dilTereiit 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 

measurement of knee rotational laxity. It was hypothesized that the proposed meter 

would accurately and reliably measure tibial rotation in cadaveric model. Its 

reliability and validity were tested using cadaveric human specimens. Intra-ratcr and 

inter-rater reliability were quantified in terms of ICC coefficient 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 internal and external 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 differences 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 field 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% (Ilinton ct al.’ 2005; Louw et al., 2008). Among all sport-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 

comprehensive physical examination, 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 (Lubowitz et al., 2008), objective tools (Monaco ct 

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 rcccntly being emphasized because 

anatomic double-bundle ACL reconstruction has been suggested to restore rotational 

stability better than single-bundle ACL reconstruction (Fu and Zcllc, 2007). However, 

it is still highly controversial. Pivot shift test and dial test are often 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 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 quantity tibial rotation 

(Ristanis ct al.’ 2005; Waite et al.，2005). Motion sensor was used by a recent study 
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(Musahl et al., 2007), in which three EM sensors were attached to the lower limb 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 

knee 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 tor measurement of tibial rotation was presented. The 

meter consisted of an ankle orthosis，torque sensor and one 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 calculation complexity among the three sensors reported 

previously. Torque and motion sensors were used to measure the applied torque and 

the corresponding tibial rotation. The objective 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 

(I'igurc 4.1). The orthosis is a common orthotic device that is used to immobilize the 

ankle joint of patients suffering from ankle related injuries. Three sizes of orthosis 
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lliat accoinmodaled patients with different sizes of foot were fabricated in Ihc 

Department of Prosthetics and Orthotics. Next, a torque sensor (I UTBK, USA), 

which monitored the value of applied torque, 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 Asccnsion 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 rotational laxity meter, consisting of an ankle orthosis, a torque sensor with a handle 

bar and one motion sensor attached at the bottom. 
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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 exclude any obvious bony deformity, previous fracture, arthritic 

change and ligamentous hyper laxity. 

For all specimens, the femur was sawed at 15 cm above the joint line. Two 30 cm 

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 free 

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 proximal tibia. These pins 

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

4.2.3 Computer assisted navigation system 

An intraoperative navigation system (BrainLAB, 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 I'. It was also used to 

monitor the knee flexion angle throughout the experiment. Before the start of the 

experiment, two sets of infrared optical motion trackers were fixed to 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 externa丨 rotation. 

4.2.4 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 1 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 

rccordcd in the computer for further analysis. 

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

For statistical analysis, single measures 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, b'or validity, data from the proposed meter and the 

navigation system would be compared. Mean, SD and 95% CI of the difference as 

well as root mean square difference at different applied torques were calculated. All 

parameters were reported for internal and external rotations separately. A reliable 

correlation was shown if the single measures ICC was above 0.75. 

4.3 Results 

The CM 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 applied torque, the total range of rotations measured from the proposed 

meter (from the navigation system) were 38.0。士2.0° (34.0。±2.6。）with 21.3。±0.6。 

(19.7。士 1.5。）internal rotation and 16.7°土2,5* (14.3°士 1.2°) external rotation. The 

highest applied torque of 10 Nm resulted in the total range of rotation of 59.土3.5° 

(43.3°士 1.2°) with 32.7。士2.5' (24.0°土2.0。）internal rotation and 26.7。士3.2° (19.3'士1.2。） 

external rotation. 

For reliability, intra-rater and inter-rater reliability achieved high correlation for both 

internal and external rotation, ranged from 0.959 to 0.992 (Table 4.1). l:or 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" degrees 

and 2.5' for internal and external ro-tation respectively. The root mean square 

difference varied with the applied torque, which ranged from 1.0° to 8.8° (Table 

4.2). 

Internal rotation (deg) 

Navigation system 
Knee rotational laxity meter 

Internal torque (Nni) 

External rotation《deg} 

•igurc 4.3 Internal und external rotational angle under diiTerent applied rotational torque (1-10 Nm). 

Table 4.1 Reliability ot knee rotational laxity meter. 

Intra-rater reliability 厘 l i t e r - r a t e r reliability 

Tester I 

I C C 95% C I 

Tester 2 

ICC 95% C I 

Tester 1 and 2 

I C C 95% C I 

Internal 0.983 0.885,0.996 0.992 0.977,0.998 0.989 0.896,0.998 

rotation 

Kxternal 0.959 0.566,0.992 0.972 0.857,0.993 

rotation 

0.990 0.958,0.998 

ICC: inlraclass correlation CI: confidence interval 
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Tabic 4.2 Validity of knee rotational laxity meter. 

Torque (Nm) Internal rotation External rotation 

I C C 

95% C丨 o f I C C 

Mean difference (*) 

SD of difference O 

95% CI of mean difference (.) 

0.781 

0.589,0.889 

2.30 

4.15 

0.75,3.85 

0.783 

0.592,0.890 

2.53 

4.17 

0.98,4.09 

Root mean square difference (.) 

at different torques 

9 

10 

4.80 

2.08 

1.00 

1.41 

1.91 

2.52 

3.70 

5.69 

7.44 

8.83 

2.83 

3.42 

1.83 

2.83 

3.70 

4.16 

5.10 

6.16 

7.19 

7.53 

ICC: intraclass correlation CI: contldcncc interval SD: standard deviation 

4.4 Discussion 

in this experiment, a new biomcchanical 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 

value. Moreover, the mean difference for internal and external rotation between the 

two measurement tools was below 2.5°. The results also supported that the meter was 

an accurate device to measure tibial rotation for assessment of knee 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-tcstcr and inter-tester reliability in a similar cadaveric study in which a device 

for measurement of rotational knee laxity was developed (Musalil et al., 2007), With 

the same device, it was further applied on living human and revealed an ICC 

coefficient 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 from 0.86 to 0.98 depending 

t 

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

2009; Shultz 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 
•X 

experiment, the navigation system was used as a gold standard for measurement of 

tibial rotation. Since the relative movement between the femur 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; Sleckel 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. Miisahl and coworkers (Miisahl et 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 al., 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 cemented in a 

custom-made inside-boot. Conceivably, this allowed accurate measurement for bone 

motion (Musahl and Fu, 2010). In this experiment, the ICC coefficient between the 

proposed device and the navigation system was above the preferred value. Together 
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with the low mean difference, we provided evidence of the validity of our proposed 

device. 

When quantifying the validity of the proposed meter, lower extremity specimens 

including the knee and ankle joints, Ihigh, shank and fool segments were used to 

simulate a clinically relevant situation. To minimize ankle joint rotation and【notion 

between the leg and the device when applying rotational torque, an orlhosis was 

secured with a tmirniqiiet such that the rotational torque was directly applied to the 

knee joint. 1 he motion sensor was longitudinally placed at the bottom of the foot 

segment (attached to the dcvicc) sucli thai its rotational axis was in line with the 

rotational axis of tibia. The assumption here was thai the shank segment was 

cylindrical and therefore the motion sensor and the tibia rotated along the same axis. 

One advantage of this idea was to avoid placing the motion sensor dircclly on the 

skin, which would causc error up to 13' in incasurciiicnt of rotation especially in 

obese patients (Bcnoit et al., 2006). In Figure 4.3, the error 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 applied torque was 8.4° and even up to 14.2' at 15 

Nin. It suggested that the motion between the leg and the device would not be 

completely avoided，especially at large applied torque. Moreover, 5 Nni torque was 

commonly adopted in the previous studies for tneasurcinciit of knee relational laxily 

(Branch et al., 2010; Woo and Fisher, 2009). In consideration of clinical application, 

torque value ranged 4-6 Nin was suggested in future study using the proposed dcvicc 

becaiisc of its small error. 
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The proposed meter was designed to be clinically relevant. It would be a simple, easy 

operating and practical device tor quantifying knee rotational laxity, especially for 

patients after ACL injuries in orthopaedic settings. This was why a new design was 

modified from previously sUidy (Musahl et al.，2007), An ankle orlhosis was used 

instead of an ankle boot because orthosis is easier for patients to put on and gel 

secured with the tourniquet. Moreover, only one motion sensor was used in order to 

provide a real-time reading for operation. This is important sincc it allows a quick 

and simple assessment in orthopaedies clinic. In this cxpcrimcnl, 30' of knee tlcxion 

was chosen for validation of the device. One of the reasons was that this particular 

knee Hex ion angle might be sensitive to dctcct knee rotational laxity (or healthy, 

ACL deficient and reconstructed patients since ACL has its maxinuini elongation 

peak at this flexion angle (Gabriel et al., 2004). Moreover, hiotncchatiical 

investigations demonstrated that ACL injuries mostly occur in slight Ilex ion angles 

(Koga ct al., 2010). l-urlhermore, one should bear in mind thai reproducibility slum Id 

be verified again in human participants before applying this meter in clitiical field. A 

standardized procedure for scouring the orthosis to the leg as well as defining a 

neutral position should also be considered. 

This experiment was limited by the fact that it was a cadavcric experimental test 

although the device would eventually be applied on living humans. However，as 

pointed out previously, it was not ethical to use invasive procedures in human 

participants when validating the device. The only way to conduct such kind ol' 

research was to apply on human cadaveric specimens. Although great e(Torts were 

made to simulate a clinically relevant situation, one limitation was that the femur was 

firmly altachcci to the autopsy tabic by bone bins and clamps, which was not possible 

when measuring laxity in real participants. Therefore, future 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 niiiiimizing the femur rotation would 

enhance accurate torque to be applied lo 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 di fib rent research ccnters, the specimen 

number was minimized to fulfill the statistical requirement. 

4.5 Chapter conclusion 

A biomcchanical knee rotational laxity meter was proposed in this chaplcr. Its 

reliability and validity were verified in a cadaveric model by showing high 

correlation among trials and as compared with a gold standard measurement. I his 

simple device might be useful in a wide field to document knee rotational laxity with 

various clinical purposes. 
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Chapter 5 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 piodiicc forcc 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 treatment and long-term rehabilitation. Secondly, a 

high-dcijiand jump-landing and pivoting task was adopted to functionally assess the 

knee rotational stability of patients before and at\er ACL reconstruction with two 
« 

tcchniqucs. Twenty six men with unilateral ACL injury were treated with either 

single-bundle ACL reconstruction or anatomic double-bundle ACL reconstruction. 

All patients performed a functional task before and after ACL reconstruction with 

mean follow-up of 10.1 months. The range of tibial 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 of tibial rotation 

was higher in ACL detlcienl knee than the intact knee prcopcratively. The increased 

rotation was reduced in the reconstructed knee after double-bundle techniques when 

compared with the dotlcicnt knee. Ihcrc was no significant diftbrcncc 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 anatoinic 

double-bundle ACL reconstruction successfully restored knee rotational stability 

from an impaired level and Ihe treatment elTecKTor both techniques were similar 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 knee provides 

balance and transformation of body load especially for 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 (Bcsicr ct al.，2001). 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). 

Thcorctically, the knee joint allows six DOF movements, including both translation 

and rotation in three body planes. Clinically, abnormal excessive 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 prccisc information for comparison between the intact and 

deficient 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 (Fiirman 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 studies have agreed 

that the AM and PL bundles are the only two components of the ACL (Figure 5.1) 

(Girgis ct al., 1975; I.am, 1968). The AM and PL bundles behave differently in 

length (Mollis ct al., 1991) and in situ force (Gabriel ct al., 2004) during passive 

flexion. Due to the different 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. Bioincchanical studies 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 socccr and handball, which involves 

landing, deceleration and rapid change of direction (Hughes and Watkins, 2006). 

When injury occurs during sports activity, athlete with ACL rupture is confirmed 

after an adequate diagnosis by orthopaedic specialist. Either operative or 

non-opcrativc treatments (Bcynnon el 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). 

Sports participation 
Safe return-to-sports 

ACL injury 
diagnosis 

Surgical 
treatment 

Long-term 
Rehabilitation 

Figure 5.2 A management model after ACL injury, showing the contribution of knee stability 

assessment before safe rclum-to-sports. It includes clinical assessment, surgical treatment evaluation 

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 for 

the diagnosis of ACL injury, (ii) surgical treatment evaluation that provides 

immediate assessment of operative treatment and comparison of different 

reconstruction techniques, (iii) long-term evaluation after rehabilitation that acts as a 

guideline after rehabilitation program, suggesting if the athlete 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 difTerent 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 unilateral 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 value (Frobell 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 lie 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 1 

mm to 5 mm is defined as grade I laxity, 6 mm to 10 mm as grade 11，and greater than 

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

Figure 5.3 Lachman test. 

Pivot shift test is relatively complcx 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 shift 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 becausc of the loss of 

ACL. 

Figure 5.4 Pivot shift lest 

K T-IOOO is an instrument that has been developed 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 KT-1000 arthrometer is then placcd 

above 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-sidc diffcrcncc. 

5.1.4 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. 

66 



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 model formation to be displaced in the 

computer software. 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 

securely 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. 

M 

Figure 5.5 K'l-1000 to measure AP laxity of the knee 
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Figure 5.6 Femoral and tibial transmitters arc inserted 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 tibia, 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 tunnel placement in double-bundle ACL reconstruction with optical motion 

I 

analysis system (digital camera) (Tsuda et al., 2007). The average differences 

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 

quantify knee kinematics during stability examinations, particularly in the setting of 

complex rotatory patterns such as pivot shift test (Colphibet et al., 2007; Martelli el 
« 

al.，2006; Pearle et al., 2007). 

With the accurate and precise measurement of navigation systems, it improves the 

accuracy of the surgical procedures (Ilufncr ct al., 2005). The computer provides 

cf. 

information of the real-time relative positions ot the instruments and the knee joint in 

order to assist surgeon during surgical procedures. Moreover, by locating joint ccntcr 

between two relative bodies, it accurately measures the knee kincmatics in sagittal, 

coronal or transverse plane (Figure 5.6). Hence, the navigation system is also used to 

collect knee kinematics data for comparison before and after ACL reconstruction 

(Koh, 2005). It has bccomc an objective way to assess immediate effect of ACL 
t 

reconstruction, especially to compare single-bundle and double-bundle techniques in 
ft , 

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 knee, ligamentous 

injury would be identified if abnormal laxity is found when compared with the intact 

side. This is a usual practice for suspected kiiee injury without any patients' active 

movement. However, when it comes to the rehabilitation stage after surgical or 

non-surgical treatment, clinical examination docs not produce sufficient force to 

t -

simulate physical activity (Lubowitz ct al., 2008). The ultirpate goal for clinical 
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treatment in sports【nediciiic is to allow patients" safe rcturn-to-sports. It has been 

suggested that functional knee stability should be one of the critcri<\ that determine a 

safe return-to-sports (Kvisl, 2004). On the other hand, dynamic funclional test that 

mimics real game situation during sports involves patients' muscle strength and 

neuromuscular perception, demand of specific movement and confidencc for 

performing. To monitor the knee stability during this specific dynamic movement, 

motion analysis is a good way to achieve. 

l-igurc 5.7 Kincmutics evaluations during ACL reconstruction. 

Patients with ACL injury can be assessed using motion analysis system before and 

arter ACL reconstruction. The functional assessment is conducted in a gail laboratory 

(Figure 5.8), which is equipped of more than three high speed cameras and data 

processing soUware, providing 10x5 in^ captured volume. The three dimensional 

coordinates of 9 mm reflective markers can be recognized in the capturcd volume by 
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means of infra-red light emitting cameras, in the center of I he caplured volume, force 

plates arc placed on floor level to collect ground reaction force during the imwement. 

Figure 5.8 A standard gait Inboratory. 

Marker model is essential for motion analysis. It consists of several reflective skin 

markers that depend on the oiitconic parameters. Kistanis and coworkers (Ristanis ct 

al., 2005) adopt the method described by Vaughan (Vaughan et al., 1992) Ibi 

measurement of knee kinematics. Fifteen markers are stuck on anatomical landmarks 

of lower extremities including A5J1S, greater trocliaiUer, lateral femoral cpicondylc, 

tibial tubercle, lateral malleolus, heel, firth metatarsal head on both sides and sacrum 

(Figure 5.9). Before capturing the dynamic movement, anthropometric data which 

inciiidc weight, ASIS breadth and thigh length, mid-thigh circumfcrcncc, calf length, 

calf circumference, knee diameter, fool length, maHeolus height, malleolus diameter, 

foot breadth on both sides, are collected. , 
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Figure 5.9 Marker set of motion analysis assessment (let\ 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 needed to 

define the offset degree for all segmental movements in ail planes. Antliropoinelric 

measurements combined with three dimensionai coordinates IVoiil the standing trial 

provide calculations of joint center and axe ot rotation. Kinematics of knee joint such 

as flexion angle, tibial rotation and valgus angle arc calculated using sell-compiled 

programming software. 
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Several kinematics studies, which used di fib rent dynamic movements, investigated 

patients with unilateral ACL injury. Andriacchi and Dyrby (八ndriacchi and Dyrby, 

2005) reported that the external rotation and anterior translation were di tie rent 

between the ACL dencierit and intact knees in swing phase during walking. On 

treadmill running, tibial rotation increased with speed in both the injured and normal 

knees (Czerniecki el al., 1988). The dilTcrcncc between the knees, however, was not 

significant. Waite and coworkers (Waitc ct al.，2005) suggested that low demand 

activity such as walking and running did not produce sulTicient stress to initiate knee 

instability in ACL deficient knee, in a study of assessing functional stability with a 

high denuinding movement, tibial relation was found not to be restored after 

single-bundle ACL Reconstruction with hamstring or patellar tendon autograft 

(Gcorgoulis el al” 2007). Dynamic movement should be clinically based and specific 

to the rcscarcli objective. For example, if a study is designed to investigate knee 

rotational stability, movement that gives a rotational stress to the knee should be 

considered. In a study that aimed to assess knee rotational stability of ACL deficient 

and rcconslructed patients, a combination movemenl of jumping, landing and 

V 

pivoting was used (Ristanis et al., 2005). The movement was regarded as a 

high-demand of activity bccause the patients had to resist a high rotational stress at 

the knee joint during pivoting. 

The injury iiicchauisni is one of the implications of how functional movemenl is 

designed. It is reported that over 70% of ACL injuries occur in non-coiUact situation 

(Figure 8.10)，which involves landing, decelerating and changing direction (Gritlln ct 

al.，2000). (fa patient has good stability during these 'high risk’ movements, it would 

be an inipoitant indication for safe return-to-sports. I hcrcforc, movements such as 
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3-way cutting (Waite et al., 2005) and 4-way jumping (Sell el al., 2006) maneuvers 

are useful to assess the knee stability. Furthermore, a real game element 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 direction 

arc often imcxpcctcd. It has been suggested that planned laboratory task and actual 

movement in real game competition would have different biomechanical parameters 

(Besier et al., 2001). fnirther, biomechanical study has also shown that unplanned 

cutting is identified as a risk factor of non-contact ACL injury (Landry el al., 2007). 

Ill order to mimic the real game situation, anticipation effect should be brought into 

the laboratory, it can be achieved by placing photo cell receiver with a light source 

across the runway. When the participants pass through the device, a randomi/.cd 

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 game-like situation is reproduced in the laboratory. 

Figure 5.10 Non-contact ACL injury. 

5.1.6 Controversy in ACL reconstruction 

In-vitro studies showed that anatomic double-bundle ACL reconstruction using 

hamstring graft restored both AP translation and axial rotation stability (Mae ct al., 

2001; Yagi ct al., 2002). With this current technique, clinical sludics reported good 

restoration of joint stability and patient-reported outcomes after a short-term 

follow-up (Fii et al., 2008; Toritsuka et al., 2009). Moreover, a few studies (Aglictti 
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ct aL’ 2010; Jarvcla, 2007; Kondo ct al., 2008; Yagi ct al.，2007), which used 

subjective clinical tests and questionnaires 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 ACL reconstruction. On the other hand, 

there were studies (Rislanis et al., 2005; Tashman et al.. 2004), using dynamic 

functional activity, reported that single-bundle ACL reconstruction could not restore 

rotational stability. Therefore, the purpose of this chapter was to prospectively 

investigate the cffcct 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 to a normal level compared 

with the intact knee. 

5.2 Method 

5.2.1 Participants 

Twenty six men with unilateral ACL injury were recruited for the study (11 right 

knees and 15 left knees; age, 25.5士4.6 years; height，1.73土0.08 in; body mass, 

66.8土 10.6 kg). All participants were recruited in our sports clinic. When patients 

were confirmed with unilateral ACL rupture, they were scan tied with exclusion 

criteria. ACL rupture was confirmed either 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 

either 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. All injuries were sport related, 
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and all participants participated in their sports at least one lime 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. Injured 

knee 

Time 

(nioiilh)' 

Preoperative assessment 

IKI)(、 Lysholm Id-1000 

( m m . 

Luc h man Anterior 

drawer 

Pivot 

shirt 

II 

3 

10 

9 

20 

21 

22 

23 

24 

25 

10 

9 

Mcan(Sn) 

2 

3 

5 

.1(2.6) 

47 1 

74 7 

74.7 

82 8 

74.7 

50.6 

74 7 

83 9 

74 7 

30 0 

54 7 

73.6 

674 

74.7 

79.3 

69.0 

67.4 

69.0 

73.6 

52.9 

736 

69.0 

73 6 

66.7 

82 8 

69.2(12.6) 

90 

X5 

80 

95 

85 

63 

85 

95 

100 

80 

36 

90 

100 

85 

84 

80 

65 

XO 

80 

65 

65 

65 

75 

80(14) 

8.5 

6 0 

7.0 

4 5 

4 5 

3 0 

5.5 

7.0 

4.0 

2.5 

6.0 

4.5 

4.0 

5.5 

8 5 

0.0 

3.5 

5.0 

6.0 

4.5 

9 5 

3.5 

8 0 

5.5 

7.0 

4 0 

5.3(2.1) 

'I inie from injury to preoperative assessment. 

''DilTerences between both knees when assessed with 30 lb of anterior forces 
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5.2.2 Surgical techniques 

In all participants, either single-bundle AC I. reconstruction or anatomic 

double-bundle ACL reconstructions were pcrfoniicd by two orthopaedics surgeons 

who have more than 10 years experiences performing ACL reconstruction. The 

operating knee was put on the operating table with a foot rest and lateral thigh 

support at 90" of flexion. The operation was performed after inflating the tourniquet. 

The hamstring grafts (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 portals. After confirming the 

rupture of AM and PL bundles, the ACL stump was debrided and the foot prints of 

AM and PI, bundles were identified and marked by radio frequency probe. When 

deciding the surgical techniques anatomical structures 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 (Shelboiirne 

and Nitz, 1990). 

5.2.2.1 Anatomic double-bundle ACL reconstruction 

The footprinl 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 prepared through the AM portal 

with the aid of a 6 mm offset guide; the guide pin was placed at the footprint 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 tor AM 

bundle was created, the knee was then flexed to 110°. An accessory AM portal was 

created according to the guidance of a spinal needle, which was used to aim the 

footprint of the PL bundle. A 2.4 mm guide pin was inserted according lo the 

footprint of the PL bundle. The PL femoral tunnel, which varied from 5 mm to 6 mm 

in diameter, was then crcatcd through the accessory AM portal by the Bndobutton 

reamer and the 5 mm or 6 mm reamer. The bone bridge between the two tunnels was 

at 丨east 2 mm. 

For the tibial tunnels of AM and PL 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 Ihe 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 for the PL tunnel. According to the size of the graft, it was then further 

reamed to 5 or 6 mm and 6 or 7 mm in diameter, respectively. I he tunnels were 

designed to create a bone bridge of about 2 mm between the two tibial tunnels. 

Double gracilis and semitendinosis tendons were used for the PL and AM bundle 

reconstructions, respectively. Graft passage was completed for the PI. bundle, 

followed 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 Enclobiilton loop. The PL bundle was lensioned at 15' of 

flexion and the AM bundle at 60° of flexion. On the tibial side, bioabsorbable 

interference screws were used to fix each bundle individually, and staples were used 

‘ 78 



to fix both grafts over the medial surfacc of the tibia, l-igurc 5.11 shows the 

arthroscopic images and postoperative radiograph. 

Figure 5.11 rhe arthroscopic images of the anatomic double-bundle ACl , rccotistruciion, with 

postoperative radiograph: I, ACI. foolprint o f femoral side at 90' o f knee flexion; 2, femoral tunnels 

at 110* of knee flexion, viewed from A M portal; 3，tibial tunnels creatcd by inserting two guide pins 

with tibial jig at 55' and 45* for PL and A M bundles, respectively; 4, graft passage viewed from 

anterolateral portal. The postoperative radiograph shows the position ot both the AM and PI. tunnels 

in the distal femur and proximal tibia, with Rndobutton fixation on the femoral side and bioabsorbabic 

screws and bone staples on the tibial side. 

5.2.2.2 Single-bundle ACL reconstruction 

The footprint of" the ACL was identified by locating the lateral intercondylar ridge 

and the lateral bifurcate ridge. I he femoral tunnel was prepared through the AM 

portal with I he 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 Hndobutlon (Smith 

& Nephew Endoscopy). The femoral tunnel was further reamed lo 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 ACL remnant was used as a guide to identify the 

footprint of the ACL. The tibial tunnel wajj crcatcd 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 Ihe ACL, about 8mm anterior to the PCL. According to the si/c of the 

graft, it was then further reamed to match the size of femoral tunnel. Quadrupled 

gracilis and scmitcndinosis tendons were used for single-bundle ACL reconstructions. 

On the femoral side, the graft was fixed by 15 mm or 20 mm Ivndobiilton loop (Smith 

& Nephew Endoscopy), whereas on the tibial side, staples were used to fix over the 

medial surface of the tibia. Bioabsorbable interference screws were used to fix the 

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

5.2,3 Experimental procedure 

All participants were assessed before and after ACL reconstruction with a follow-up 

of 10.1 士2.9 months. An optical motion analysis system with eight cameras (VICON 

624, Vicon Motion System Ltd, Oxford, United Kingdom) was used to record the 

three dimensional rotation movements of lower extremities at a capturing frequency 

of 120 Hz. The system was calibrated on the same clay of testing and the mean 

residual was less than I mm. If it was not, the system was recalibrated. Synchronized 

force plate (model OR6-7 AMTl, Walertown, Massachusetts, USA) data was 

collected at the center of the capture volume at 1080 Hz. A 1 5-marker model (Davis 

ct ai.，1991) was adopted to collcct lower limb kincmatics during movements. Skin 

reflective markers with 9 mm diameter were placed at anatomic landmarks including 

ASIS, sacrum, greater trochanter, femoral epicondyle, tibial tubercle, lateral 

malleolus, heel and fifth metatarsal head on both limbs. Anthropometric clala were 

measured for kinematics calculation, including body mass, ASIS breadth, thigh and 

calf length, midlhigh and calf circumference, knee diameter, foot breadth and length, 
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malleolus height and diameter. I hc reliability of the overall procedure has been 

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

5.2.4 Experimental task 

Before the movement was performed, a trial of 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 Ihe lateral side of the testing leg, which actcd as the core leg during pivoting. 

They were then instructed to run away with their maximum elTort for three steps after 

completing the pivoting movement (Figure 5.12). 

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

patient: I , initial position; 2, jumping; 3，landing; 4, pivoting; 5，piish-ofi'; 6，running. 
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5.2.5 Data collection and reduction 

The evaluation period was defined from the first foot contact to the takeoff of the 

testing leg on the ground. Fool contact was determined by the forcc plate when ihe 

vertical ground reaction force exceeded 5% of the participant's body weight. Three 

dimensional coordinates of every marker were exported f'roni the VICON software. 

With the anthropometric measurements, knee joint kincmatics was then calculated 

(Davis et al., 1991). All calculalions were conducted using self-compiled program 

(Mathworks, Natick, Massachusetts, USA). The main dependent variable was range 

of tibial rotation during pivoting movement, which was defined as the clitTcrcncc 

between the lowest tibial internal rotation after landing and Ihe highest tibial internal 

rotation within the foot contact period (Ristanis et al.，2005). 

5.2.6 Data analysis « 

Independent t-tcsts were used to compare the preoperative demographic data and 

postoperative clinical data of the two surgical groups. Kor the biomcchanical data, 

paired t-tests were performed to investigate any significant dilTereiice between the 

two limbs pre-operatively and post-opcratively, and within the injured limb before 

and after the ACL reconstruction, 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 it. there was no significant 

difference between the reconstructed knee and the intact knee after reconstruction, 

and between two groups on the postoperative injured knee. The level of significance 

and study power were set at 0.05 and 0.8 respectively. 

5.3 Results 
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Sixteen and ten participants received single-bundle and double-bundle ACL 

reconstruction, respectively. Table 5.2 showed the demographic data and 

preoperative clinical data of the two groups. There was no significant difference on 

the subjective questionnaires (IKDC and Lysholin) and the objective clinical test 

(KT-IOOO) 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-bundle group Independent t-test 

Age (year) 

Height (m) 

Weight (kg) 

I K D C 

Lysholin 

KT-IOOO (mm)" 

2 4 . 4 ± 4 . 4 

1 . 7 1 上 0 . 0 7 

6 5 . 3 土 1 1 . 5 

6 8 . 1 + 1 4 . 6 

7 8 . 4 土 1 7 . 3 

5 . 5 + 1 . 8 

2 7 . 2 土 4 . 7 

I.76±0.I0 

6 9 . 1 ± 9 . 2 

7 0 . 8 土 9 . 0 

8 2 . 9 ± 4 . 2 

5 . 0 + 2 . 6 

p-0.131 

p-0.134 

p-0.396 

p 0.607 

p=().33l 

p-0.592 

'DilTerenccs between both knees when assessed with 30 lb of anterior forccs. 

For I he 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 ACL reconstruction, there was a significant increase in the deficient 

knee (15.cr土5.5) when compared with the intact knee (7.2'±2.6 ) preoperatively. This 

increased tibial rotation significantly dccrcascd in the rcconstructcd knee (8.5。士5.3) 

and did not differ from that of the intact knee (7.8°±3.2°) after ACL reconstruction. 

For the group of anatomic double-bundle ACL rcconstructjon, similar results were 

obtained- The range of tibial rotation of the preoperative deficient and intact knees, 

and the postoperative reconstructed and intact knees were 12.6"土4.5。，7.9。±3.r, 8.9'士 

3.0。，8.2。±2.6°, respectively (Figure 5.14). Regarding over constraining, we compared 

the reconstructed and intact knees aller surgery and did not find any case 

demonstrating this problem for both groups. Because there was no significant 
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(+VC = internal rotation! 

|-ve = external rotation] 

40 60 

stano: (%) 

Figure 5.13 Vertical ground-reaction force (top), knee flexion (middle), and tibia丨 rotation (bottom) 

during the entire stance phase of the high-demand jump-landing and pivoting task from a typical 

ACI.-deficient knee. 
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difference between the reconstructed knee and the intact knee of single-bundle and 

double-bundle surgical groups, and between the two groups of the injured knee after 

reconstruction, power analysis was conductcd (3" true diffcrcncc) and the statistical 

power were reported to be 0.74，0.82 and 0.51, respectively. 
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Tabic 5.3 Postoperative clinical data of ail participants 

No. Injured knee Time 

(month)' 

Postoperative assessment 

Lysholin KT-IOOO 

(mm)'' 

.achman Anterior Pivot 

drawer shift 

Single-bundle group 

21 I. 

22 L 

23 I. 

26 L 

Mcan(SD) 

Double-bundle group 

12 

12 

10 

10 

13 

9 

9 

12 

10 

12 

13 

7 

10 

7 

6 

88.5 

94.0 

83.9 

94.0 

95.4 

79J 

80.5 

100 0 

94.8 

94.8 

88.5 

93.4 

94 0 

80.5 

85.1 

95.4 

9 9(2.3) 90.1(6.5) 

100 

100 

89 

95 

100 

95 

70 

100 

98 

100 

89 

95 

95 

70 

90 

100 

93(10) 

2.0 

2.0 

2.0 

0.5 

3.0 

0.0 

1,0 

7.5 

I 0 

0.5 

2.0 

2.5 

2.0 

1.0 

1.5 

1.0 

.8(1.7) 

10 

15 

16 

17 

20 

24 

25 

Mcan(SD) 

18 

10 

12 

7 

15 

7 

12 

7 

8 

10.3(3.9) 

100 

100 

79.3 

80.5 

74.8 

100 

100 

93 3 

lOO 

93.3 

92.1(10.1) 

99 

100 

99 

100 

90 

98 

100 

98 

100 

90 6 

Time from surgery to postoperative assessmenl. 

''Diflcrcnccs between both knees when assessed with 30 lb of anterior forces. 
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]single bundle technique 
• double bundle technique 

pre-op intact pre-op deficient poet-op intact post-op reconstructed 

I'igurc 5.14 Range of tibial internal rotation during pivoting movement before and after ACL 

reconstruction of the two surgical techniques. *Significant ditfcrencc as suggested by the paired I tesl 

between prcopcrativcly intact and preopcrativcly deficient’ and between prcoperatively 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 difference when 

compared with the intact knee after surgery with adequate statistical power supported 

that this surgical technique would restore knee rotational stability to the normal level 

of the intact knee. However, we were lack of evidence to prove that single-bundle 

technique would restore knee 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 (Dcncwcth et al., 2010; Georgoulis ct 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-bundle 

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 dcficicnt knee 

was significantly higher than that of intact knee. 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. However, 

the increased tibial rotation found in the currcnt chaptcr was not as high as that in 

either of the two previous studies，perhaps because of the difference in the time from 

injury to assessment. The cases in this chapter were based on acutc injury, whereas 

those in the two studies were based on chronic injury. Our participants might have 

perlomied cautiously in the preoperative assessment. Other studies employing 

different functional activities, such as downhill running (Tashman et al.，2004) and 

single leg hopping (f)encweth ct al.，2010), have showed abnormal rotational motion 

after ACL reconstruction. Regarding study design, all the participants in this chapter 

were assessed prospectively, before and after ACL reconstruction. 'I he variations 

between the study group and the control group were minimized because the 

contralateral intact 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 (l)cneweth 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 reconstruction. One of the suggested reasons is that only the AM 

bundle is replicated, thereby resulting in insufficient rotational control of the knee; 
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another is that the single-bundle techniques tested may not have been completely 

anatomic. In the ciirrcnt 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 the AM bundle, the 

PL bundle might provide a role in the stabilization of the knee against a combined 

rotatory load (Gabriel ct al., 2004). In evaluating double-bundle 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 rcccivcd single-bundle ACL 

reconstruction, Ihe graft was reconstructed in a more horizontal way when compared 

with the original AM bundle. 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, wc 

also 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 above 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 reconstruction 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 activities 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. Muscle strength is one of the performance indexes during rehabilitation, 

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 after ACL reconstruction, such as vertical jump, figure of eight and stairs 

running (Risberg and Eke land, 1994). All were expressed 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 

ct,aL, 2010). In this chapter, a high-demand sports movement was used to investigate 

the effect of anatomic double-bundle ACL reconstrucUon 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 line with previous 

study (Risberg and Ekeland, 1994). Functional test with motion analysis would be a 

good tool to evaluate patients with knee instability, after knee ligamentous injury, for 

example. 

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 ct ai.’ 2005). 

During the 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, tibial rotation was reliably measured in a 

similar previous study (Webster et al.，2010), and typical error values (<2.9°) were 
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less than the usual group difl'erences 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 unnecessarily subjcct variations, we 

employed a prospective design in which the same injury knee was compared 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 
« 

double-bundle ACL reconstruction successfully restores functional knee rotational 

stability during a pivoting movement. When comparing the single-bundle and 

double-bundle tcchniqucs, 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 effect during stop-lumping 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. Kiicc stability during 

functional assessment such as stop-jumping task is a key factor to determine if an 

athlete is adequately rehabilitated after knee ligamentous injury. This chapter aims to 

investigate the effect of anticipation on landing maneuvers during planned and 

unplanned stop-jumping tasks. Knee kinematics 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 signal was triggered on a monitor when the participants passed through 

the gate. Data at the time of fool strike were considered for investigation o f the 

anticipation effect during the stop-jumping tasks. Knee kinematics data were 

compared between planned 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. 

It 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. 
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6.t Introduction 

t 

Knee ligament reconstruction such as ACL reconstruction aims to restore the 

functional stability and allows athletes to return to sports activity (Myklebust and 

Bahr, 2005). Therefore，functional test is used during follow-up consultation 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 functional task. 

Knee stability is usually evaluated by clinicians and athletes themselves through 

subjective assessments such as clinical examination and questionnaire (Mollcr et al., 

2009; Stengel et al.，2009; Tegner and Lysholm, 1985; Tyler et al., 1999). Objective 

I 

assessments have been developed for assessing AP translation (Monaco et al., 2009) 

and axial rotation (Musahl et al.，2007) of the knee. 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 et al., 

2007; Ristanis et al., 2005). These studies evaluated 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 (Beaulicii et al., 

2008; Bcsicr ct al., 2001; Mouck et al., 2007; Pollard ct al., 2007) have beerf used in 

kinematics studies but no study focused on knee rotational stability. 

Anticipation cffect refers to the phenomenon 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 el al.，2001). Possible 

reasons suggest quick and unplanned movement affect muscle activation patterns and 

result abnormal joint kinematics (Beaulieu et al., 2008; Sell et al.，2006). For 

example, Besier and coworkers (Besier et al., 2001) suggested that unplanned cutting 

maneuvers would increase the risk of non-contact ACL injury and Sell and 

coworkers (Sell et al., 2006) found lateral jump 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 elTect 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 

Rcdfcrn, 2002) was considered as ACL injury was reported to occur 17-50 ms after 

initial foot strike during landing (Krosshaug et al., 2007). It is hypothesized that there 

is a significant difference for landing maneuver 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 

biomcchanists to design functional test protocol for assessing knee stability during 

and after 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 recreational athletes, currently participating at least 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士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 unplanned manners 

randomly for each participant. For each task, the participant was instructed to run 

straight on a 10 in walkway approaching a ground mounted force plate, with a 

running speed of 3.1 m/s to 3.5 m/s (De Cock el 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 Kingdom). Trials with the running speed 

out of the range were discarded. 

In the planned tasks, the participants were instructed to stop with both feel, 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 

jump. When the participant passed through the gate, a voltage signal was delivered to 

a computer to trigger an instruction of the movement direction as shown on a 17-inch 

monitor in front of the walkway. The participant then stepped on the forcc plate and 

jumped to the instructed direction in the shortest time lie could (Figure 6.1). The 

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

6.2.3 Experimental procedure 

All experiments were conductcd in the Gait Laboratory of Alice Ho Miu Ling 

95 



light source photocell gate 0 

9 

starting position 

Figure 6.1 Laboratory setting 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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Nethersole Hospital, Hong Kong. An optical motion analysis system with eight 

camcras was used to collect three dimensional rotation movements of lower 

extremities at 120 llz capturing trcqucncy. Tlic system was calibrated on the same 

day of testing and the mean residual was less than I mm. If it was not, the system 

was recalibrated. A synchronized force plate (model OR6-7 AMTI, Watertowii, 

Massachusetts, USA) was used to rccord complete ground reaction force data at 1080 

Hz at the centre oflhe capture volume of about 3x3x3 m^. 
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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 collect lower limb kincmatics 

during stop-jumping movements. The markers were sccurcd with double-sided tape 

to the participants' bony landmarks, including sacrum, ASIS, greater trochanter, 

femoral epicondyle, tibial tubercle, lateral malleolus, heel and fifth 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 0' for 

all joint angles in all planes. Video demonstration of stop-jumping tasks was shown 

to all participants. They were allowed to practise a scries of planned and unplanned 

stop-jumping tasks until they were comfortable 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, left 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 unplanned tasks. 

6.2.4 Data collection and reduction 

Three successful trials for each direction for planned and unplaivied tasks were 

collcctcd. For each 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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the 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 conducted using self-compiled program (Mathworks, Natick, Massachusetts， 

USA). The main dependent variable was knee external rotational angle. Knee flexion 

angle and knee abduction angle were also calculated at the time of foot strike (Cham 

and Redfern, 2002), as this suggested if the anticipation cfifcct was significant to the 
t 

preparatory 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 direction) of knee kincmatics. 

If the interactive effect was found, stratified paired t-tests were conducted for each 

parameter to demonstrate the anticipation effect at each jumping direction. The level 

of significance was set at 0.05. 

6.3 Results 

Multivariate ANOVA showed significant interactive effect (Wilks’ Lambda value = 

t 

0.353，F = 3.614，p<0.05). Therefore, stratified paired t-tests were conducted for each 

parameter between planned 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 of the 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 resiiits of knee kinematics on Ihc anlicipalion cfleet for all jumping 

directions. 

Direction 
Knee kinematics 

(+ve) 
Planned Unplanned Significant difference 

Flexion 25.8' (7.4') 23.8. (7.4") No 

KorwartI Abduction 9.4' (8.9") 6.0' (10.9.) Yes (p<().05) 

External rotation 20.2' (8.8) 13.9. (6.4°) Yes (p<0.05) 

Flexion 27.0' . (12.01 23.5" (6.5') No 

Vertical Abduction 9.1. (10.5) 6 . r (7.9.) Yes (p<0.05) 

External rotation 17.4" .(8.«") 14.1" .(5.4-) No 

Flexion 29.5" “(3.7*) 23.0* (7.r> Yes (p<0.05) 

Right Abduction 9.9' (10.41 6. 5. (I0.0') Yes (p<0.05) 

External rotation 19.6 • («.6') 13.3" ,(3.8。） Yes (p<0.05) 

Flexion 21.4 • (4.4-) 22.4 .(4.5-) No 

Left Abduction 5.7 (I0.3') 7.9. (8. 9 ) No 

External rotation 11.5' (10.6°) 16.2 . (6 .8 ) 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 (Bcsier 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. 

(Landry 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 sudden 

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 directional 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-jumping tasks. Significant dilTerences 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 results 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 phase before landing (Chappcll ct al., 2007). Research has 

been suggested ACL injuries typically occur at the time of foot strike (Krosshaiig 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 

strategies before landing on the ground. In contrast to the previous studies (Sell 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 angle than male at the end of preparation stage. Our participants 

also demonstrated similar result, showing smaller flexion angle during the unplanned 

right jump (23.0。）than the planned right jump (29.5°). It may increase the knee 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 ctfcct would affect landing maneuver and hence it should be 

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

None of the previous studies evaluate knee rotational stability during unplanned 

landing maneuver. Knee rotational displacement, which is one of the major laxities in 

knee ligamentous injury athletes, was measured 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 series 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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reconstruction, it would be of great value for evaluation of knee 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 ct 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 difterent 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 functiorfW 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 tcchniqucs 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 discusscd. To choose a suitable technique 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 

quantity the effectiveness 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 inlbrmation to choose suitable techniques when 

wc consider investigating knee rotational stability in the following chapters. 

Intra-operative navigation system was used in chapter three to evaluate 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, wc demonstrated the effect 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 orthopaedies 

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 LCL. Later, another technique 

that aims to provide a more anatomic reconstruction of the PLC 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 compared the 

immediate effect 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 because the muscle effect 

could be removed during experiment 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 applied at the knee joint to simulate 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, wc 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, instead, was used as a platform 

to evaluate knee rotational stability, fti 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 controlled 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 equipment 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 ct al” 2010; 

Hofbaiier et al., 2010; Song et al.，2009). For any research study that involves 

invasive procedure to patients, prior approval should be obtained from the ethical 

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 based on three dimensional 

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 reported 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 chaptcr 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 when 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 assessment so that the 

prc-scanncd image can be matched with the radiograph. Also, the capturing 

frequency highly increases to 250 Hz, which allows a smooth 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 all, 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 regardless of the equipment 

cost. 
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In orthopaedics sports medicine, ligamentous reconstruction aims to restore 

functional stability and allow patients safe rctiirn-to-sports. Tliercforc, functional 

stability should be considered as an ultimate assessment to determine if the patient is 

able to return-to-sports. In chapter six, the anticipation effect was proved to have 

effect on knee rotational stability during stop-jumping task. It is suggested including 

this real game cfFcct 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 reliability were verified in a cadaveric model. 

This biomcchanical meter was designed to use in clinical setting with quick, reliable 

and objective measurement of knee rotational laxity. 

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

biomechaiiical techniques for measurement ot knee rotational stability. Future studies 

are suggested as below. 

參 Develop a thigh fixation device for the use in patients when documenting knee 

rotational laxity using the validated meter proposed in this dissertation. 

• Cheek 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 laxity using 

the proposed meter. 

• Investigate the knee rotational stability of patients with knee ligamentous injury 
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during unanticipated high-demand functional task. 

Develop a model consisting simple and practical measurement tool to reflect 

knee functional stability during dynamic task. 



Chapter 8 Conclusion 

This dissertation presented various biomechanical techniques to quantity knee 

rotational stability that have been currently used in the literatures. Different 

techniques were chosen to apply on currcnt clinical problems in the field of 

orthopaedies 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 successftilly 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 cffcct on knee rotational stability with no superiority in anatomic 

double-bundle ACL reconstruction. Lastly, anticipation effect was shown to affcct 

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. 

109 



REFERENCES 

Abernethy, L. and D. MacAuley (2003). "Impact of school sports injury." British 

Journal of Sports Medicine 37(4): 354-5. 

Adirim, T. A. and T. L. Cheng (2003). "Overview of injuries in the young athlete." 

Sports Medicine 33(1): 75-81. 

Allen, C. R., E. K. Wong, G A. Livesay, M. Sakajic, I . 11. Ku and S. L. Woo (2000). 

"Importance of the medial meniscus in the anterior cruciate 

ligament-deficient knee." Journal of Orthopaedic Research 18(1): 109-15. 

Andersen, If. N. and P. Dyhrc-Poulsen (1997). "The anterior cruciate ligament does 

play a role in controlling axial rotation in the knee." Knee Surgery, Sports 

Traumatology, Arthroscopy 5(3): 145-9. 

Anderson, C. J., B. D. Westerhaus, S. D. Pietrini, C. Q Ziegler, C. A. Wijdicks, S. 

Johansen, L. Engebretsen and R. F. Laprade (2010). "Kinematic impact of 

antcroinedial and posterolateral bundle graft fixation angles on double-bundle 

anterior cruciate ligament reconstructions." American Journal of Sports 

Medicine 38(8): 1575-83. 

Anderson, K., E. M. Wojtys, R V. Loubert and R. E. Miller (1992). "A biomechanical 

evaluation of taping and bracing in reducing knee joint translation and 

rotation." American Journal of Sports Medicinc 20(4): 416-21. 

A^ndriqcchi, T. P. and E. J. Alexander (2000). "Studies of human locomotion: past, 

present and future." Journal of Biomechanics 33(10): 1217-24. 

Andriacchi, T. P., E. J. Alexander, M. K. Toney, C. Dyrby and J. Sum (1998). "A 

point cluster method for in vivo motion analysis: applied to a study of knee 

kinematics." Journal of Biomechanical Engineering 120(6): 743-9. 

Andriacchi, T. P., P. L. Briant, S. L. Bevill and S. Koo (2006). "Rotational changes at 

the knee after ACL injury cause cartilage thinning." Clinical Orthopaedics 

and Related Research 442: 39-44. 

Andriacchi, T. P. and C. O. Dyrby (2005). "Interactions between kinematics and 

loading during walking for the normal and ACL deficient knee." Journal of 

Biomechanics 38(2): 293-8. 

Apsingi, S.，T. Nguyen, A. M. Bull, A. Unwin, D. J. Deehan and 八.A. Amis (2008). 

"Control of laxity in knees with combined posterior cruciate ligament and 

posterolateral corner deficiency: comparison of single-bundle versus 

double-bundle posterior cruciate ligament reconstruction combined with 

modified Larson posterolateral corner reconstruction." American Journal of 

Sports Medicine 36(3): 487-94. 

Apsingi, S.，T. Nguyen, A. M. Bull，A. Unwin, D. J. Deehan and A. A. Amis (2008). 

"The role of PCL reconstruction in knees with combined PCL and 

no 



posterolateral corner deficiency." Knee Surgery, Sports Traumatology, 

Arthroscopy 16(2): 104-11. 

Apsingi, S.，T. Nguyen, A. M. Bull, A. Unwin, D. J. Deehan and A. A. Amis (2009). 

"A comparison of modified Larson and 'anatomic' posterolateral corner 

reconstructions in knees with combined PCL and posterolateral corner 

deficiency." Knee Surgery, Sports Traumatology, Arthroscopy 17(3): 305-12. 

Arciero, R. A. (2005). "Anatomic posterolateral comcr knee reconstruction." 

Arthroscopy 21(9): 1147. 

Arnason, A., S. B. Sigurdsson, A. Gudmundsson, I. Holme, L. Engebretsen and R. 

Bahr (2004). "Risk factors for injuries in football." American Journal of 

Sports Medicine 32(1 Suppl): 5S-16S. 

Baxter, M. P. (1988), "Assessment of normal pediatric knee ligament laxity using the 

genucom." Journal of Pediatric Orthopedics 8(5): 546-50. 

Beaulieu, M. L.，M. Lamontagne and L. Xu (2008). "Gender differences in 

tinie-frcqucncy EMG analysis of unanticipated cutting maneuvers." Mcdicinc 

and Science in Sports and Exercise 40(10): 1795-804. 

Benoil, D. L., D. K. Ramsey, M. Lamontagne, L. Xu, P. Wretenberg and P. Renstrom 

(2006). "Effect of skin movement artifact on knee kinematics during gait and 

cutting motions measured in vivo." Gait and Posture 24(2): 152-64. 

Besier，、T. K, D. G- Lloyd, T. R. Ackland and J. L. Cochrane (2001). "Anticipatory 

effects on knee joint loading during running and cutting maneuvers." 

Medicine and Science in Sports and Exercise 33(7): 1176-81. 

Beynnon, B. D., R. J. Johnson, J, A.八bate, B. C. Fleming and C. R Nichols (2005). 

"Treatment of anterior cruciate ligament injuries, part 2." American Journal of 

Sports Medicine 33(11): 1751-67： 

Beynnon, B. D.’ R. J. Johnson, J. A. Abate, B. C. Fleming and C. E. Nichols (2005). 

" Treatment of anterior cruciate ligament injuries，part I." American Journal of 

Sports Medicine 33(10): 1579-602. 

Bignozzi, S.，S. ZafTagnini, N. Lopomo, F. H. Fu, J. J. Irrgang and M. Marcacci 

(2010). "Clinical relevance of static and dynamic tests after anatomical 

double-bundle ACL reconstruction." Knee Surgery, Sports Traumatology, 

Arthroscopy 18(1): 57-42. 

Brady, M. R, M. R Bradley, B. C. Fleming, R D. Fadale, M. J. llulstyn and R. 

Banerjee (2007). "Effects of initial graft tension on the tibiofemoral 

compressive forces and joint position after anterior cruciate ligament 

reconstruction." American Journal of Sports Medicine 35(3): 395-403. 

Branch, T. R, J. E. Browne, J. D. Campbell, R. Siebold, H. I. Freedberg, E. A. Arcndt, 

F. Lavoie, P. Neyret and C. A. Jacobs (2010). "Rotational laxity greater in 

patients with contralateral anterior cruciatc ligament injury than healthy 

126 



volunteers." Knee Surgery, Sports Traumatology, Arthroscopy 18(10): 

1379-84. 

Brandsson, S.，J. Karlsson, B. 1. Eriksson and J. Karrholm (2001). "Kinematics after 

tear in the anterior cruciate ligament: dynamic bilateral radiostereometric 

studies in 11 patients." Acta Orthopaedica Scandinavica 72(4):.372-8. 

Brandsson, S.’ J. Karlsson, L. Sward, J. Kaitiis, B. I. Eriksson and J. Karrholm 

(2002). "Kinematics and laxity of the knee joint after anterior cruciate 

ligament reconstruction: pre- and postoperative radiostcreomctric studies." 

American Journal of Sports Medicine 30(3): 361-7. 

Brinkman, J. M.，P. J. Schwering, L. Blankevoort, J. G Kooloos，J. Liiites and A. B. 

Wymenga (2005). "The insertion geometry of the posterolateral corner of the 

knee.[erratum appears in J Bone Joint Surg Br. 2006 Jun;88(6):837 Note: 
« 

Koolos, JG [corrected to Kooloos, JG]]." Journal of Bone and Joint Surgery : 

British Volume 87(10): 1364-8. 

Brophy, R. H.’ J. R. Voos, F. J. Shannon, C. C. Grantihi, T. L. Wickiewicz, R. F. 

Warren and A. D. Pcarle (2008). "Changes in the leogth of virtual anterior 

cniciatc ligament fibers during stability testing: a comparison of conventional 

, single-bundle reconstruction and native anterior cniciatc ligament." American 

Journal of Sports Medicine 36(11): 2196-203. 

Brown, T. N.，R. M. Palmieri-Smith and S. G McLean (2009). "Differences between 

Sexes and Limbs in Hip and Knee Kincmatics and Kinetics during 

Anticipated and Unanticipated Jump Landings: Implications for ACL injury." 

British Journal of Sports Medicine. 

Bull, A. M.，H. N. Andersen, O. Basso, J. Targett and A. A. Amis (1999). "Incidence 

and mcchanism of the pivot shift. An in vitro study." Clinical Orthopaedies 

and Related Research(363)^,2l9-31. 

Butler, D. L., F. R. Noyes and E. S. Grood (1980). "Ligamentous restraints to 

anterior-posterior drawer in the human knee. A bioinechanical study." Journal 

of Bone and Joint Surgery - American Volume 62(2): 259-70. 

Cavartagh, P. R. and M. A. Lafortune (1980). "Ground reaction forces in distance 

running." Journal of Biomechanics 13(5): 397-406. 

"Cham, R. and M. S. Redfem (2002), "Changes in gait when anticipating slippery 

floors." Gait and Posture 15(2): 159-71. 
i 

Chappcll, J. D., R. A. Creighton, C. Giuliani, B. Yii and W. E. Garrett (2007). 

"Kinematics and electromyography of hmding preparation in vertical 

stop-jump: risks for noncontact anterior cruciate ligament injury." American 

Journal of Sports Medicine 35(2): 235-41. 

Clancy, W. G , Jr., M. F. Shepard and E. L. Cain, Jr. (2003). "Posterior lateral comer 
. reconstruct ion." American Journal of Orthopedics 32(4): 171-6. # 

112 

•Jii 



Colombct, P., J. Robinson, P. Christel, J. P. Franceschi and P. Djian (2007). "Using 

navigation to measure rotation kinematics during ACL reconstruction." 

Clinical Orthopaedics and Related Research 454: 59-65. 

Consultancy Study on Sport for All (2009). "Participation Patterns of I long Kong 

People in Physical Activities." 

Coobs, B. R.，C. A. Wijdicks，B. M. Armitage, S. I. Spiridonov, B. D. Westerhaus, S. 

Johanscn, L. Engcbretsen and R. F. Laprade (2010). "An in vitro analysis of 

an anatomical medial knee reconstruction." American Journal of Sports 

Medicine 38(2): 339-47. 

Covey,【）• C. (2001). "Injuries of the posterolateral comcr of the knee." Journal of 

Bone and Joint Surgery - American Volume 83-A( 1): 106-18. 

Czcrniccki, J. M.’ F. Lippert and J. E. Olerud (1988). "A biomechanical evaluation of 

tibiofemoral rotation in anterior cruciate deficient knees during walking and 

running." American Journal of Sports Mcdicine 16(4): 327-31. 

Daniel, D. M., W. H. Akeson and J. J. O'Connor (1990). "Knee ligaments: structure, 

function, injury and repair." Raven Press, New York. 

Darcy, S. P., R. II. Kilgcr, S . � , • Woo and R. E. Debski (2006). "Estimation of ACL 

forces by reproducing knee kincmatics between sets of knees: A novel 

non-invasive methodology." Journal of Biomechanics 39(13): 2371-7. 

Davis, R. 13.，S. Ounpuu, D. Tybiirski and J. R. Gage (1991). "A gait analysis data 

collection and reduction technique." Human Movement Science 10(5): 

575-587. 

De Cock, A., D. De Clercq，T. Willems and E. Witvrouw (2005). "Temporal 

characteristics of foot roll-over during barefoot jogging: reference data for 

young adults." Gait and Posture 21(4): 432-439. 

de Loes, M. (1990). "Medical treatment and costs of sports-related injuries in a total 

population." International Journal of Sports Medicine 11(1): 66-72. 

dc Loes, M. and I. Goldie (1988). "Incidence rate of injuries during sport activity and 

physical exercise in a rural Swedish municipality: incidence rates in 17 

sports." International Journal of Sports Medicine 9(6): 461-7. 

Defrate, L. E.’ R. Papannagari, T. J. Gill. J. M. Moses, N. P. Patharc and G Li (2006). 

"The 6 degrees of freedom kinematics of the knee after anterior cruciate 

ligament deficiency: an in vivo imaging analysis.�see c o m m e n t A m e r i c a n 

Journal of Sports Medicine 34(8): 1240-6. 

DeHaven, K. E.，A. J. Cosgarea and W. J. Scbastianelli (2003). "Arthrofibrosis of the 

knee following ligament surgery." Instructional Course Lcctiircs 52: 369-81. 

Dcncweth, J. M.，M. J. Bey, S. G Mclean, T. R. Lock, P. A. Kolowich and S. 

Tashman (2010). "Tibiofemoral Joint Kinematics of the Anterior Cruciate 

Ligament-Reconstructed Knee During a Single-Legged Hop Landing." 

113 



American Journal of Sports Medicine 38(9): 1820-1828. 

Drawer, S. and C. W. Fuller (2001). "Propensity for osteoarthritis and lower limb 

joint pain in retired professional soccer players." British Journal of Sports 

Medicinc 35(6): 402-8. 

Duthon, V. B.’ C. Barea, S. Abrassart, J. H. Fasel, D. Fritscliy and J. Menetrey (2006). 

"Anatomy of the anterior cruciate ligament." Knee Surgery, Sports 

Traumatology, Arthroscopy 14(3): 204-213. 

Dyrby, C. O. and T. P. Andriacchi (2004). "Secondary motions of the knee during 

weight bearing and non-weight bearing activities." Journal of Orthopaedic 

Research 22(4): 794-800. 

Engebretsen, L., W. D. Lew, J. L. Lewis, R. E. Hunter and P. Benum (1990). 

"Anterolateral rotatory instability of the knee. Cadaver study ot extraarticular 

patcllar-tcndon transposition." Adta Orthopacdica Scandinavica 61(3): 

225-30. 

Fahlstrom, M.，J. S. Yeap, H. Alfredson and K. Soderman (2006). "Shoulder pain - a 

common problem in world-class badminton players." Scandinavian Journal of 

Medicine and Science in Sports 16(3): 168-73. 

Fanelli, G C.，B. F. Giannotti and C. J. Edson (1996). "Arthroscopically assisted 

combined posterior cruciate ligament/posterior lateral complex 

reconstruction." Arthroscopy 12(5): 521-30. 

Ferrari, A., M. G Benedetti, E. Pavan, C. Frigo, D. Bettinelli, M. Rabuffctti, P. 

Crenna and A. Leardini (2008). "Quantitative comparison of five current 

protocols in gait analysis." Gait and Posture 28(2): 207-16. 

Ferrari, D. A., D. R. Wilson and W. C. Hayes (2003). "The effect of release of the 

popliteus and quadriceps force on rotation of the knee." Clinical Orthopaedics 

& Related Rcscarch(412): 225-33. 

Ferrari, D. A.，D. R. Wilson and W. C. Hayes (2003). "The effect of release of the 

popliteus and quadriceps force on rotation of the knee." Clinical Orthopaedics 

and Related Research(412): 225-33. 

Ferretti, A., E. Monaco, L. Labianca, A. De Carii, B. Maestri and R Conteduca 

(2009). "Double-bundle anterior cruciate ligament reconstruction: a 

comprehensive kinematic study using navigation." American Journal of 

Sports Medicine 37(8): 1548-53. 

Fitzgerald, Q K., S. M. Lephart, J. H. Hwang and R. S. Wainner (2001). "Hop tests 

as predictors of dynamic knee stability." Journal of Orthopaedic and Sports 

Physical Therapy 31(10): 588-97. 

Fong, D. T. P., C. Y. Man, P. S. H. Yung, S. Y. Cheung and K. M. Chan (2008). 

"Sport-related ankle injuries attending an accident and emergency 

department." Injury 39(10): 1222-7. 

114 



Friden, T.，D. Roberts, E. Ageberg, M. Walden and R. Zatterstrom (2001). "Review 

of knee proprioception and the relation to extremity function after an anterior 

cruciate ligament rupture." Journal of Orthopaedic and Sports Physical 

Therapy 31(10): 567-76. 

Frobell, R. B.，L. S. Lohmander and H. P. Roos (2007). "Acute rotational trauma to 

the knee: poor agreement between clinical assessment and magnetic 

resonance imaging findings." Scandinavian Journal of Medicine and Science 

in Sports 17(2): 109-14. 

Fii, F. H. and B. A. Zelle (2007). "Rotational instability of the knee: editorial 

comment." Clinical Orthopaedics and Related Research 454: 3-4. 

Furman, W•，J. L. Marshall and F. G Girgis (1976). "The anterior cruciate ligament -

A functional analysis based on postmortem studies." Journal of Bone and 

Joint Surgery - American Volume 58(2): 179-185. 

Gaasbeek, R. D.，R. T. Welsing, N. Verdonschot, W. J. Rijnbcrg, C. J. van Loon and 

A. van Kampen (2005). "Accuracy and initial stability of open- and 

closed-wedge high tibial osteotomy: a cadaveric RSA study." Knee Surgery, 

Sports Traumatology, Arthroscopy 13(8): 689-94. 

Gabriel, M. 1., E. K. Wong, S. L. Woo, M. Yagi and R. E. Dcbski (2004). 

"Distribution of in situ forces in the anterior cruciate ligament in response to 

rotatory loads." Journal of Orthopaedic Research 22(1): 85-9. 

Gcorgoulis, A. D., A. Papadonikolakis, C. D. Papageorgiou,八.Mi tsou and N. 

Stergiou (2003). "Three-dimensional tibiofemoral kinematics of the anterior 

cruciate ligament-deficient and reconstructed knee during walking." 

American Journal of Sports Medicine 31(1): 75-9. 

Gcorgoulis, A. D., S. Ristanis, V. Chouliaras, C. Moraiti and N. Stergiou (2007). 

"Tibial rotation is not restored after ACL reconstruction with a hamstring 

graft." Clinical Orthopaedics and Related Research 454: 89-94. 

Girgis, F. G , J. L. Marshall and A. Monajem (1975). "The cruciate ligaments of the 

knee joint. Anatomical, functional and experimental analysis." Clinical 

Orthopaedies and Related Research(l06): 216-31. 

Gollehon, D. L.，P. A. Torzilli and R. F. Warren (1987). "The role of the posterolateral 

and cruciate ligaments in the stability of the human knee. A biomechanical 

study." Journal of Bone and Joint Surgery - American Volume 69(2): 233-42. 

Cranberry, W. M , P. C. Noble and G W. Woods (1990). "Evaluation of an 

electrogoniometric instrument for measurement of laxity of the knee.[see 

commentj." Journal of Bone and Joint Surgery - American Volume 72(9): 

1316-22. 

Griffith, C. J., R. F. LaPrade, S. Johansen, B. Armitage, C. Wijdicks and L. 

Engebretsen (2009). "Medial knee injury: Part 1，static function of the 

115 



individual components of the main medial knee structures." American Journal 

of Sports Medicine 37(9): 1762-70. 

Grood, E. S., S. F. Stowers and F. R. Noyes (1988). "Limits of movement in the 

human knee. Effect of sectioning the posterior cruciate ligament and 

posterolateral structures." Journal of Bone and Joint Surgery - American 

Volume 70(1): 88-97. 

Grood, E. S. and W. J. Suntay (1983). "A joint coordinate system for the clinical 

description of three-dimensional motions: application to the knee." Journal of 

Biomechanical Engineering 105(2): 136-44. 

Gupte, C. M., A. M. Bull, R. D. Thomas and A. A. Amis (2003). "The 

meniscofemoral ligaments: secondary restraints to the posterior drawer. 

Analysis of anteroposterior and rotary laxity in the intact and 

posterior-cruciate-(ieficient knee." Journal of Bone and Joint Surgery - British 

Volume 85(5): 765-73. 

Hagemeister, N.，N. Duval, L. Yahia, W. Krudwig, U. Witzel and J. A. de Guise 

(2002). "Comparison of two methods for reconstruction of the posterior 

cruciate ligament using a computer based method: quantitative evaluation of 

laxity, three-dimensional kinematics and ligament deformation measurement 

in cadaver knees." Knee 9(4): 291-9. 

I lagcmcistcr, N.，N. Duval, L. Yahia，W. Krudwig, U. Witzel and J. A. de Guise 

(2003). "Computer based method for the three-dimensional kinematic 

analysis of combined posterior cruciate ligament and postero-lateral complex 

reconstructions on cadaver knees." Knee 10(3): 249-56. 

ilara, K.，T. Kiibo, T. Suginoshita, C. Shimizu and Y. llirasawa (2000). 

"Reconstruction of the anterior cruciate ligament using a double bundle." 

Arthroscopy 16(8): 860-4. 

Harreld, K., J. Nyland, B. Cottrell and D. N. Cabom (2006). "Self-reported patient 

outcomes after ACL reconstruction with allograft tissue." Mcdicine and 

Science in Sports and Exercise 38(12): 2058-67. 

Hinton, R. Y.，A. E. Lincoln, J. L. Alinquist, W. A. Douoguih and K. M. Sharma 

(2005). "Epidemiology of lacrosse injuries in high school-aged girls and boys: 

a 3-year prospective study." American Journal of Sports Medicine 33(9): 

1305-14. 

Hofbauer, M.，R Valentin, R. Kdolsky, R. C. Ostermann, A. Graf, M. Figl and S. 

Atdrian (2010). "Rotational and translational laxity after computer-navigated 

single- and double-bundle anterior cruciate ligament reconstruction." Knee 

Surgery, Sports Traumatology, Arthroscopy 18(9): 1201-7. 

Hofmann’ A. A., R. W. Wyatt, M. H. Bourne and A. U. Daniels (1984). "Knee 

stability in orthotic knee braces." American Journal of Sports Medicine 12(5): 

116 



371-4. 

Hoher, J.，C. D. Harner, T. M. Vogrin, Q H. Back, G J. Carlin and S. L. Woo (1998). 

"In situ forces in the posterolateral structures of the knee under posterior 

tibial loading in the intact and posterior cruciate ligament-deficient knee." 

Journal of Orthopaedic Research 16(6): 675-81. 

Hollis, J. M , S. Takai, D. J. Adams, S. Horibe and S. L. Woo (1991). "The effects of 

knee motion and external loading on the length of the anterior cruciate 

ligament (ACL): a kinematic study." Journal of Biomechanical Engineering 

113(2): 208-14. , 

Hong Kong Amateur Athletic Association (2010). " tvcn t history of Standard 
/ 

Chartered Hong Kong Marathon." 

Hong Kong Department of Health (2010). "Injury Survey 2008." 

Houck, J. and H. J. Yack (2001). "Giving way event during a combined stepping and 

crossover cutting task in an individual with anterior cruciate ligament 

deficiency." Journal of Orthopaedic and Sports Physical Therapy 31(9): 481-9; 

discusssion 490-5. 

Houck, J. R.，K. E. De Haven and M. Maloney (2007). "Influence of anticipation on 

movement patterns in subjects with ACL deficiency classified as noncopers." 

Journal of Orthopaedic and Sports Physical Therapy 37(2): 56-64. 

Hsu, W. H., J. A. Fisk, Y. Yamamoto, R. E. Debski and S. L. Woo (2006). 

"Differences in torsional joint stiffness of the knee between genders: a human 

cadaveric study." American Journal of Sports Medicinc 34(5): 765-70. 

Hufner, T.，R. Meller, D. Kendoff, J. Zcichcn, 13. A. Zclle, I . II. Fu and C. Krettek 

(2005). "The role of navigation in knee surgery and evaluation of 

three-dimensional knee kinematics." Operative Techniques in Orthopaedics 

15(1): 64-69. ‘ 

Hughes，G and J. Watkins (2006). "A risk-factor model for anterior cruciate ligament 

injury." Sports Medicine 36(5): 411-28. 

Hughston, J. C. and K. E. Jacobson (1985). "Chronic posterolateral rotatory 

instability of the knee." Journal of Bone and Joint Surgery - American 

Volume 67(3): 351-9. 

Hurd, W. J. and L. Snyder-Mackler (2007). "Knee instability after acute ACL rupture 

affects movement patterns during the mid-stance phase of gait." Journal of 

Orthopaedic Research 25(10): 1369-77. 

Ingram, J. G , S. K. Fields, E. E. Yard and R. D. Comstock (2008). "Fpidcifliology of 

knee injuries among boys and girls in US high school athletics." American 

Journal of Sports Medicine 36(6): 1116-22. 

Irrgang, J. J.，A. F. Anderson, A. L. Boland, C. D. Harner, M. Kiirosaka, P. Neyret, J. 

C. Richmond and K. D. Shelbome (2001). "Development and validation of 

117 



the international knee documentation committee subjective knee form." 

American Journal of Sports Medicine 29(5): 600-13. 

Ishibashi, Y.，E. Tsuda, A. Fukuda, H. Tsukada and S. Toh (2008). "Intraoperative 

biomechanical evaluation of anatomic anterior cruciate ligament 

reconstruction using a navigation system: comparison of hamstring tendon 

and bone-patcllar tendon-bone graft." American Journal of Sports Medicine 

36(10): 1903-12. 

Ishibashi, Y.，E. Tsuda，K. Tazawa, H. Sato and S. Toh (2005). "Intraoperative 

evaluation of the anatomical double-bundle anterior cruciate ligament 

reconstruction with the OrthoPilot navigation system." Orthopedics 28(10 

Suppl): si277-82. 

Ishibashi, Y., E. Tsuda, Y, Yamamoto, H. Tsukada and S. Toh (2009). "Navigation 

evaluation of the pivot-shift phenomenon during double-bundle anterior 

cruciate ligament reconstruction: is the posterolateral bundle more 

important?" Arthroscopy 25(5): 488-95. 

Jarveia, T. (2007). "Double-bundle versus single-bundle anterior cruciate ligament 

reconstruction: a prospective, randomize clinical study." Knee Surgery, Sports 

Traumatology, Arthroscopy 15(5): 500-7. 

Johannsen, H. V.，T. Lind, B. W. Jakobsen and K. Kroner (1989). "Exercise-induced 

knee joint laxity in distance runners." British Journal of Sports Medicine 

23(3): 165-8. 

Jonsson, H. and J. Karrholm (1990). "Brace effects on the unstable knee in 21 cases. 

A roentgen stereophotograinmetric comparison of three designs." Acta 

Orthopaedica Scandinavica 61(4): 313-8. 

Jonsson, T., B. AlthofF, L. Peterson and P. Renstrom (1982). "Clinical diagnosis of 

ruptures of the anterior cruciate ligament: a comparative study of the 

Lachman test and the anterior drawer sign." American Journal of Sports 

Medicine 10(2): 100-2. 

Kanamori, A.’ J. Zeminski, T. W. Rudy, G Li, F. H. Fu and S. L. Woo (2002). "The 

effect of axial tibial torque on the function of the anterior cruciate ligament: a 

biomechanical study of a simulated pivot shift test." Arthroscopy 18(4): 

394-8. 

Kanaya, A., M. Ochi, M. Dcie, N. Adachi, M. Nishimori and A. Nakamae (2009). 

"Intraoperative evaluation of anteroposterior and rotational stabilities in 

anterior cruciate ligament reconstruction: lower femoral tunnel placed 

single-bundle versus double-bundle reconstruction." Knee Surgery, Sports 

Traumatology, Arthroscopy 17(8): 907-13. 

Kaneda, Y., H. Moriya，K. Takahashi, Y. Shimada and T. Tamaki (1997). 

"Experimental study on external tibial rotation of the knee." American 

118 



Journal of Sports Medicine 25(6): 796-800. 

Karlsson, J. (2010). "ACL injuries: unanswered questions—are there any solutions?" 

Knee Surgery, Sports Traumatology, Arthroscopy 18(3): 275-6. 

Karlsson, J. (2010). "Anatomy is the key." Knee Surgery, Sports Traumatology, 

Arthroscopy 18(1): 1. 

Karrholm, J., L. G Elmqvist, G Selvik and L. I. Hansson (1989). "Chronic 

anterolateral instability of the knee. A roentgen stereophotogrammetric 

evaluation." American Journal of Sports Medicine 17(4): 555-63. 

KendofT, D.，R. Meller, M. Citak, A. Pearle, S. Marquardt, C. Krettek and T. Hufner 

(2007). "Navigation in ACL reconstruction - comparison with conventional 

measurement tools." Technology and Health Care 15(3): 221-30. 

Klass, D., A. P. Toms, R. Greenwood and P. Hopgood (2007). "MR imaging of acute 

anterior cruciate ligament injuries." Knee 14(5): 339-47. 

Knowles, S. B•，S. W. Marshall, T. Miller, R. Spicer, J. M. Bowling, D. Loomis, R. W. 

Miilikan, J. Yang and F. O. Mueller (2007). "Cost of injuries from a 

prospective cohort study of North Carolina high school athletes." Injury 

Prevention 13(6): 416-21. 

Knutzen, K. M., B. T. Bates, R Schot and J. llamill (1987). "A biomechanical 

analysis of two functional knee braces." Medicine and Science in Sports and 

Exercise 19(3): 303-9. 

Kocher, M. S.，J. R. Steadman，K. K. Briggs, W. I. Sterett and R. J. Hawkins (2004). 

"Relationships between objective assessment of ligament stability and 

subjective assessment of symptoms and function after anterior cruciate 

ligament reconstruction." American Journal of Sports Medicine 32(3): 

629-34. 

Koga, H.，A. Nakamae, Y. Shima, J. Iwasa, G Myklcbust, L. Engebretsen, R. Bahr 

and T. Krosshaug (2010). "Mechanisms for noncontact anterior cruciate 

ligament injuries: knee joint kinematics in 10 injury situations from female 

team handball and basketball." American Journal of Sports Medicine 38(11): 

2218-25. 

Koh, J. (2005). "Computer-assisted navigation and anterior cruciate ligament 

reconstruction: accuracy and outcomes." Orthopedics 28(10 Suppl): SI283-7. 

Kondo, E., A. M. Merican, K. Yasuda and A. A. Amis (2010). "Biomechanical 

comparisons of knee stability after anterior cruciate ligament reconstruction 

between 2 clinically available transtibial procedures: anatomic double bundle 

versus single bundle." American Journal of Sports Medicine 38(7): 1349-58. 

Kondo, E., K. Yasuda, H. Azuma, Y. Tanabe and T. Yagi (2008). "Prospective clinical 

comparisons of anatomic double-bundle versus single-bundle anterior 

cruciate ligament reconstruction procedures in 328 consecutive patients." 

119 



American Journal of Sports Medicine 36(9): 1675-87. 

Kopf, S.，V. Musahl，S. Tashman, M. Szxzodry, W. Shen and I. 11. I'u (2009). "A 

systematic review of the femoral origin and tibial insertion morphology ol the 

ACL." Knee Surgery, Sports Traumatology, Arthroscopy 17(3): 213-9. 

Krosshaug, T.， J. R. Slauterbeck, L. Engebretsen and R. Bahr (2007). 

"Biomechanical analysis of anterior cruciate ligament injury mechanisms: 

three-dimensional motion reconstruction from video sequcnccs." 

Scandinavian Journal of Mcdicinc and Scicnce in Sports 17(5): 508-19. 

Krudvvig, W. K.，U. Witzel and K. Ullrich (2002). "Posterolateral aspect and stability 

of the knee joint. II. Posterolateral instability and effect of isolated and 

combined posterolateral reconstruction on knee stability: a biomechanical 

study." Knee Surgery, Sports Traumatology, Arthroscopy 10(2): 91-5. 

Kubo, S.’ 11. Muratsu, S. Yoshiya, K. Mizuno and M. Kurosaka (2007). "Reliability 

and usefulness of a new in vivo measurement system of the pivot shift." 

Clinical Orthopaedics and Related Research 454: 54-58. 

Kumar, A.，S. Jones and D. R. Bickerstaff (1999). "Posterolateral reconstruction of 

the knee: a tunnel technique for proximal fixation." Knee 6(4): 257-260. 

Kvist, J. (2004). "Rehabilitation following anterior cruciate ligament injury: current 

recommendations for sports participation." Sports Medicine 34(4): 269-80. 

Lam, S. J. S. (1968). "Reconstruction of the anterior cruciate ligament using the 

Jones Procedure and its Guy's Hospital Modification." Journal of Bone and 

Joint Surgery - American Volume 50(6): 1213-1224. 

Landry, S. C.，K. A. McKean, C. L. Hubley-Kozey, W. D. Stanish and K. J. Deluzio 

(2007). "Neuromuscular and lower limb biomechanical differences exist 

between male and female elite adolescent socccr players during an 

unanticipated side-cut maneuver." American' Journal o t � S p o r t s Medicine 

35(11): 1888-900. 

I.aPrade, R.，B. Konowalchuk and F. Wentorf (2002). "Posterolateral corner injuries." 

Monograph Series: Multiple Ligamentous Injuries of the Knee in the Athlete: 

53-71. 

Laprade, R. R, L. Engebretsen, S. Johansen, F. A. Wentorf and C. Kurtenbach (2008). 

"The effect of a proximal tibial medial opening wedge osteotomy on 

posterolateral knee instability: a biomechanical study." American Journal of 

Sports Medicine 36(5): 956-60. 

LaPrade, R. R, S. Johansen, F. A. Wentorf, L. Engebretsen, J. L. Esterberg and A. Tso 

(2004). "An analysis of an anatomical posterolateral knee reconstruction: an 

in vitro biomechanical study and development of a surgical technique.[see 

comment]." American Journal of Sports Medicine 32(6): 1405-14. 

LaPrade, R. F.，C. Muench, F. Wentorf and J. L. Lewis (2002). "The effect of injury 

120 



to the posterolateral structures of the knee on force in a posterior cruciate 

ligament graft: a biomechanical study." American Journal of Sports Medicine 

30(2): 233-8. 

LaPradc，R. R and R Wcntorf (2002). "Diagnosis and treatment of posterolateral 

knee injuries." Clinical Orthopaedics and Related Rc6earch(402): 110-21. 

LaPrade, R. F., F. A. Wentorf, E. J. Olson and C. S. Carlson (2006). "An in vivo 

injury model of posterolateral knee instability." American Journal of Sports 

Medicine 34(8): 1313-21. 

Larson, R., J. Sidles and T. Beals (1996). "Isometry of the lateral collateral and 

popliteofibular ligaments and a technique for reconstruction." University of 

Washington Orthopedic Research Report: 42-44. 

Leadbeater, B.’ S. Babul, M. Jansson, G Scime and I. Pike (2010). "Youth injuries in 

British Columbia: type, settings, treatment and costs， 2003-2007." 

International Journal of Injury Control and Safety Promotion 17(2): 119-27. 

Leven, H. (1978). "Radiologic determination of rotational instability of the knee 

joint." Acta Radiologica: Diagnosis 19(4): 599-608. 

Li, G , T. J. Gill, L. E. DeFrate, S. Zayontz, V. Glatt and B. Zarins (2002). 

"Biomechanical consequences of PCL deficiency in the knee under simulated 

musclc loads-an in vitro experimental study." Journal of Orthopaedic 

Research 20(4): 887-92. 

Li, a , R. Papannagari, L. E. DeFrate, J. D. Yoo, S. E. Park and T. J. Gill (2006). 

"Comparison of the ACL and ACL graft forces before and after ACL 

reconstruction: an in-vitro robotic investigation." Acta Orthopaedica 

Scandinavica 77(2): 267-74. 

Li, G , R. Papannagari, M. Li, J. Bingham, K. W. Nha, D. Allred and T, Gill (2008). 

"Effect of posterior cruciate ligament deficiency on in vivo translation and 

rotation of the knee during weightbearing flexion." American Journal of 

Sports Medicine 36(3): 474-9. 

Lie, D. T., A. M. Bull and A. A. Amis (2007). "Persistence of the mini pivot shift 

after anatomically placed anterior cruciate ligament reconstruction." Clinical 

Orthopaedics and Related Research 457: 203-9. 

Logerstedt, D. S.’ L. Snyder-Mackler, R. C. Ritter and M. J. Axe (2010). "Knee pain 

and mobility impairments: meniscal and articular cartilage lesions." Journal 

of Orthopaedic and Sports Physical Therapy 40(6): A1-A35. 

Lohmander, L. S.，P. M. Englund, L. L. Dahl and E. M. Roos (2007). "The long-term 

consequence of anterior cruciate ligament and mcniscus injuries: 

osteoarthritis." American Journal of Sports Medicine 35(10): 1756-69. 

Lorbach, O.，P. Wilmes, S. Maas, T. Zerbe, L. Busch, D. Kohn and R. Seil (2009). "A 

non-invasive device to objectively measure tibial rotation: verification of the 

121 



device." Knee Surgery, Sports Traumatology, Arthroscopy 17(7): 756-62. 

Lorbach, O.，P. Wilmes, D. Theisen, M. Brockmeyer, S. Maas, D. Kohn and R. Seil 

(2009). "Reliability testing of a new device to measure tibial rotation." Knee 

Surgery, Sports Traumatology，Arthroscopy 17(8): 920-6. 

Louie, J. K. and C. D. Mote, Jr. (1987). "Contribution of the musculature to rotatory 

laxity and torsional slilTness at the knee." Journal of Biomechanics 20(3): 

281-300. 

Louw, Q. A., J. Manilall and K. A. Grimmer (2008). "Epidemiology of knee injuries 

among adolescents: a systematic review." British Journal of Sports Medicine 

42(1): 2-10. 

Lubowitz, J. H.，B. J. Bcrnardini and J. B. Re id, 3rd (2008). "Current concepts 

review: comprehensive physical examination for instability of the knee." 

American Journal of Sports Medicine 36(3): 577-94. 

Lundberg, M. and K. Messner (1994). "Decrease in valgus stiftiiess after medial knee 

ligament injury. A 4-year clinical and mechanical follow-up study in 38 

patients." Acta Orthopaedica Scandinavica 65(6): 615-9. 

Mae, T,, K. Shino, T. Miyama, H. Shinjo，T. Ochi, H. Yoshikawa and H. Fujie (2001). 

"Single- versus two-femoral socket anterior cruciate ligament reconstruction 

technique: Biomechanical analysis using a robotic simulator." Arthroscopy 

17(7): 708-16. 

Majewski, M., H. Susanne and S. Klaus (2006). "Epidemiology of athletic knee 

injuries: A 10-year study." Knee 13(3): 184-8. 

Mann, B. J., W. A. Grana, R A. Indelicato, D. F. O'Neill and S. Z. George (2007). "A 

survey of sports medicine physicians regarding psychological issues in 

patient-athletes." American Journal of Sports Medicine 35(12): 2140-7. 

Mannel, H., F. Marin, L. Claes and L. Durselen (2004). "Anterior cruciate ligament 

rupture translates the axes of motion within the knee." Clinical Biomechanics 

19(2): 130-5. 

Marchi, A. G , D. Di Bello, G Messi and G Gazzola (1999). "Permanent sequelae in 

sports injuries: a population based study." Archives of Disease in Childhood 

81(4): 324-8. 

Markolf, K. L., S. R. Jackson and D. R. McAllister (2010). "A comparison of 11 

o'clock versus oblique femoral tunnels in the anterior cruciate 

ligament-reconstructed knee: knee kinematics during a simulated pivot test." 

American Journal of Sports Medicine 38(5): 912-7. 

Marshall, S. W. and K. M. Guskiewicz (2003), "Sports and recreational injury: the 

hidden cost of a healthy lifestyle." Injury Prevention 9(2): 100-2. 

Martelli, S., S. Zaffagnini，S. Bignozzi, M. Bontcmpi and M. Marcacci (2006). 

"Validation of a new protocol for computer-assisted evaluation of kinematics 

122 



of double-bundle ACL reconstruction." Clinical Biomechanics 21(3): 279-87. 

Marlelli, S.’ S. ZafTagnini, S. Bignozzi, N. Lopomo and M. Marcacci (2007). 

"Description and validation of a navigation system for intra-operative 

evaluation ot knee laxity." Computer Aided Surgery 12(3): 181-8. 

Martins, C. A. p . , R. J. Kropf, W. Shen, C. F. van Fxk and F. II. Fu (2009). "The 

Concept of Anatomic Anterior Cruciate Ligament Reconstruction." Operative 

Techniques in Sports Medicine 16(3): 104-115. 

Matsumoto, H. (1990). "Mechanism of the pivot shift." Journal of Bone and Joint 

Surgery - British Volume 72(5): 816-21. 

McCarthy, M.’ L. Camarda, C. A. Wijdicks, S. Johansen, L. Rngcbrctscn and R. \\ 

Laprade (2010). "Anatomic posterolateral knee reconstructions require a 

poplitcoflbular ligament reconstruction through a tibial tunnel." American 

Journal ot Sports Medicine 38(8): 1674-81. 

Meredick, R. B.’ K. J. Vance, D. Appleby and J. H. Lubowitz (2008). "Outcome of 

single-bundle versus double-bundle reconstruction of the anterior cruciate 

ligament: a meta-analysis." American Journal of Sports Medicine 36(7): 

1414-21. 

Miura, K., Y. Ishibashi, E. Tsuda, A. Fukuda, H. Tsukada and S. Toh (2010). 

"Intraoperative comparison of knee laxity between anterior cruciate 

1 igaincnt-reconstructed knee and contralateral stable knee using navigation 

system." Arthroscopy 26(9): 1203-11. 

Moisala, A. S.，T. Jarvela, P. Kannus and M. Jarvinen (2007). "Muscle strength 

evaluations after ACL reconstruction." International Journal of Sports 

Medicine 28(10): 868-72. 

Moller, E.，L. Weidenhielm and S. Werner (2009). "Outcome and knee-related quality 

of life after anterior cruciate ligament reconstruction: a long-term follow-up." 

Knee Surgery, Sports Traumatology, Arthroscopy 17(7): 786-94. 

Monaco, E., L. Labianca, B. Maestri, A. De Carli, F. Conteduca and A. Ferretti 

(2009). "Instrumented measurements of knee laxity: KT-1000 versus 

navigation." Knee Surgery, Sports Traumatology, Arthroscopy 17(6): 617-21. 

Mueller, C. A.，C. Eingartner, E. Schreitmueller, S. Rupp, J. Goldhahn, F. Schiilcr, K. 

Wcise, U. Pfister and N. P. Sucdkamp (2005). "Primary stability of various 

forms of osteosynthesis in the treatment of fractures of the proximal tibia." 

Journal of Bone and Joint Surgery - British Volume 87(3): 426-32. 

Muller, W. (1983). Form, function, and ligament reconstruction. The knee. Berlin， 

Springer. 

Musahl, v., K. M. Bell, A. G Tsai, R. S. Costic, R. Allaire, T. Zantop, J. J. Irrgang 

and K H. Fu (2007). "Development of a simple dcvicc for measurement of 

rotational knee laxity." Knee Surgery, Sports Traumatology, Arthroscopy 

123 



15(8): 1009-12. 

Musalil, V. and l\ U. Fu (2010). "Influence of the anteromcdial and posterolateral 

bundles of the anterior cruciate ligament on external and internal tibiofemoral 

rotation." American Journal of Sports Medicine 38(9): NPI ; author reply 

NPl-2. 

Myer, G D.’ M. V. Paterno, K. R. Ford, C. E. Quatnian and T. R. Hewett (2006). 

"Rehabilitation after anterior cruciate ligament reconstruction: critcria-basccl 

progression through the rcturn-to-sport phase." Journal of Orthopaedic and 

Sports Physical Therapy 36(6): 385-402. 

Myklebiist, G and R. Bahr (2005). "Return to play guidelines after anterior cruciate 

ligament surgery." British Journal of Sports Medicine 39(3): 127-31. 

Nau, T.，Y. Chevalier, N. Hagemeister, J. A. Degiiise and N. Duval (2005). 

"Comparison of 2 surgical tcchniqucs of posterolateral corner reconstruction 

of the knee." American Journal of Sports Medicine 33(12): 1838-45. 

Nau, T.，Y. Chevalier, N. Hagemeister, N. Duval and J. A. dcGuise (2005). "3D 

kinematic in-vitro comparison of posterolateral corncr reconstruction 

techniques in a combined injury model." Knee Surgery, Sports Traumatology， 

Arthroscopy 13(7): 572-80. 

Nielsen, S. and P. Helmig (1986). "The static stabilizing function of the popliteal 

tendon in the knee. An experimental study." Archives of Orthopaedic and 

Traumatic Surgery 104(6): 357-62. 

Nielsen, S., J. Ovesen and O. Rasmussen (1985). "The posterior cruciate ligament 

and rotatory knee instability. An experimental study." Archives of 

Orthopaedic and Traumatic Surgery 104(1): 53-6. 

Nielsen, S.，O. Rasmussen, J. Ovesen and K. Andersen (1984). "Rotatory instability 

of cadaver knees after transection of collateral ligaments and capsule." 

Archives of Orthopaedic and Traumatic Surgery 103(3): 165-9. 

Norwood, L. A. and M. J. Cross (1979). "Anterior cruciate ligament: functional 

anatomy of its bundles in rotatory instabilities." American Journal of Sports 

Mcdicine 7(1): 23-6. 

Noyes, F. R. (2010). "Noyes' Knee Disorders: Surgery, Rehabilitation, Clinical 

Outcomes." Saunders, an imprint of Elsevier Inc.: 48. 

Noyes, F. R.，E. S. Grood, D. L. Butler and M. Maiek (1980). "Clinical laxity tests 

and functional stability of the knee: biomechanical conccpts." Clinical 

Orthopaedics and Related Research( 146): 84-9. 

Orchard, J. and W. Hoskins (2007). "For debate: consensus injury definitions in team 

sports should focus on missed playing time." Clinical Journal of Sport 

Medicine 17(3): 192-6. 

Ostrowski, J. A. (2006). "Accuracy of 3 diagnostic tests for anterior cruciatc ligament 

124 



tears." Journal of Athletic Training 41(1): 120-1. 

Papannagari, R.’ T. J. Gill, L. R. Defrate, J. M. Moses, A. J. Petruska and G Li 

(2006). "In vivo kincmatics of the knee after anterior crueiate ligament 

reconstruction: a clinical and functional evaluation." American Journal of 

Sports Medicine 34(12): 2006-12. 

Park, H. S.’ N. A. Wilson and L. Q. Zhang (2008). "Gender differences in passive 

knee biomechanical properties in tibial rotation." Journal of Orthopaedic 

Research 26(7): 937-44. 

Pearle, A. D.’ D. J. Solomon, T. Wanich, A. Morcau-Gaudry，C. C. Granchi, T. L. 

Wickiewicz and R. F. Warren (2007). "Reliability of navigated knee stability 

examination: a cadaveric evaluation." American Journal of Sports Medicine 

35(8): 1315-20. 

Petersen, W. and T. Zantop (2007). "Anatomy of the anterior cruciate ligament with 

regard to its two bundles." Clinical Orthopaedies and Related Research 454: 

35-47. 

Picard, F.，A. M. DiGioia, J. Moody, V. Martinek, F. H. Fu，M. Rytel, C. Nikou，R. S. 

LaBarca and B. Jaramaz (2001). "Accuracy in tunnel placement for ACL 

reconstruction. Comparison of traditional arthroscopic and computer-assisted 

navigation techniques." Computer Aided Surgery 6(5): 279-89. 

Plaweski, S.，J. Cazal, P. Resell and R Merioz (2006). "Anterior cruciate ligament 

reconstruction using navigation: a comparative study on 60 patients." 

American Journal of Sports Medicine 34(4): 542-52. 

Pollard, C. D., S. M. Sigward and C. M. Powers (2007). "Gender differences in hip 

joint kinematics and kinetics during side-step cutting maneuver." Clinical 

Journal of Sport Medicine 17(1): 38-42. 

Quigley, F. (2000). "A survey of the causes of sudden death in sport in the Republic 

of Ireland." British Journal of Sports Medicine 34(4): 258-61. 

Reinschmidt, C.’ A. J. van den Bogert, B. M. Nigg, A. Lundberg and N. Murphy 

(1997). "Effect of skin movement on the analysis of skeletal knee joint 

motion during running." Journal of Biomechanics 30(7): 729-32. 

R is berg, M. A. and A. Ekeland (1994). "Assessment of functional tests after anterior 

cruciate ligament surgery." Journal of Orthopaedic and Sports Physical 

Therapy 19(4): 212-7. 

Ristanis, S.，N. Stergiou, K. Patras, H. S. Vasiliadis, G Giakas and A. D. Georgoulis 

(2005). "Excessive tibial rotation during high-demand activities is not 

restored by anterior cruciate ligament reconstruction." Arthroscopy 21(11): 

1323-9. 

Robinson, J. R.’ A. M. Bull，R. R. Thomas and A. A. Amis (2006). "The role of the 

medial collateral ligament and posteromedial capsule in controlling knee 

125 



laxity." American Journal of Sports Medicine 34( 11): 181 5 - 2 3 . . 

Rudy, T. W.，G A. Livesay, S. L. Woo and F. H. Fu (1996). "A combined 

robotic/univcrsal force sensor approach to determine in situ forces of knee 

ligaments." Journal of Biomechanics 29(10): 1357-60. 

Sallis, R. E. (2009)/"Exercise is medicine and physicians need to prescribe it!" 

British Journal of Sports Medicine 43(1): 3-4. 

Samuelson, M.，L. F. Draganich, X. Zhou，P. Krumins and B. Reider (1996). "The 

effects of knee reconstruction on combined anterior cruciate ligament and 

anterolateral capsular deficiencies." American�Journal of Sports Medicine 

24(4): 492-7. ‘ 

Scarvell, J. M., P. N. Smith, K. M. Refshauge, H. Galloway and K. Woods (2005). 

"Comparison of kinematics in the healthy -and ACL injured knee using MRI." 

Journal of Biomechanics 38(2): 255-62. 

Schcchingcr, S. J., B. A. Levy, K. A. Dajani, J. F. Shah, D. A. Mcrrcra and R. Q Marx 

(2009). "Achilles tendon allograft reconstruction of the fibular collateral 

ligament and posterolaterafcorner.“ Arthroscopy 25(3): 232-42. 

Scholtes, V. A., C. B. Terwee and R. W. Poolman- (in press). "What makes a 

measurement instrument valid and reliable?" Injury. 

Schuster, A. J., M. J. McNicholas, S. W. Wachtl, D. W. McGurty and R. P. Jakob 

(2004). "A new mechanical testing device for measuring anteroposterior knee 

laxity." American Journal of Sports Medicine 32(7): 1731 -5. 

Scopp, J. M., L. E. Jasper, S. M. Belkoff and C. T. Moorman, 3rd (2004). "The effect 

of oblique femoral tunnel placement on rotational constraint of the knee 

reconstructed using patellar tendon autografts." Arthroscopy 20(3): 294-9. 

Seebacher, J. R., A. E. Inglis，J. L. Marshall and R.'F. Warren (1982). "The structure 

of the posterolateral aspcct of the knee." Journal of Bone and Joint Surgery -

American Volume 64(4): 536-41. 

Sekiya，J. K. and C. A. Kurtz (2005). "Posterolateral corner reconstruction of the 

knee: surgical technique utilizing a bifid Achilles tendon allograft and a 

double femoral tunnel." Arthroscopy 21(11): 1400. 

Sekiya, J. K., D. R. Whiddbn, C. T. Zehms and M. D. Miller (2008). ”A clinically 

relevant assessment of posterior cruciate ligament and posterolateral comer 

injuries. Evaluation of isolated and combined deficiency." Journal of Bone 

and Joint Surgery - American Volume 90(8): 1621-7. 

Sell, T. C.，C. M. Ferris, J. P. Abt, Y. S. Tsai, J. B. Myers, F. H. Fu and S. M. Lephart 

(2006). "The effect of direction and reaction on ‘ the neuromuscular and 

biomechanical characteristics of die knee during tasks that simulate 4he 

noncontact anterior cruciate ligament injury mechanism." American Journal 

of Sports Medicine 34(1): 43-54. 

126 



Shafizadeh, S.，11. J. Huvcr，S. Grote, J. I loehcr, T. Paffrath, T. Tiling and B. Bouillon 

(2005). "Principles of fluoroscopic-based navigation in anterior cruciate 

ligament reconstruction," Operative Techniques in Orthopaedics 15(1): 70-75. 

Shahane, S. A.，C. Ibbotson, R. Strachan and D. R. Bickerstaff (1999). "The 

popliteofibular ligament. An anatomical study of the posterolateral comer of 

the knee." Journal of Bone and Joint Surgery - British Volume 81(4): 636-42. 

Shelbourne, K. D. and P. Nitz (1990). "Accelerated rehabilitation after anterior 

cruciate ligament reconstruction." American Journal of Sports Medicine 18(3): 

292-9. 

Shclburne, K. B., M. R. Torry and M. G Pandy (2005). "Bffcct of miisclc 

compensation on knee instability during ACI,def ic ient gait." Mcdicinc and 

Science in Sports and Exercise 37(4): 642-8. 

Shephard, R. J. (2003). "Can we afford to exercise, given current injury rates?" 

Injury Prevention 9(2): 99-100. 

Shoemaker, S. C. and K. L. Markolf (1982). "In vivo rotatory knee stability. 

Ligamentous and muscular contributions." Journal of Bone and Joint Surgery 

-American Volume 64(2): 208-16. 

Shoemaker, S. C. and K. L. Markolf (1985). "Effects of joint load on the stiffness and 

laxity of ligament-deficient knees. An in vitro study of the anterior cruciatc 

and medial collateral ligaments." Journal of Bone and Joint Surgery -

American Volume 67(1):丨 36-46. * 

Shultz, S. J. and R. J. Schmitz (2009). "Effects of transverse and frontal plane knee 

laxity on hip and knee neuromechanics during drop landings." American 

Journal of Sports Medicine 37(9): 1821-30. 

Shultz, S. J., Y. Shimokochi, A. D. Nguyen, R. J. Schmitz, B. D. Beynnon and D. H. 

Perrin (2007). "Measurement of varus-valgus and internal-external rotational 

knee laxities in vivo—Part II: relationship with anterior-posterior and general 

joint laxity in males and females." Journal of Orthopaedic Research 25(8): 

989-96. 

Song, E. K., J. K. Seon, S. J. Park, C. I. Hur and D. S. Lee (2009). "In vivo laxity of 

stable versus anterior cruciate ligament-injured knees using a navigation 

system: a comparative study." Knee Surgery, Sports Traumatology, 

Arthroscopy 17(8): 941-5. 
\ -

Spindler, K. P. and R. W. Wright (2008). "Clinical practice. Anterior cruciate 

ligament tear." New England Journal of Medicine 359(20): 2135-42. 

Stannard，J. P., S. L. Brown, J. T. Robinson, G McGwin’ Jr. and D. A. Volgas (2005). 

"Reconstruction of the posterolateral corner of the knee." Arthroscopy 21(9): 

1051-9. 

Staubli, H. U. and R. P. Jakob (1991). "Anterior knee motion analysis. Measurement 

127 



and simultaneous radiography." American Journal of Sports Mcdicine 19(2): 

172-7. 

SteckeK H., P. E. Murtha, R. S. Costic, J. E. Moody, B. Jaramaz and F. H. Fu (2007). 

"Computer evaluation of kinematics of anterior cruciate ligament 

reconstructions." Clinical Orthopaedics and Related Research 463: 37-42. 

Stengel, D., F. Klufmoller, G Rademacher, S. Mutze, K. Bauwens, K. Butenschon, J. 

Scifcrt, M. Wich and A. Ekkernkamp (2009). "Functional outcomes and 

health-related quality of life after robot-assisted anterior cruciate ligament 

reconstruction with patellar tendon grafts." Knee Surgery, Sports 

Traumatology, Arthroscopy 17(5): 446-55. 

Stoller, D. W.，K. L. Markolf, S. A. Zager and S. C. Shoemaker (1983). "The effects 

of cxcrcisc, icc, and ultrasonography on torsional laxity of the knee." Clinical 

Orthopaedics and Related Rescarch( 174): 172-80. 

Tashiro, Y.，K. Okazaki, H. Miura, S. Matsuda, T. Yasunaga, M. Hashizume, Y. 

Nakanishi and Y. Iwamoto (2009). "Quantitative assessment of rotatory 

instability after anterior cruciate ligament reconstruction." American Journal 

of Sports Medicine 37(5): 909-16. 

Tashman, S.，D. Collon, K. Anderson, P. Kolowich and W. Anderst (2004). 

"Abnormal rotational knee motion during running after anterior cruciate 

ligament reconstruction." American Journal of Sports Medicinc 32(4): 

975-83. 

Tashman, S.’ P. Kolowich, D. Coilon, K. Anderson and W. Anderst (2007). "Dynamic 

function of the ACL-reconstructed knee during running." Clinical 

Orthopaedies and Related Research 454: 66-73. 

Taylor, W. R.’ R. M. Ehrig, G N. Duda, II. Schcll, P. Secbeck and M. O. Heller 

(2005). "On the influence of soft tissue coverage in the determination of bone 

kinematics using skin markers." Journal of Orthopaedic Research 23(4): 

726-34. 

Tcgncr, Y. and J. Lysholm (1985). "Rating systems in the evaluation of knee ligament 

injuries." Clinical Orthopaedics and Related Research( 198): 43-9. 

Thambyah, A.’ P. Thiagarajan and J. Goh Cho Hong (2004). "Knee joint moments 

during stair climbing of patients with anterior cruciate ligament deficiency." 

Clinical Biomechanics 19(5): 489-96. 

Torg，J. S., W. Conrad and V. Kalcn (1976). "Clinical diagnosis of anterior cruciate 

ligament instability in the athlete." American Journal of Sports Medicine 4(2): 

84-93. 

Tsai, A. G , V. Musahl, H. Steckel, K. M, Bell, T. Zantop, J. J. Irrgang and F. H. Fu 

(2008). "Rotational knee laxity: reliability of a simple measurement device in 

vivo." BMC Musculoskeletal Disorders 9: 35. 

128 



Tsai, A. G , C. A. Wijdicks，M. P. Walsh and R. R Laprade (2010). "Comparative 

kinematic evaluation of all-inside single-bundle and double-bundle anterior 

cruciate ligament reconstruction: a biomechaiiical study." American Journal 

of Sports Medicine 38(2): 263-72. 

Tsuda, E., Y. Ishibashi, A. Fukuda, H. Tsukada and S. Toh (2007). "Validation of 

coinputcr-assistcd double-bundle anterior cruciate ligament reconstruction." 

Orthopedics 30(10 SiippI): SI36-40. 

Tsuda, E.’ Y. Ishibashi，A. Fukuda, H. Tsukada and S. Toh (2009). "Comparable 

results between lateralized single- and double-bundle ACL reconstructions." 

Clinical Orthopaedics and Related Research 467(4): 1042-55. 

Tyler, T. R, M. P. Mcllugli, G W. Gleim and S. J. Nicholas (1999). "Association of 

KT-1000 measurements with clinical tests of knee stability I year following 

anterior cruciate ligament reconstruction." Journal of Orthopaedic and Sports 

Physical Therapy 29(9): 540-5. 考 

Ullrich, K., W. K. Krudwig and U. Witzel (2002). "Posterolateral aspect and stability 

of the knee joint. I. Anatomy and function of the popliteus muscle-tendon unit: 

an anatomical and biomechanical study." Knee Surgery, Sports Traumatology, 

Arthroscopy 10(2): 86-90. 

US Department of Health and Human Services (1996). "Physical activity and health: 

a report from the Surgeon General." Atlanta, GA; Centers for Deseasc 

Control and Prevention, National Center for Chronic Disease Prevention and 

Health Promotion. 

Van de Velde, S. K.，T. J. Gill, L. E. DeFrate, R. Papannagari and Q Li (2008). "The 

efleet of anterior cruciatc ligament deficiency and reconstruction on the 

patellofemoral joint." American Journal of Sports Mcdicinc 36(6): 1150-9. 

Vaughan，C. L.’ B. L. Davis and J. C. O'Conner (1992). Dynamics of Human Gait, 

I luman Kinetics Publishers Champaign. 

Veltri, D. M., X. H. Deng, P. A. Torzilli, R. F. Warren and M. J. Maynard (1995). 

"The role of the cruciate and posterolateral ligaments in stability of the knee. 

A biomechanical study." American Journal of Sports Medicine 23(4): 436-43. 

Veltri, D. M. and R. F. Warren (1994). "Operative' treatment of posterolateral 

instability of the knee." Clinics in Sports Medicine 13(3): 615-27. 

Waite, J. C.，D. J. Beard, C. A. Dodd，D. W. Murray and H. S. Gill (2005). "In vivo 

kinematics of the ACL-deficient limb during running and cutting." Knee 

Surgery, Sports Traumatology, Arthroscopy 13(5): 377-84. 

Webster, K. E., J. A. McClelland, J. E. Wittwer, K. Tecklenburg and J. A. Feller 

(2010). "Three dimensional motion analysis of within and between day 

repeatability of tibial rotation during pivoting." Knee 17(5): 329-333. 

Whiddon, D. R.，C. W Zchms, M. D. Miller, J. S. Quinby, S. L. Montgomery and J. K. 

129 



Sekiya (2008). "Double compared with single-bundle open inlay posterior 

cruciate ligament reconstruction in a cadaver model." Journal of Bone and 

Joint Surgery - American Volume 90(9): 1820-9. 

Wojcik, K., R. Novvak and D. Polak (2010). "The value of computed tomography 

with 3D reconstruction for the diagnosis of pelvic and spine fractures 

following a sports injury - a case report." Ortop Traumatol Rehabil 12(5): 

459-66. 

Wojtys, E. M., S. A. Goldstein, M. Rcdfcrn, B. Trier and L. S. Matthews (1987). "A 

biomechanical evaluation of the Lenox Hill knee brace." Clinical 

Orthopaedics and Related Research(220): 179-84. 

Wojtys, E, M.，R V. Loubert, S. Y. Samson and D. M. Viviano (1990). "Use of a 

knee-brace for control of tibial translation and rotation. A comparison, in 

cadavera, of available models.[sec comment]." Journal of Bone and Joint 

Surgery - American Volume 72(9): 1323-9. 

Woo, S. L., S. S. Chan and T. Yamaji (1997). "Biomechanics of knee ligament 

healing, repair and reconstruction." Journal of Biomechanics 30(5): 431-9. 

Woo, S. L., R. E. Dcbski, J. D. Withrow and M. A. Janaushek (1999). "Biomechanics 

of knee ligaments." American Journal of Sports Medicine 27(4): 533-43. 

Woo, S. L. and M. B. Fisher (2009). "Evaluation of knee stability with use of a 

robotic system." Journal of Bone and Joint Surgery - American Volume 91 

Suppl 1: 78-84. 

Woo, S. L.’ J. M. Hollis, D. J. Adams, R. M. Lyon and S. Takai (1991). "Tensile 

properties of the human femur-anterior cruciate ligament-tibia complex. The 

effects of specimen age and orientation." American Journal of Sports 

Medicine 19(3): 217-25. 

Woo, S. L.，A. Kanamori, J. Zeminski, M. Yagi, C. Papageorgiou and F. H. Fu (2002). 

"The effectiveness oF reconstruction of the anterior cruciate ligament with 

hamstrings and patellar tendon . A cadaveric study comparing anterior tibial 

and rotational loads." Journal of Bone and Joint Surgery - American Volume 

84-A(6): 907-14. 

Woo, S. L. Y.，C. Wu, O. Dede, F. Vercillo and S. Noorani (2006). "Biomechanics 

and anterior cruciate ligament reconstruction." Journal of Orthopaedic 

Surgery and Rcscarch 1: 2. 

Wu, G and R R. Cavanagh (1995). "ISB recommendations for standardization in the 

reporting of kinematic data." Journal of Biomechanics 28(10): 1257-61. 

Yagi, M., R. Kuroda, K. Nagamune, S. Yoshiya and M. Kurosaka (2007). 

"Double-bundle ACL reconstruction can improve rotational stability." 

Clinical Orthopaedics and Related Research 454: 100-107. 

Yagi, M.’ E. K. Wong, A. Kanamori, R. E. Debski, F. H. Fu and S . � , . W o o (2002). 

130 



"Biomechanical analysis of an anatomic anterior cruciate ligament 

reconstruction." American Journal of Sports Medicine 30(5): 660-6. 

Yamamoto, Y., W. H. Hsu, J. A. Fisk, A. H. Van Scyoc, K. Miura and S. L. Woo 

(2006). "Effect of the iliotibial band on knee biomechanics during a simulated 

pivot shift test." Journal of Orthopaedic Research 24(5): 967-73. 

Yamamoto, Y.，W. H. Hsu, S. L. Woo, A. H. Van Scyoc, Y. Takakura and R. E. Debski 

(2004). "Knee stability and graft function after anterior cruciate ligament 

reconstruction: a comparison of a lateral and an anatomical femoral tunnel 

placement." American Journal of Sports Medicine 32(8): 1825-32. 

Yu, B., S. B. McClure, J. A. Onate, K. M. Guskiewicz, D. T. Kirkendall and W. E. 

Garrett (2005). "Age and gender effects on lower extremity kinematics of 

youth soccer players in a stop-jump task." American Journal of Sports 

Medicine 33(9): 1356-64. 

ZafTagnini, S.’ D. Bruni, S. Martelli, N. Imakiirc, M. Marcacci and A. Russo (2008). 

"Double-bundle ACL reconstruction: influence of femoral tiinnel orientation 

in knee laxity analysed with a navigation system - an in-vitro biomechanical 

study." BMC Musculoskeletal Disorders 9: 25. 

Zantop, T.，M. Herbert, M. J. Raschke, F. H. Fu and W. Petersen (2007). "The role of 

the anteromcdial and posterolateral bundles of the anterior cruciate ligament 

in anterior tibial translation and internal rotation." American Journal of Sports 

Medicine 35(2): 223-7. 

Zehms, C T.，D. R. Whiddon, M. D. Miller, J. S. Quinby, S. L. Montgomery, R. B. 

Campbell and J. K. Sckiya (2008). "Comparison of a double bundle 

arthroscopic inlay and open inlay posterior cruciate ligament reconstruction 

using clinically relevant tools: a cadaveric study." Arthroscopy 24(4): 472-80. 

131 



List of publications 

Full-length manuscripts published/accepted in journals/book chapter 

1. Lam MH, Fong DTP, Yung PSH, Ho RPY, Chan WY, Chan KM (2009). Knee 

stability assessment on anterior cruciate ligament injury: clinical and 

biomechanical approaches. Sports Medicine, Arthroscopy, Rehabilitation, 

Therapy and Technology, I，20 

2. Ho EPY. Lam MH, Chung MML, Fong DI P, Law BKY, Yung PSH’ Chan WY, 

Chan KM (2011). Comparison of two surgical techniques for reconstructing 

posterolateral corner of the knee - a cadaveric study evaluated by navigation 

system. Arthroscopy, 27(l):89-96 

3. Lam MH, Fong DTP, Yung PSH, Ho EPY, Fung KY, Chan KM (2011). Knee 

rotational stability during pivoting movement is restored after anatomical 

double bundle anterior cruciate ligament reconstruction. American Journal of 

Sports Medicine, 39(5): 1032-103 8 

4.林默涵、何博仁、羅勤業、張熙澤、陳啓明、容樹饭和方迪培（2009)“前 

交叉初帶損傷的膝關節運動學分析。輯於陳？f明著，窗用關節鏡手術舉 

(824-829頁）。屮國：人民衛生出版社 

Full-length manuscripts submitted/revision in journals 

1. Lam MH, Fong DTP, Yung PSH, Chan KM revision). A systematic review 

on the biomechanical techniques to evaluate tibial rotation. Knee Surgery, 

Sports Traumatology, Arthroscopy 

2. Lam MH, Yung PSH, Fong DTP, Hung ASL, Chan WY，Chan KM (submitted). 

A biomechanical device to quantify knee rotational laxity: validity and 

reliability on human specimens. Knee Surgery, Sports Traumatology, 

132 



Arthroscopy 

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

Effect of anticipation on landing maneuver during stop-jumping task. Sports 

Biomechanics 

133 



List of presentations in international and local conferences 

1. L a m M H , Fong DTP, Yung PSH, Chan KM (2008) Biomechanics techniques to 

evaluate knee rotational stability. In Proceedings of International Convention on 

Sciencc Education and Medicinc in Sport (vol 1, pp 281), Guangzhou, China. 

[Aug 1-4, 2008] 

2. Lam MH, Yung PSH, Chan KM (2008) A biomechanical study of anterior 

cruciate ligament dcficicnt knee during landing and pivoting movements. In 

Proceedings of 2nd HKASMSS Student Conference on Sport Medicine, 

Rehabilitation and Exercise Science (pp. 32), Hong Kong, China [Nov 1，2008] 

3. Lara MH, Yung PSH, Fong DTP，Fung KY, Chan KM (2008) Motion analysis 

to assess knee rotation stability of anterior crucitate ligament deficient knee. 

Hong Kong Journal of Orthopaedic Surgery, 12(Supp), 122. [Nov 29-30, 2008] 

4. Yung PSH, Lam MH, Fong DTP, Chan KM (2009) Motion analysis to assess 

knee rotational stability of anterior cruciate ligament deficient knee, with 

application in studying the kinematics change of double bundle ACL 

reconstruction versus single bundle reconstruction. In proceedings of The 7th 

Biennial ISAKOS Congress (#595), Osaka, Japan. [Apr 5-9, 2009] 

5. L a m M H , Fong, DTP，Chan KM (2009) Anticipation Effect on knee joint 

stability during planned and un-plaiined movement tests in laboratory. 

Departmental Research Day, Department of Orthopaedics and Traumatology, 

The Chinese University of Hong Kong, China. [Jun 16，2009] 

6. L a m M H , Lai PK, Fong, DTP, Chan KM (2009) Anticipation Effect on knee 

joint stability during planned and un-planned movement tests in laboratory. In 

proceedings of XXVII International Symposium on Biomechanics in Sports 

(pp.232), Limerick, Ireland [Aug 17-21,2009] 

134 



7. Ho EPY, Lam MH, Chung MML, Fong DTP, Law BKY, Yung PSH, Chan KM 

(2009) Comparison of two surgical techniques of posterolateral corner 

reconstruction of the knee, evaluated by image-free navigation system. Hong 
« 

Kong Journal of Orthopaedic Surgery, 13(Supp), 77. (Nov 28-29, 2009] 

8. Lam MH, Lai PK’ Fong DTP, Yung PSH, Fung KY, Chan KM (2009). 
-

Anticipatory cffcct on knee kinematics during planned and un-planned 

stop-jumping tasks. Hong Kong Journal of Orthopaedic Surgery, 13(Supp), 121. 

[Nov 28-29, 2009]. 

9. Lam MH, Chan KM (2010). Excessive tibial rotation is restored after 

anatomical double bundle anterior cruciate ligament reconstruction. In 

Proceedings of The 3rd HKASMSS Student Conference on Sport Medicine, 

Rehabilitation and Exercise Science (pp. 5-7), Hong Kong, China. [Jun 19， 

2010|. 

10. Lam MH, Fong DTP, Yung PSH, Ho EPY, Fung KY, Chan KM (2010). 

Excessive tibial rotation is improved after anatomical double bundle ACL 

reconstruction. In Proceedings of the combined 7th Biennial Meeting of 

Asia-Pacific Orthopaedic Society for Sports Medicine and the 2nd Annual 

Meeting of Japanese Orthopaedic Society of Knee, Arthroscopy and Sports 

Medicine (pp. 70)，Okinawa, Japan. [Jul 2, 2010]. 

11. Ho EPY, Lam MH, Chung MML, Fong DTP，Law BKY, Yung PSll, Chan KM 

(2010). Comparison of 2 surgical techniques of posterolateral comer 

reconstruction. In Proceedings of the combined 7th Biennial Meeting of 

Asia-Pacific Orthopaedic Society for Sports Medicine and the 2nd Annual 
\ 

Meeting of Japanese Orthopaedic Society of Knee, Arthroscopy and Sports 

Medicine (pp. 45), Okinawa, Japan. [Jul 2’ 2010]. 

12. Lam MH, Fong DTP, Yung PSH, Ho EPY, Fung KY, Chan KM (2010). 
•• 135 



Excessive tibial rotation is restored after anatomical double bundle anterior 

cruciate ligament reconstruction. In Proceedings of XXVIII International 

Symposium on Biomechanics in Sports (pp. 439), Marquette, USA. 

13.林默涵、方迪培、容樹恆：和陳啓明（2010)�對雙束前交叉軔帶修復手術後 

回復多餘的脛骨轉動的研究。第I •四屆全_運動生物力學學術交流大會 

(pp. 277) ,中國濟南. [2010 年 9 13 F11 

14. Lam Mil, Yung PSH, I'ong DIP, Law BKY, Chan WY, Liao WH, Chan KM 

(2010). A knee rotational laxity meter to evaluate knee rotational instability. In 

Proceedings of SMART - Sports Medicine And Rehabilitation Therapy 2010 

Convention (pp. 8-9), Hong Kong, China. [Oct 9，2010]. 

15. Yung PSH, Lam MH, Fong DTP, Chan KM (2010). Knee kinematics before 

and after anatomical double bundle anterior cruciate ligament reconstruction. In 

Proceedings of the 30th Annual Congress of The Hong Kong Orthopaedic 

Association (pp. 97), Hong Kong, China. [Nov 27-28, 20101. 

136 



List of research grants 

1. Fong DTP, Chan KM, Yung PSH, Lam IVIH. Anticipation effect on knee 

rotational stability during planned and un-planned movement tests in laboratory. 

The Chinese University of Hong Kong, Direct Grant for Research, 2008.2.020, 

HKD34,000 

2. Yung PSH’ Fong DTP, Lam IVIH, U w BKY, Chan WY, Liao WH, Cheng CK, 

Chan KM. A knee rotational laxity meter to evaluate knee rotational stability. 

Innovation Technology Fund, 2009-2010, HKSAR Innovation and Technology 

Commission, lTS/039/09, HKD999,824; plus Internship Programme, 

lnP/277/09 (I1KD226,380), InP/313/09 (1IKD214,200) 

137 



List of resewnch awards 

Best Presentation Award, Hong Kong Association of Sports Medicine and 

Sports Science Student Conference on Sport Medicine, Rehabilitation and 

Exercise Science, 2008 

1st Runner-up, Vice-Chancellor's Cup of Student Innovation (Postgraduate 

Individual), The Chinese University of Hong Kong, 2009 

Scholarship Award, 27th International Conference on Biomechanics in Sport, 

Ireland, 2009 

Postgraduate Student Award for Overseas Academic Activities, Graduate School, 

The Chinese University of Hong Kong, 2009 

Best Paper Award, Sports Mcdicinc Chapter, The 29th Annual Congress of the 

Hong Kong Orthopaedic Association, 2009 

Postgraduate Student Award for Overseas Academic Activities, Graduate School, 

The Chinese University of Hong Kong, 2010 

138 



Comparison of 2 Surgical Techniques lor Kcconsiruciing 
Posicrolaieral Cohkm ' o\ iho Knee: A Cadaveric Suidy l{\ aluaic(J 

by Navigalion Syslcm 

Knc Y;ui I la. \1 B.n、.ll M.R.r.S.ddiiU. 1 R.C.S.«>rih. luiiiU. I U.K. A.M. I II.K.(,OS., 
\!nk-llum I^lu. H.I-aI.. \1and> Maii-I.in̂ * (liunu. H.r.nu.. \l.Sc.. 

Daniol Tik-IHii「onj：, lJ.Sc., M.Sc,, Ph.!).. I I.S.B.S.. IJilK Kan Yip 1 洲 . M I U K l L 
vi.Sc.s.M.iis.(CTnkx \ik.c\sjrximK v m c s h m k i^ihi i.ii义(•<)、.. I H.K.A.M . 

huiick Sttti lbni: Yiinj:. M.UXli.fL I .(•.S.Il.K. I-RX'SilxlinK I IlKCOS,. 
lUkiiV I II.K A A L \V\i^k|.Ycc(W M.Phil., 

I'h l).. ('.Uk4.. \lUiiol.. .ukI JCu Mine CTwn. M.U.Ii,S.. I .R dinV. 
I k(M>S.((;ia>j!k M.(Ti.<>iiIk. l-.R.<\S.«)iih. I-Jin). V.XCS.. I .H.K.A.M.. I-.I1.K.(\().S.. 1:.(\S.II.K. 
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K'UCk fht Hfs^z flW* .̂ rfî tlTMr HfiM rit:trrtf M IL W-///.. MM U\ nr th, t.厂―V/n, 
K'UCK 似書 School Biimt/iic»>f Sri^^/H-rr ‘ /tvtfirv/iriMru;/. TV C^m/ rtH/r^n f4 fit.緣 Ifocz JCiMSn. riwii 

SttppcfUU ht if ̂ HMdfnmt the Hu^x Xoiet Awirv (Itih i fMniin P*^ fht otf/xm •”Mt$t r̂  cr«:Ai-f nS mkrf^t 
S^Umhrr 2V. 20Q9: ‘ :Oia 

Xikt^ tUki rffruH ff押JO ttf iXmH tA-fU i Hq^Mpt^j iktip^fuo^ .nkJ Cftwmutuf'X^. tritu t uf H'^piUl, 
f MUt vfXMkUr�Ihc rtaxmin 啊 (Tw^u t-mml： 
W iv Ahittfoitt̂n «f >i，>f1fn\mrnt*t 

iU^ 101016^ mtkrv :0iQ0t 

Arthmu'nfn' tftt />,"•�nf Mhrnxrnft,- Jtrirf̂ /̂ Sm^nr. Vnt 37,、" I i Ai#tM#nri. 20t i pp 旅《f» HO 

139 



/ / ( / /•/ M.. 

in ilic 2 ikv、klt9i» Ixii Nni icchi»»siv ti*【“、、"-
*m)vi ihc l*t .<' h.iN not Kvn wvll i-wuSlî iiNi *-、., 
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anil vingk* (cm(>rul lunncI icchntquc fur 1*1 .<' rvcon-
Niniciton on kocc kimrmiKK、. by um: oI' mh iK、tti(cO 
k-aiJa%vhc injury nuxlcl. Ii was. hypcHhosiyoJ tlijt ihc 
knee kinemaUcs was belter restored by the double 
fcmornl tunnci teduiiquc. 

MKTIIODS 

Spfxinicn Prcpnmtion 

Six intaLt huiimu codavciic fonnalia-preserved knccv 
were uAcd in this study. Ihc Apccimens were rhcckrd 

h> m̂ ptviû n. |Xilp;ilioa. anJ |»hyMoul oxamiiuition 
including* ihc I ̂K*hiiuin Icm k\nd wuit̂/val̂us、iiv、* 
XcsX u» ikncvt any obviouŝ  K»n> Uciom*ity, pa-vioiis 
rructuix*. uikI livaiiK-ntiHis laxity. (>nc kiitv u as lounJ 
to haw fccvcrv ik•终、nvToUtin artcr ihsMXt“•“ Ih.tl wa、 
not Nuiuhk* lor ihc Muiiy. Inw c«Kia%vnc kiu、、were 
tituilly iLMxi in iIk_ c\pcriim*nlul “、 
I'*>r all caJttwric *jHvinwn>, the femur uun sawcil 

ai 15 cm thv hMni linv anU the ankic 、、、》> 
dKartiailjtod. with the JiMal tihioIihiiUu joinl being 
kt*pi inljcl 'ITic skin and musck* “• ‘.m «iho、、* and 
M o w Ihc ioifti line wcfv rcnx>Vi\l. wUh ibc inWn»*sc 
oiiv OK̂ nihrtUK* fx—ny kqH iiuiwl. 11 v M、rt {i>*uv w;i、 
cin-riilly diH\4-ctoiJ hy a single while kii-pin̂ ' 
Ihc following ŷ inicuovK iniact: incUiut colliUvMl lig“-
nx、nt. rmstL*nMiR\liiil ctmiplcx. AC1,. IKT,. pmpiitcie. 
musvli'-tciuloii unit. L(1.. IM'U •«rui mcnUii. Afvui 
Irom ihcsc ilrucliccs. oil mhcr y*>(i wm- re-
moved including ihc cjfsulc. patellar Icndon, iliotiKial 
ban J. Kicci*. .wkI hantNtrin̂  icrnlon*. Ilw df-
5»‘ribvU pTiKcJure* uirkU lo nuntmi/v* ttu* ctfcvi、‘、f 
Ok" OHLxck- lDiK\ as wdl us ro4raim ctufraxi hy the 
LupMilc. M> ihul ihc 2 ax4>R>lrudtita Uvhniqiu>> wire 
comparoi in a wcll conUvtlvU voiulKion. 
'l"ho JuKvUxl kfWVK wore put on a cnisiom nuuic 

lostiâ  appuruUL、in n*hich the dimal unroir、vu、rî'tJIy 
hviU anJ ilul uUuwvU frcv mi»vcnxTtt i>l the Uhu ami 
libub lor ô mKictiny hiiMixviuiBical “、Uny A cwnIoiu-
nunkr H-mm-Uiamctcr intranKJullar> iiitfl wiih jo 
aUtifHtT iivcr thi- \iiraal vo4 lOicitcJ Iixhh Ihv* UtMal 
tiKiu U> Ihc >hiUl of ihc lihitt. Two 4.5-mm khan/ 
Mrnn*'* were InsertoJ u> ihc liNa thnniiJi 2 l(»ckin̂  
holo ihc tiHriinKUullury nuil for amrhonn容(he 
lrw:UTs i>l' Uu. navitratii>n t̂ yslom 1,, A Imquc 

U^ck AJvancvd Sensor TcchmJot’、.. Irvine, 
wiih ACUHK) K> Ici* than N m uo? oitochcJ 

llic JisLiI cnJ Ihc inlronii-UulULrN njil for uppli-
c«iit<>ii i>f cMcrcwl rounion Uttnn̂  the icsl. An-
i>lhv"r 2 furalk'l -1.5-nun >liiuu >vrvw、wen.* inserted 
over ihc distal *hal'l ol ihc Icnmr l\ir anchofinjr ol' ihc 
liMckcn* ”f the navi]̂ ii«o 

Teftiing IVolocof 

An iairoopcnUivc navigation lystcm (BrainLab, 
Pcldkirchcn, Germany) w m used for mcAsurcmcnl of 
the tceting parnmetcrs. The BroinLab ACL Rccon-
stniclioD Syklcm. vcnioo 2.0, wa» uaal lu mcasufc Itie 
dcgfCM of external rotation and posterior translation, 
and iho DrainLab Toul Knoo Rcpbccmcnl System, 
version 2.1, was used lo mea&ure varus angulation. 
For the biomechonical test, constant force and torque 
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Kli.tiir ri.r f>souM|iKQiwi i»> X .Vikin̂ i 
»lcOr iwul IjM.»1 tnyfiU ru«> fVtnor.il ""tfid, incHkntu ' 
mra in «lMJtKK:f tn̂n-、fCMK••睡《h“,i«k"ji> ihc luvftioi n Hw I <1 
JIKI |V|4iVu、Ue irji ttviHiyli the 7 iimt 
trmtl'ik̂lji tmuKi. lU.' tnnh u ̂  K* ilk* |vf,hk、4ih»b« 
nwivl. JAI IIH- jAicik̂  li»ul» 滅HI Hv pnKtut lifnh MKI 

U'l- luiimft lh< imJijil Il HMb- ttKii 
U-ir.i«(*l Ia I 

û lwi 

|>、K;i Mk I. .VNi«n\_ VK'W W liix* ibjjrf̂ii Uui 
luil o jt*. hu'U ttKi«lc Uk tlt̂l̂  I1N4 hy : 

% ii.ivuAi>m« ti«% Uf« TK, th«i 
ulbn noil y^ms w4 iK* f»<« 

nwrc lirM jppliowl U» ihc lihia i>l' inuu.1 kntw 
ToM"、i, inchuiiNl ankriiir jikJ poMfnor pullint* •‘’rccs 

！、、N ’ for mcô itrintf anJt-ri*ir-p»î Utuc l.ixity 
VMir• iUv\K>n iiiul iori|uc« of，Nin ’ lor 

mctMinng interiwU/cxtcrnAt rouiioual laxiiy jnd %•»• 
rus/vul̂-ttt. Uxily Jt jihJ O of Iknion, 

The ranĝ  of nu>lii«o giiiiloJ hy llir 
n“vigaik、n acm.、《hk4i iiH\»iircU tRicorJin轻 to 
the ̂ iUc ûkI ifArkcra tB»cncJ 
The fx—ikm W - . joJ 1X1 ‘ MrxKiiim v( tho kmx 

Hitv Ikm ftcctuvncU thn̂ itvh ihck midMihsUincc. Ihc 

HlOMtXUhMi S AULk /•/.< hU COS UMrci fOS Oi KM:i： 

vmv prvH\ika\> wciv fvfv.<i\l u» iixiinvnt Ihi-
*‘ ihv MXtu*fKxi kiKv Two iliiVm nl %»r 

PTC Kw似utKtii，n wcrv pcrl'iTiiKU. In K»Ui k\hmi)ucN 
J li>muilin-l!u\l ithiiiii% antcm»f icmJon ̂ toyrall w»cv 
lKr\o4«xl iVom ihosamc IcJ. and bo«h omLs of ihv- icnJon 
v%vtv n hip-MiUhcU wiih l̂ thiK ml Nu. 5 suture “••Quci>fi. 
SomcTvilU*. NJ > lor 1 c m 'IV dumidiT of I he 5 tihijIK 
iimcrior (mJim lucosurvO 7 iron; ihu、m彻 ti!* 
ihc 识uib mvM ihrxAigh the 6-mni ̂ all st/cr. I>ir-
mg the k\iinii|uc It n\xnistnKlii>n. iIht 2 whi|v\tiu:hi\i 
ciiik %m*tfic î oA nHMMirvU V m m in JLuixivr. %vhk:h was 
Ur^T tn ihc a\Mk- poll oi Uk- IXinn̂  jcMl piv|»-
iTMion. only a ”、"un ̂Tafi sucr woulU .-wcomnuxLilo iIk* 

K>Oi cikK u>gtth(,T in all >fxvinwiVN. 'IIk 
JcUdK of both nxvfMAKtKm urv 丨boJ in 
the folloM iDf fiixlion llic sjmw icstirtt? protvdtHVK wvtv 
UMI aHcr (,\>di av««nunK.ium. 

Sur||icul Tevhrnqur 
Trchitiqur A: IW*haii|(K' A aiiTKil (o nx\>n*inKl 

ihc LCI, anJ Pf'K in a morv jrulouiic way by cTv«ilinj： 
2 Ivnior̂ il (unncK «KV<>rUin̂ ' U» ihc hutipfim uf Uk. 
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fio I I M. 

I-CL ami \\k icnJî n ‘1* OcnvTiNx! I、y Ar-
ctvrv** 1). A 2.4-mm ̂ *uiUc pin « inscruxi an-
urior mX inferuh u> Uk- tibuUir inK-rtion oi IhclXU.. 
Ii Xhcn oxiictl poMcrom<\Jully lo ！he poitirrior j^vt 

of I he lilHikc he;ui m ehc knvl 01' the proximal libio* 
libuliir fkunx. A 7-mm-JiiimcUT inittibiibiilur (unnd ’ 
vTcalvJ Ky ibc k'annul«ilĉ rvjmcr. A 2.4-mm ̂'luJc pin 
WON tn>cflcU iMo I hi- ccmvr ol' ibc UKUpniil of ihi* l.il. 
uvvT ihr loliTol fpicuiuiylc ol' Iho iVnwr UnvanJ the 
media] c4irtc:k. A 7-mm 丨 cnKral Uinncl was crcatcd by 
use of a cAnnul«tcd rcanicr for the reconstruction of 
the LCL A popliteofibular tunnel 
cstAbliahment of the tunnel for the LCL by insertion of 
a 2.4-min pxidc pin into the ccoCer of the footprint of 
the poplitcus (cation. A 7-inm popliteoHbular Uinnel 
was crcAied by the carniulatcd reamer. Ihc tendon 
gralt was passed through Iho tnusfibular tunnel. The 
pottcriur lini) was p«ucd along the posterior aspoct of 
the pruxiinal tibiofibular joint, through the poplitciu 
hiatui, and Ihcn through the popliteofibular tunnel 
toward the medial cortex. The anterior limh was 
passed over the posterior limb and then through ihe 
LCI. til not] towiird Ihe mrdial cortex. 'Ilic graft was 
tcosioncd at 30® of flexion, internal rotation, and slight 

FitA Kr 
I Ml I Uictd i in«hi| \ vtnjd*.' It 
mm k ujt̂ d ttw eptcofuKU f•贫 lU* 
l*A«vĵ 、IvA .niKfMxr dinl pt̂ icnoi limK̂  the mnfi Tht jpiiifi 
W 'M tiw*! .KiuiiU u 

ll was Ihcn riu\J by mUUK-n tuM jtouckI a pî l 
crvjlcd by *! 4..S-min cî iĉ l m.tcvv with a 
T代hnU|Uv II: 'JVchniifuc ii vs\u ihc nioJiticU I.jtmvr 

kvhnii)uc> • ikscnhcd by Kiin\r ct «il 广 whkh inutlvcO 
ihc use a Mnylc iVnitiral Uinncl A»r ibc li\«tlti*ii of ht>(h 

jnJ poskTUH* “"#\�iA i\K 弘oil “1^ •“. IIk 
tniiDitiKiUv UinnW LTcaicd in uvhnu(ue 八 wax 
'IV IcukM-al Umtu,*! uvvr ihy lVm(、ral inMMtion ihc I .CI • 
civjlcd in Wvhniqiic A 镇办 u»cii with ihc luntK'l cnLir̂ cU 
In V nun in ilimiKiiT. (wall was ihrtuMi Iho 
(raittiibulir tunnel. And both anterior and posterior limbs 

i pjsscd through the femoral tunnd with a whipping 
Tlic graf̂  W M tcniioned at a position of 30® of 

flexion, internal rotAlion, and slight valgus. The grafts 
were fixed by sutUKs tied around a post crcatcd by a 

m m cortical scrrw. 

SIttlblical Annlysb 

One-way rau]tiv«riiMc analysis of variance (ANOVA) 
wiih rcpcAlcd mcAsurcA w u uxcd to examine the dif-
ference in all dependent variables. One way ANOVA 
wilh repealed mauturts was used on cuch parameter to 
examine any itî ificAnt dtffcrcnccs between all test-
ing coadilions. which included intact knee, tcctioned 
knee, and reconstructed knees. I.CASt-squafc differ-
cocc post hoc pairwiftc compurixoo* were iwcd bc-
iwcvn ihc JitTcrcnl coikJiIiohs All ̂4alii4K:al Ic.sIk 
v̂tv、’•ilculiiiod hv M^AiMumI <in.tlyM% M»nw»trc iSI'SS 
M>ftivarv. version 16."; SI*SS. (^ica^. II丄'IIk level 
i>l' Mcnilicjncc \vii» m P “5. Kooilix orv piv-
MmicJmain “Sn> 

RKSILTS 

MultivoTKUc ANOVA showed tluit knoc- kim‘_ic» 
wo* Mgniticanlly jffcvtciJ by ihc 4 JiiTcrcni toaJtiiom 
iii Ihc knee 4p < MSu ANOVA uIm, showixl th.n all 
iicpcnJcBi Vividhks cxvcpi puMcrior Irtin* lotion ai 
oi rtcxion were M̂ mtictinily affi-vtcxl hy ihc 4 cmoJi-
iionv <>f ihr knee t P、11 k * roMilbof the pim hin 
|\>wwii»< cv»ntfVhHM，fN in ditlVront otmditiiVYv of (uik-
liTuw trunUiiliim. cxUtnaJ mlation. anil varus •in̂ njKi-
lion JTc Mimmun/vU 10 l'4bk' I. 

PtwUrriur rrtiniJiiliiiit 

After KiHTliomn̂  of (he arucluie» of \hc PLC. 
ilivtv u-a« si|cniliciin( incrcoM- in |X»lori«»r irans-
Uuiî n M Vr* ol' Mcxiun from 3.4 mnnSI), \ ••�• lo / 4 
\xm <Sl>, 3.K1 iilUT ̂tpplicalion ol «i inxNicnor pulling 
fotcc Jk After reconMructmn or the PI.(' hy 
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uio\ii:<iL\McMit.H Hi:i iK\sm'< aoy <>/ kmj. 

T A I I I . I MaUMt^t^* K•�”“t�••/ Ihff^frni /'ii/iir»Kf.r» i�_ttrnt�J /.Mm^ 
Tri'^Ht^u .1 ‘m,/ /V-^'/tm./ii*- ！it 

Kncv S|V\ I 

l- vMnj} I•铺I, 

F\lcttial I ” f rtc、K”t 

Mwii'SIJi 

P-wi«rfmf irjii4j'K*«t t iom • 

NWjimSI'I 

l\>\i«n«<t nmn̂ if 

Voiu* aftiri4alli< 

SUmi vSI>l 
Viifu« MiitiUmm t I M* ik'tion 
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Uvhniqiic A. ihcn* wiw *in improvcmvol at Vi*̂  of 
tlr̂ ion Ui >.4 m m <2.7i. which ？4iinvv«l a .sitinili-
cant-c JiliVrcncc ci>mparcj wiih ihc Kci'itoncd knoc 
{P < There wa» n<» M^nilkuni diRcivncc com* 
pared with xhff ioUnn knee .05». Kcvon^mic-

lion of Ihc P\.C hy tcchniijuv U cl“iv.、.、cJ p、Mcri‘>r 
iraasUiiion ftvitt 7.4 m m “’ 乂“ mm《<!.、• 
compared nith ibc ?<ctioiKU kmx. which was noi 
Tkfgnilicjnt tP > .‘••�、.Morvovcr. rcvonik(ruction hy 
Uvitoi%|Uo 11 Khouct! itn inl'triitr rcMiU in iriiMtny 
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Numerous uirgical Icchniquo (uiw been prv̂ (H»cU 
in Uh- litcmtusv lor rvx|4»riiig p4iMcn、lalcral inMjbiliiy, 
incluOin̂  4K*utc repair, diî jinwnlaliun by the sumtuml-
ing sinMitrcN. •vul rcconftiniciion hy û c «tltogr«il\ 
or aiHupull In ihc I9HIN lluglision acKl 
ittcd a lateral paKirocntrnuiift. cjn<;ubf. I.CI., and pop-
!il<ni« oilvaBccnxnl ywvwdurr that rduxl oo Ihc 
rity of liic p*»Mcf<iLncral fJructurcs. Htwrxcr. ihf ro-
Aull was iH>l SKtlwTfWtory. C1»incy ci JiwrtcJ xHv 
hiccp* IcaUoB and fiwiJ it u> ihc LutjI iVm̂ r̂ol con-
Jylv hy ti and washer tĥ i oiim-O li» rcOiKc ihc 
cMcmul rxHtition t>l' _hc Lncv*. h»rt iho H-C l.uru'l“、n 
cimUl mi htf complctdy rc»ioK\l. Miillor * u sinp 
4>f Iht' ili<4ihial Haiui ulon̂  I he line i»f ihi' p̂ piiKnto 
IcnJon fiV a popliical hypusH prociikiiv. Ilic cUmcal 
outconwN ufkl the degree* of rcvtJtial laxiiy of this 
technique were not dearly rcponc\l. 
In Ihc I W k l.urton ct ai.aJvocalcd “ Uvhniquc 

wn^ a t'rcc ftctnitcndino^u^ ̂uli a tlgiuv i)f H 
Ihnmgh a tihuUtf lunnol ami antiind a 从tow and 
wa?iicr in the lalvral frmoriil comlylc u> iv\:on、tmct 
ihc l.ri- and (he PPI^ The lunnci uvhniquc w必 

lot̂Kl >c\*<»i*m\l lr\hiu«|Tiv \ lt、l«".•、！< I、 

Fict fttr 5. 力f«Mjtii«r» • in licîrciN • for cich ij L-tk̂  4t.ik* 
iini.vi t,.vhni»|iic \ |il*、uH«r (cnwxAl tofirwS 

uvUnuiof H |<(iBi;)< lonxnaj innftd rcwhnt|iic|i t̂ >0 ci 
rW\ion Vwrt̂ik̂  imtujiv j «tcii>fW.ml Uifr̂nfiKv “今, 
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(m w! SNttrntxl frwhmitiK H li 

%» 4. tr̂ftulutKHf <m nitlhmcun»» tui WvknJ 

IrtA." vUK' (it̂A I.办 if-Mt̂tl. t>nb|«H' A fĉiM̂rul tiitin̂l 
hiKkfiA； 4tKl fô  htutjiK U f'IĤ W (cntw.ll i 

.•«> lt«r\hHi imUMic HjmttKunI 4tfrci»'fK«* t 

posterior translativm whirn oMupjrcJ vvillt (cxhniviuc 
.、< ii5i 

KMrniul KrituliiHi 

lixlcmal roi.tlton **i ihc iniiKt Wnix- wa> 11.2 iSH. 
2.b\ and LVO' »M>. 5..M ul ̂ ^ and 90、ol Ikxuvn. 
rvNftxlJvcly 'll>crc ivoat a Mgnificunt incrĉ M： 
in cxirmal rcMalion urtcr MVliotiing ol* iho II.C >lruc-
iiiro*. which mc^unxi 24.6̂  iSl), 6.2i of rtcv 
ion iP < .i)5i ami 26.6'' ̂ SD. 7.3> m W、of rWxion 
iT < .05). lUHh PLC nxdnMnKiion tcchnktuc& im-
proved Ihc rouiiofMl Uxuy when contpdmi wi(h ihc 

knee < .05V RtfconUnuiton by tech-
nique 八 improved cxicmal r̂tialion al 30。of rtc*ii、n 
•m m 246^ <SI). lo 10,2̂  iSfX which wa^ 
compurohlc lo ihc inî rt knee {P > Rcwnsiruc-
tion with (cchnii|uc A HhoweJ a hcticr muiti ihao Uud 
i>ncdiOH|Uc li. which measured I4.4NSIX \^ur< 

"nuTC wtts nil Mgnit'icanl diftiTcncc in ckk̂ ttuiI 
roMi«»n ol W of (U*xk、n Hctwcco uvhiiU|itc A .ttui 
lochn—ic H tr > 

Vunn Angulntion 
r 

At H ' of llcxton, vjniK angulAtkm MgniHcanlly irv-
creoA«0 irom l.yill) to 7.V" fj.l) after 从.ciioning of 
ihc Mruciures of the Pl,(' {F < ItiKh rcomunic-
iton Uxhniquc* rviOorrd varus laxity la It广 in 
icchniifK* A and I••广 in Icchniquc b. with no 
î̂ niticam Jiffcrcncc between the rccoastnaicd kncc% 

and the inUnrl km、- iP > Ihcrv wiw m> 
iftcoAt (liffvTciKc hctwcco the 1 fccon«iruction Mĵ ni 

kvhi niquos i/" > Ai VP of ikxion. ibo varus 

an / / Ai 

iin):ulatiim M|̂ nilicanllv iiktvu»va1 In*in •_、<5> u» 
I2.K' -c .»)! t. AfitT avoitiinicluin hy iivh-
niqtu* A via at litMiv Mgnilicunilv ikvrv;p<\l rr‘、"i 
I2.H" iP (/» , ' I W Wiiv no 
M^mlicam dil'lcTitiwr Ivtwcco the wivtioncxi kiwv ；miJ 
iIk- rivt>n»lniclcJ kncc» with iov-linW|i»c H or Kcihtcu 
(111* nvonMruclciJ ktwcn with hoth tcchi“明cv 
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iiiom:<mMcs At iLR m HLcoxsm cnoy ot KAht: 

fciiutlar tt、tiK* Uvhntiiuc* pioposcd l、y Kudw d al..'* 
hilt it was. siiitpliiiîl m» ihiA the Ncmkcmlimŷ u、liMip 
lornxni a ihunitlc anJ »wurvU in the Ucrol cpi-
cofkJylc hy ittc of an inlcrfcrciicc »ctcw. In 2<>»4 
I.alVaik- ct al.'*' tk-M.Tihcd •• 2-tail uvhniiiuo ihai of-
iVrcJ a more un^omic rwonMructum by aJUing u 
liHial (unmH to reconstruct the popliunis, uhich 
“f\、scJ I he txvominKTlion îf iho 飞 primary sukhili/cn 
tpciplitca、Pl'L. anJ i.CLK Nau d in 2̂ X15 ctnv 
pared ihc 2-iail uvhaii|ue and ihc 2-iunael Uvhniquc. 
which won Mmilur lo iochnk)uc A û cJ in our >lU4ly It 
was cniivucJ ihji the rw^^uuvtion by ihc J iunnvl 
Icchniquc wily the rvomiamcUon of ihc slaikr 
«taKili/tn|p Mruclurcv of (he IMX'.'" Ih»\rc\vr. h*»th 
Uvhoiquo rcMorvd ihc v:UcniAl muuoo loxUy at 3•广 
and o( tlc.\H>n and varus, laxity at O oikI 3o of 
tic\ion. whkii 4u»wcd nt» ftiynilk-anl (JilYcn-occ he-
iwwfi the 2 uxhQU|Ui-> v( rvct>B>lrucUi,n. 
•l"hc analomy over ihc blcrul of ihc knee was 

liix in I9H2 iinJ won JiviikrJ intt>、layer* 
I'rum supcrtiviul K> deep.，The bHfVTWvhunu> <>l (he 
tlx' was then Muiiicd hy sirqucmial sectioning the 
vuniiu> fttmcUirck m t*adavcrs. ‘ •、 f-Voin iK-m* hUiJ-

ihc LCI. Witt u>uiui lo be ihc pnm»r>' rĉ iruim to 
varus nH*% enicni. Mho Pl-l, and popliUnsi. iciulon were 
rcpi>rlcil U» TV9\sX ĉ UTruil mtiuum nl* tbt' knee. Holh 
the ACl. aoJ Wl. MTVcU Hvumion* ic74raim> “’ 
varus anî ululian anJ external rotation. Moreover, the 
Mnicturo of the Pl̂ T wov cotboJcrcii Mvomltf-y rv-
urajntft U» posiimor tronAldtton: tnir ytudy shi>wixl in. 
cnroNcd poKtcnor iroftoUalioii aiUf ncetiooiiiit of ihc 
1*1 X, »tructixiv». 
Bhnknuus ct til.” ûamitalivcly UovunKnlcU ihc 

inscrUon (svtMiKiry of the I .CI. ami pop】iUru» tend，" 
iiml fiHirul (h.il ihc popliica、tcmkin inncrtcil unmiul 11 
m m Ubtolly unU m m either onKTior or portcrior 
lo the IXl.. IlKTcfoiv it waft ooncltkkil that the sUn-
衫Ic femoral tunoH icvhnu|(ic c<mki nol rr»UMV ihc 
normal atHiloin>. Our Uiuly shwcJ ihol Uic »io|tlc 
fVmural tunnel Urchaiqiu- did nut compUidy rcxtorc 
ihc relational laxity In ihc >ct:tionvJ knee anJ il wan 
inferior lo ihc JouMc iVntoral tunnel tci-iiaiquv m 
wdl. "ihcrr wuj. iu> signiHcjacc tlilTtffciwc in cxwrnul 
rotation and varus angulation between the intact knee 
and the rcconttnicled knee with ihc 
tunnel tcchoiquc. The reconstruction with the double-
femoral tunnel lechoiqtio iodudcd 2 femoral tunnels 
wilh 2 xcpuralc l i n ^ of sofi 'limie graft lo iiimulate 
the function of the IXTl- and which explained the 
cxperimcotal results of b̂ tcr rotational cootrol. Apart 
from using tendon graA from the tibialis 
reconstruction. Ibe literature hi 

Achilliib tcrklon alU>i?ralV or »plit Achillea icndiiD 
allo^tll'»>f rvcunMHictiun i>l'書he 1*1wilh ihi* 
Ui»ublc iVnû raJ IUQBCI icchniquc. 
'n*e nuvî alktn ̂ ŷ lcm Uc\vli»|X»il tot M 'I. rcwn-

Mmctit、n HiHitJ a>Msi ihe surjrvvn in i-vuUiaUn̂  .m-
li-i\vpi>!4crkw troTwIuiion anJ nHjiKm Uuspl4K*cnKrnt ui 
勤• • and *片广 t>l' ttoxion. Given llio mvuruto ntcauiro-
incfU*̂  provided hy the nyMcm. il won iihxI in our MiuJy 
u» nUMMirv kncv kincnuiio. Another »ofi\Vi«v pf\> 
gTM in ihc navigalion tŷ ein (Br.iinl̂  ToCal Knit-
RcpiuLcmcst SyMcm. vcntion 2.1 > wits u^nl u、cvalu-
oiv the ircalmcnrai ctuvt on anguljticH). *rhc 
roul-liim'- ohan於*s in knoc kincin̂ Akî  prcMrnUxl hy Uic 
NSTilom pTviviJod vj|ii«ihk* inloi-niaiion fiir ihc M r ^ m 
to examine ihv inuicl. uxitoncU. and nxon̂ inicioJ 
kocc* wilh pattcnU umtcr unothcvio. IlKTcforo the 
nuvjguiiun KysUcin may be lucful in (he clinical sti-
ting. aiKl this >lu>uki hv lurthcr MuUivU. 

cadm'cric kncv\ in uuJy were fixcU hy 
iWnuilin. which ĉ rincO a limiuuton in ihc range of 
11X1 ion and ihc Jcgrcc of liyEjnKm laxily. However, 
ihbi ftciplivc clYect was avokM by cadi upcviiitcn 
NVTvin发 Ok ils own ‘、》nli«>l. 'Ilw moa>urt*n)cniN were 
conJuctcU io ihc Nunc kncv l'or4 cuiHtUiuiu incluUin̂  
inua*t kiKv. MXlionoU kocc. ufkl rcconslruclcd knot* 
wilh icchntqucv Altliou於 4lU»grat) vviih ihc 
MOiK iliamcicr won um.xI in this MuUy. wv would 
NUg^Nt (hat arlilictail inotcriuU »houl<J bo u&cJ in lu-
lure MudicN lo coiUrol ihivkncikv. procrv冰ion, and 
vluMicily. AmHhcr limiljiKm v( thi» »luJ> thi« the 
hiomcchanica) icf4 shm nhlc xo fully sinuilotc in 
vjm L•undition̂ . MiMv*m-r, ihc fundum ul' ihc Jy-
namiw »labiluvn was kM oJJrcatacU in thin study. 
IXirini： Pl.r rvvt>nstructh)n in hunviiu. Ihc anicfior 
limh « r ihc 2.*ruA U uinncfctJ deep u> the hicc|*s fcmttrtai 
tcmlon ioatcriioB &mU iKlĵ ccnt lo ihc M i w hut 
thin proctnlufv could m” he rcpcirtcd id ihis »ludy 
bci'umo iKc miKcU* Uinc ol' ihc bkcp* was ahiccnt 
l.dMiy. yxt̂ i hviUin̂  anJ nuAurotioa. whkh oiv ihv 
imtsl inifHirtani clinical Usucv were* noi involigaicU. 
In thift RluJy ihc ivul phy!iii>li>(etc conJiliun ctnikl «i>t 
be MmuliUcO. bm Ihc ivktcJ citnUhioDN ci>ulil be »<>• 
latcd dearly. 'IVrdorc rebuilt were ivproducihlc, 
which facilitated the experiment to determine the dif-

I techniques. 

CONCLUSIONS 

lioth techniques of PI .C reconstruction in this xtudy 
improved st̂ ltiy compared wilh Ihc PLC-

PIjC rcconttruction with the double-
femoral tunnel technique showed better rotAtinnAl sla-
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ICit.Mmg(3un-l 
• OMfoponding 4Uthoi 

Sports MnicftMv Aitfimcopr. JU/Mtaiocna fhcn̂ A re<hrtota(r 2009, 
TN« MTXkktH «vaA«fal« konc NttpyAvww.finmtiourml.cooVaxveantfl/l/TO 

I of Cr«ttfv« Connnofn AariMon UctnM ^Hwp//rr*«tiv<^Qmmoo< 

ligament (ACL) Injury I 
knee inscabtKcy, 

usefuJ tor dognoiii of ACL injury. 
MUbltshInf reojrrvto-sporc scandird. This artkto firuly incroducet a mana(«mcnc m o M for ACL 
mjury and the contribution of kne« suMcy ̂tsossment to the corresponding l o ^ of the model. 
Seconder, iundard ctinkal examination, inu«-opcraciv« subtUty mea&urefn«nc vtd motion 
for Functional usessment are reviewed. Orthopiedic surgeons and tdentisu with related 
t»ckfroor>d are encouraged to un<iersund kn«« bioni«chinJcs and sUbilU/ assttssmant for ACL 
injury paticnu. 

lntr<Muction 
Sports inluiy is inking liie hî ett 
(21%) in tmns of cause of injuiy 111 and leading to long-
term ditabilitiet and handicaps especially in patienu with 
knee Inrurics |2|. Among all sport-related knee tniuria, 
one-fifih (20H) tnvotves (he anterior ouciatc ligiment 
(ACL) - the mo«t commonly Uauraatized stmcture |3|. 
Ad. rupture resuJu in knee tnsubillty |4|, prohibits the 
athletes back to sports, and results in early retiremeni |5|. 
Contervalive ireatmenu can somcwhaK enhance the sense 
of atability and rchabiliution. but noi in objective oui-
come AsseunKnt |6| and rate of rccurntng to spoccs |7|. 
Ihcreforc operative treatments aic often prescribed to 

rcconitnici ihc ACL in order to re«torc the knee stability 
and rcium Lh« aihtries io iporii jiuJ acUvc lifesiyk |8|. 

Numerous anatomy studies showed ihat the intact human 
ACL consim of an anuromcdial (AM) bundle, and a pos-
leroUteial (PL) bundle while some studies even 
Kpo【ied an intermediate bundle in between (10|. Biome-
chanics studks showed lhat AM and PL bundles mainly 
contribute lo anirrior-poctcriof and rotational subihty of 
the knee respcctivfly |n.l2|. Traditional surgical meth-
ods employ a single bundle bone patellar- (endon-bonc or 
hamsihnĝ  autograph, howcvet, the methods provide 
Rood resisunce to anterior tibial loads bui not to rou-
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iHin.il Uuydy 11 ” lluuliMc. Ok uniqur jn.UtftUH'.il .imt 
li.uiKs <:tiJt.> tciinIkn oi ttit iv%«> InintlK'̂  pt«»viJc j 
lo I hi- tcrcni cnK'r̂  of .in-ilnmit mI iIi luhU* Inin 

Jtc .\t;| livon̂ iui lion ippi»».Kh | M. I o> hi'tu-i inimir 
.”“’ tvyu*t\' thr .tn.iuiniv .iiul h i " m " h . i n “ � i h « � i n t . i i t 
At .1 in (hi* u'ttfii%(nKU;J kiici- | I 2 | ilm jiK^ii-

III ti>i.itinn.il M.“”lit、Im、n«Ti Kvii uulcK pnncd «,n 
tivinf̂ htiinjn 

IWUiininf;iithif;>i Iĉ i：! .nhkii* jt liviu -ux uliiin.iic 
(i»r p.ilK'ni iin4lci|;(>r% A* I ivrnnMiik tit>n Mnwrtvi. 
\LintLiiJi/c(l anit ohjt‘“ivi. % liwri.i to avK'&\ .uhlctĉ  wife 
iL*ttiin iii \|>iMis liniiU'J Iumiu in d k i i r t * � “ “ • • “ � 

pri»|H»ki'J i«i Ik, oik iIk' Kv� t\Kt4U\ iiintKnt ini; ».tk' 
fi*tiiin-ii>-%f>f»tK I lt>| Ik'fnii* ftvomnuMiilin)* 
� u u i Wtl |>.MK-ni\ii> u'luin u* k in'Mv with pt«>-inttif>' kvcl. 
(;imkJ Vihv »hc»(ilil K* <iti.iiiM:tl \%)u'n |H:if4*rmiii|； 
vimil.ii ttn IkIU movcrnviiu \iKh .i* .mil 
• iillini; in I he l.ih<ir.ili»n- w u i n ^ Ih ta l^rc . fun*'tion.il 
Unci、uhil“v I'v.iliuuil hv Uiu m̂ uk、.\>M.x%n%<rm JolV 
oilcK* prm kk-A v.tlailiK' infnrfti.itifni mi %uniLiiiliAitHui 
for Id urn I" \fM»ru‘ lhi> inkU rwicw、the kmc 
hiliiv .ivN*'>\mrnL\ fi»r iniiiry Ji.i>;m»iv luMUrui" cvaliM 
iH»n 4nJ liuii： U'fiii a^nJaiJ toi Njfc uuiiii Io ̂ xmU {oi 
Ai I iWlVk'nt kiKv. Il aim、Ici piovi«ltr I hi* haw inirciJii*-
tton in kiKv huHtKvlunir% 4nJ the imptifl.imv "f ,"bil“y 
A»M:a&mcnu for urthopAfdic Aur^ona, phyaiuih«:r4pist& 
and scienllfU with nflaied background. 

The lower cxtfrmity is composed of ihnnr major joints: ihr 
hip joint the knee joint and the ankJe joint. Locited in 
between hip and ankle joint, knee provides balance and 
traiuformanon of load of body even when we perform «i 
mpid chan甲 of speed and direction. Study hat shown thai 
unanticipated cutting niAneuvcM would increase the risk 
of non contact knee ligamenl injuiy due lo the increased 
octemaJ vanu/vaJgiu and intcmat/cxicfnal rotation 
momenta applied to the ktutc 117). I'.vcn in straight run-
ning, the grounil (taction force can be up lo three times 
the body weight l l8|. "rticreforc. being whh the function 
of supporting the entire bo<ly wright during stance phase, 
knee b one of the most vulnerable joiiitt sufTeiing acutc 
injuiy |19| am) lun̂  term d*:vcJopmcnl ofoslcoarthriib 
|20,2l). 

Tlic .interior rrtrUte lif;;iineni 1% ji hantl of dense conncc-
tivc tUsue whkh counc i from ihc femur lo the tibia (22|. 
l i b a major knee ligament to subtliM the joint mov<im:ni 
against anterior tibial trarulation (23] and rotalional 
losuh |24| . Whlk Norwood and Cross | I 2 | in 1979 lug 
gestcJ ACL (o have ihire separate bundles, i 
kal studies |2S,26| agnrtd lhat AM bundle and PL bundle 

Rcur« I 
An anter ior W«w of th% r i f h r thowing mntmrior 
criKlM. Upurt%nt with MitvromvdUl (AM) and pov 
UroUtcr»l <PL) bumftM 

.111* the onK* iwi* (<*m)HiiKnu i»f A (I'lKurc I) lliv .V\t 
And H- b u n J f o hf:h4vc iliffervmly in \27\ An J in 
iitu force (11] (hiring passive flexion. Due to ihc difflereni 
bony orienUtion alUrhincnt |27| oflhc I wo bundles, AM 
and PL bundles ate respunsiblc for nrslstlnK anterior tibial 
load and rolalionsil load ruspcclively. Biumechamcal 
»ludy |2Sl nrvcaled the uhimatc load of ACL to failure can 
be as high as ihrec times of the body weight. Video anaty 
lis 129) reported that AO. mpliire ornirs within 100 ms, 
indicating a huge explosive force acting lo the knee juini 
during ACL injury. 

Biomcchan/col prcscfHoOoa ofhwtc motion 
The knee joint moliun is ihe rvlaiivc movemem between 
(he femur and the tibia. Hicorctkally, it is capable to a six 
degrec-of-frccdom movement boih tnniUlion and rou 
tion In ihrc< bo<ly planes. Clinically, excessive motion in 
sped fk direction (anterior-posterior tiincttion) duiiii^ 
physical «3uiminntic>n may be an indication of knee liga-
ment infuiy (̂ 0) The resiili of iIkic nsscumcnis is nficn 
dctrmiined by rhc sub̂ nive feeling and cxpcricncr of the 
rxaminrrs. Biomwhanirnl presrntatton of the knee 
motion, instead, provides precise informatinn for rnm‘ 
paruun beiwccn inuct and drficicnl knife when assessing 
kiu»: subiliiy. To describe the geometric n:pnesenutinn. 
Crood and Suntxy | i l ) proposed a joint coordinate sys-
tem for measuring three dimensiunni trnnslaUon nnd 

maiioiu of the knee joint. IhU is essential for 
studying ligamcni injury as koce ligaments Kowm the 
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motion of the knee. For example, ACL rupture would lead 
tci exrensivc motion in AP (laiuJ^Mioii and tibial rotation 
(22|. In cadavcrir study, it U aUo suggested that an iso. 
lalcd cxcuion of ACL wuuJd increase anterior drawer and 
lihUl rotation in both flexion and exUiuion |26|. Thcre-
foR：, a wtll unikntnnding of Unce kincmalici aMr^imml^ 
is <'rucial for ihe »icl purpose oflhw sliitly. 

Concributioo of fcnce ttab^ty onesmcnt at diffennt 
stagtt of ACL infury 
Fi^rc 2 shows a inaiia^nient imxlcl for ACL injury* sUil-
ing from sport participation. Most uf ihe AC -̂ injury 
(approximal«ty 70%) occurs in iport siluatiun |32|. It 
uften appeant lo ocoir in compclilivc spoiu mch n$ soccrr 
Jind handball. %vhirh involves bindings (t«:rrkMtian :ind 
rapid chan^c of direction movcmcnu |33|. When injury 
occur* (luring sport artivHy, aihtde with ACL niptiirr it 
confirmed after an adequate dtagnosu by orthopaedic 
specialist. Either opcmivt or non-operaiJve trratmrnu 
[34| followed by a nshabilitation program 1351 are advUed 
lo ihc injured pa iknu bcfon: ihisy can safely relum-i 
»pocU |16|. 

Kn«c stability assc^mcnu contribute ihiec main roles in 
ihc managtmcnt model for ACX tn}ucy - (i) dinicul 
asM^^smcnt piovides a quick and reliable way for (he dlag-
no»i» of ACf. in)ury. (If) Inir* operative ntK^imcnt cmlu 

•‘ clfcri ol' opcr.Mivi.* ifv.*iimni anJ 
i i»m|un:ft diCMviit KXiMUiiiKliî fi K*ihnî ui's. (iii) fiiiu 
ih»n.il 4\>c%\nimi .ku .w term 叫KkJinĉ k liurini； 
Jtivi ri'hahilit.Mion prî f Kn, imlkalin̂  if Itic Jihlctc i* 
iiilh ivt-iHfrciI in u rmi “I aa.ihili•，’ ti> pic inMiry .Kiiviiv 
kvvl Ihcw ihitv in.tui u,lv、4ic liun cl.tl>i»i.UcJ in I hi 

Diagnosis of anterior cnici«rt« ,i(ani«nt inlury 一 clinical 
<m««9n«nt 
Arruratc diagnosis of ACI. injury ielie.s on injuiy htstniy 
|36|« clmica] assrssmrnt |37) wri! as a<lvanced iniai;ing 
technique |.18j. R̂ ing difTcnent from nthcis, cTmir;il 
aurMcnrnt pioviiks a stability rvaluaiion of ihc iniuml 
kner lo Irst if rxrcMive mniinn exists. It variiu considera-
bly within ihf normal population and a p,crAicr motion 
would be found in hy-per-laxiiy i^rotip |39|. Il b always 
rr<-oniim'n<k(l to compArr thi- mm inn of the injured side 
to ihc luiiinal side |40| if*the paltciils liavr uiiilalcral knct: 
inpity. Ihc: pntrntial limitations thoiild he krpt in mind. 
incluJing the uncoiilculled furce applied and ihc nrflcx 
rrxisiancc of Ihc palirnt brrausc of anxiety and pain. 'Ihc 
first rlinkxl ex;iinin«itinn aft^r in 4rtitc knee trauma is 
suggested to havr a low diagnostic value |4I | . Therefore, 
clinical useum^nts thniiUl he prrfc»nn<d by skillful An<l 
exprrientcd examiner. Several typical amument s fur 
diagnosing ACL injucy air drmoiutrated b^low 

I fet( 
Î achman lest has a high accuiacy for diagnosing ACL 
injury |42 | Before the l o u «hc examinci should eniure 
that the (ibia is not sublioatcil posteriorly to avoid false 
positive reiuti in a potccrior cruciate ligament deficient 
knee. The pAticnt U asked to lie supine and (he knee flexes 
ground ô* T>\c fxrimincr M.'̂ lhTCS ihc (cmur .ind 
jpplk*.* .in anti'iH»i fotrc on Uhi.i without rrMMininf： .wmI 
itiUKhm {l iituK *). A K'luh .111 vU I *kfu u ni 
U n « will N: pn:>i-nii**l iviih pH»prK»rcplivc or vtMhlr .inii 
iHir ii.tfuUlto" *»f ibv iihi.i |4i| IIM. .intciioi Ii4i>«tu“》n 
4il I mm (o s mm ihrlitHvl î t̂ W-1 Uxiiy. “ mm t" lii 
Mim .1% II. »ifiii KicJU'i (h tit 10 miti wiilioul J i � 

pLvomt'iii liniU (onJ piuiit) .u )*t.uk' III |*lo| I ml piiini “ 
I ill I he I gi^JrJ A\ rum, <>• m>U. 

Hcur畚 2 
A mftMfftm^nc mxkM for ACL injury an 
don of k n « « scabiNcy sMeMmcnt b«for« i 

Figure 3 
Lftchman ( 
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I'ivoi shi^ t n l ts relatively complex sincc it U a cumbina-
tion of internal rotation torque and valgus torque |44|. 
Ihit test is highly dependent to the lethnique and expcri-
cncc of the ouinincr the mult is graded subicctivcly 
accurding lo ihc kntrc Ivdly. However, a positive mull for 
the pivot M(i itst U ihe best for ruling in an ACL rupture 
[？7|. To perform ihr t«t, ihr hasic principle is to apply 
vnlgiu torque and inremal rotation to the leg. Ihc test 
starts with tlie kn«c in full extension and ihen gently 
tU*xc<l lu about 40' (Fi|̂ ic 4) Apaiiitivc pivot shift lest ii 
(lcrinr<! as a focvniril Mibluxalion i>f tibia dining ！iiKkkn 
rltange in dtrenion. !i » a reproduction of cvcni that 
i icmn whrn ihc Unrtr f;ivcs way brrausc uf the \OSH of ACL, 

This n An inMnimc*nt thM \m l>rrn dcvelnped for 
ublrciive measuremrni for knee antcnor po»(«rrior Laxity 
on ftn^tul plane. I h c palirni liri in a supiiie position with 
knrt (lexjon of aboul 20' to 30supporting whh a firm 
plaifuim place J pcoxiiiiiil lu Iht: puplitral spate, ihc 
p^tirnt ii told lo fclax in ihit position. Ihe Kl-IOOO 
arthnimctcr is then placed ahuvc ihc tibia anii alUcheii 
firmly by iwo bands. After the zero adjustment, ihe 
arlhrovnetrr is pulkd anteriorly lo the tibia in or<kr in 
pruvide an anurrior force (Figure 5), An audible tndscalion 
will be noticed M 15, 20 ami 30 pounds of forcc. Ihc anlf-
rior Jbplacrnitfni b meô urtd in millimeter white (he lax-
liy b often presumed in side to side diflicrcncr. 

Opcnrtkm (miOncoC ovoiuodon -
oss«»imenf of ACL recomtfuctioo 
Ccnpiitet assiticti noWfotfon tyitcm 
ix>mputcr assisted surges* has gone ih rough lots of evolu-
tions in reccnt 15 year*. One of ihc lechnologict forortho 
paedic sufgciy U the navigation system* which has bctn 
applied in spine tuq^iy |45| and total ioint lurgeiy |46|. 
It HM I WO haxir rompnncnU for ACU nffonstruftion: 

• \ v**l "f i»|Mir.i| t'.iiTU'i.i |o liM .Ml- ilu- Mii)*i< M itiim .in»1 
timh .inJ it> ru'̂iU' .i |>inuie or int̂ f̂ , ofihc î fHrMtktn «iu' 

• Cx)mputcr ptogiam* which inurgnu: tiicsc imnges with 
suigical infoiination anU JssUi ihe s u i ^ o n duiinK Uit 
oprraiion. 

Navigation systeim improve the arcuiacy of surgtcAl pin 
ceJuiCA |47| Ihc�on tp iUcr pioviiVts infuimation of llie 
real lime lelalive positions between ihe irulrutncnU and 
ihc bone to AssLit sur>̂ on during mrŷ lral procedures 
Moreover, by locating joint ccnue between two relative 
bodies, it accuratcly measur̂ i ihc kinemMicx daU in sag-
iliaJ, rofunal or transv«nc plane (Hguic 6). 'Hm ict h 
niquc lias been uUli/cd in ihe loul Unce rcpl;reini*nt 
sxirgery to guide the halanring of ligaments |4ti|. In the 
mine way. compuier assisted navigation syslrin is 
employed lo collect intra-operative dclaiU on the laxity of 
knee in difTcrrnt planes bolh bcfuir and after thr ACJ. 
nefnnxiruction |4«) ITicrcfore, U would he a gixnl way to 
asuiss immr山ale cffcct of ACL rtcunstaictiua «prcially 
Co fompiiri; lingle-bundle technique and dnatoniirni Am-
ble bundle technique in irrms of anterior tnuijlation and 
tibial folalioii. 

Ndvî tion dc<oiti and mcosuremeni 
Fluoroscopic navif̂ lion system |47,4*J| is bucd on the 
pre im;iging dau (hath AP ；inJ lateral siirh t̂ 
compuirr tomugraphy or C-arm shuu, for lhr motkl fur 
mation to IH' <lbpUrrd in ihr cdmptiirr softwnri:. A 
pointer conlaininf" intrgnteii nrfteclivc markerv dUra is 
also aUached to (he C-arm imaî . By holding ihe pointer 
to Ihe known anniomtcal landmarks, ihc surgeon reviews 
the accuracy of the imiigcs whrn acquiring die AP and lat-
eral imaf̂ es. To accuralcly localc ihe navigated tools in 
rrlatiunship lo the scircltd anaiomic landmarks* surreal 
instrument with pauivr marker spheres must be fixed 
securely lo the patient's femur and tibia (Mgiire 7). Opto-
clect runic camera system with in feared light cmilling 
diodes tracks all pwsivc markrn throughout ihc lurgical 
proredurc.'lhc line of siKht must he ^an in t rcd iinfc aftei 
OK n.ivip,iu*tl piiKi'iUiK u.irts 
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Afthrotcopy ；VAVW vnanVcKffnft com content' 

r antcrior*post»Hor laxity of the 

hn.))̂' hiv |Si>| I口、Ivfn wuIcK I'MahiUluil 
fctcniu lltwJ iM) I hi* ifilf J i>fH*i.ili\c kmn. î̂ îiincnt 
m«Msuiimt'fii \ii<h ；Dk kii<r .ixt% ,、"<! ioirii liivr%. I IK* \YMII« 
provuic、virtiMl illuMr.Uiiin I he .in.U(»fnir.il »tmr(urvv 
U iih ilu* inf'ofinJiion .ilu*i JifiMi/mi* tlu- i*artil.ipk' MJil.rv 

iht Irniur .mil itir lihi* ihb ntcihiKl o>nihitH> ihr 
t-xtMiii}； iii<H.I(*l .iml p.iiu'iit \ kiKt* .w ik luictl In %tiif.r«-
in4lt lunji 

r"i llu<*ftt\*-<»pi« .iiul iin̂ p- lir*- n.ivi|;.u»«ttu. Miui-
"rn. icfi'fvm-c bjM* U fucJ c4i'h lo the kmiir •imJ ilu' liltLi 
i)k' rcljliw rnutiiifi in hpM c t.«an K: mi*a»uu'J picrtwK A 
lew MuJic*& h;ivc ri'pf̂ nrJ ihf vjliJily .tiul rclUhilUv ol lbt. 
ii.iv̂ liim »>Aicin IvuJ.i cl .il |So| I IK- naviŷ i 

FIfureT 
Fvmond and tIbUI tramm>tt»r* i 
hoiM <kjrinf nairffAtion proc*5« 

I iriMrtvd i 

Figure 秦 
Kin«fiuitlct \ \ during ACL r«cofi»rructk>n 

lion .\vvU'iii l«ri U'lmû l luniK'l pLncim'iit in «loiiblv Ihiii 
ttU- M I iiT«>nMnKiM>n wiih m«,“”n an ilytiv ” m 
(Jiftii tt Ih*.- JiOitvn* *.、KMwvt-n Uu tuM 
mc.tMMcincni %\-Mvms wcu* lU.in Iim Innh AM iihI 
ri luniirb. Aiinilirr %iuJtr» l omlui Uil •” \Miitlli % i 4I 
|si|. IVjiU- .、l |s;| Mu\ i oli.inlvi a .“ |st| "t"iI“I 
Omi »\Mrin i\ K'liahlv 1" •••"ntih kiiu* 
"、.”K、tliiiinf̂  Nl.ilnliiv I'vtininjiiirnv î juh ul.irK m iK* 
wiiin)； "I t̂ »mf>k、uil.ii««iv p.iiicfnft mm h •<、pivnt %liili 
U'Nl lhi\ an .wur.iu* inJ J>ICCIM- VV.IIU.UIOM “f 
ililk-icm u\'linK|ur% ol V J iiviKîiufc iiun 

LoMf l»mi woiuotioA ond mfUr r^ahiUtaUon ~ 

By in)： j t'riiain K»kv "n ”、、•“•： Jifc<iuMi 10 iltc 
u'Ijxl'J kiK'i'. lî .um-nt in|iirv uouUI K- nk-fiiiru-il il l.miH 
i« I'lHintl when vofnp.ifii»j» t«> ili«- o\\wt、“k- 11ii\ a uMt il 
i'liiiK jl t-.vimkrutl(*n f**( jinpo “ J kncc tnrim 
•my p.̂ tirnU vm*- m4«vcnu,tii. I it m.n noi K-
ihi K-M .tNsoMni'W ulwn it «'•’mk'、in llu i« h.ibiln.uinn 
炒 arui tipfimiv*- i，iMinu_ni .•、« lini( ('\.iinin.ut«m% Jo 

nt»t pimliii'i* \iifrwirnt («ifi*f i" viimuUiv p>n\l«Ml 山 Uvmv 
IIk uUtm̂ tc 於，il 知,r rlinjr.il ircKiiK-nt 111 

mi.'Jw'inv U to .ithn* p.utrnu 、《iK; ri'tiitn 1” 、p"rt、 It w.、《 
a l M > l h . i i fumiHHi.)] LIKO、uhilm <4ii>ulJ IMMMU; 
of iht- rtiiciu ik城 iV-U'im»ni' itriiiin'l"、p<>ii、| h*| 

Jiffcrt-ni I'rom M.ilk knti* M̂ hililv u^l lUih A> K I 
hMHi J> n-imic tiim'tKm̂ l cmi. h mimi«% UMI ” 
M̂uaiion JtjiinK invoKo f.uirnis iniiv k- %trcn̂ li 
•iml rKUt«»mii*t uUi pt ncpiion. ̂ Krn.inil of ̂prftiiu 
mcni .inJronliiknrc foi pcifi»nninj：. lo monittu Uu kmo 
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Thw^pf S 

M i(>ilti\ Jiitiii)： lit*、！v‘,.”,_•• m"w…"u …”"”“ 
aii.il\\i> i\Ni ̂ iUKl w.\\ |i» 

()f><;f«>j mofton angyin with ttf^ctrtr Uu/i mo/反 
I'.nicHt̂  vviih V I inftm «.in Kc 4%wvm:*I u、in务：moium 
•in,“、《i’ K.'f*»ic Mu\ .>({«'I V A KV|ins(ni* liou "“. t"n. 
iit>n.(l iA«t*iiJu« in a l ihof̂ ofv j hj:uu 

uhN h l\ i.'(|tifpp%ih>l m«>ft' ih.in ihn.f p̂ti-tl t .iin 
«M4、."“I pi*HV、、“l片 . |Ml»̂ lilut}* lO • S tuJ 
••.•pl",*、l voliiitu ‘hv ihnv •“•m”"ion.il “、••““!》«•、"1 
m m miltimcu-r ulWctnr ovitUci、，411 he rtvn>;ni/cvl in 
tin- * . ip luu tl Viilitiiu- In iiu-.inv «if infi.1 ii、l li^fil ciniilKif^ 

“iitu i.tv In the vi'niic «»l ihi-« 4pUiu J vhIuiik' f*'r“ pl.tlv% 
.uv t'J t1<i)»f k*\、'l in iHiU f u» < (itUs 1 ̂ nKiriJ um« 
lion l»if» t'«luring： ilu* m"、《Mn« ni , 

Nt.uU'i IIKHU'I 1% i-\M niul m““”" .in.iiv̂i% ll 
• >f ««.-\vi.O \kin m.iit«oi\ th.ii tkp* iiJ o » ittiunmt 
|MMm«ii-iN liKi.mh «*( aI |S4) ihr m«'ih«nl kk v litHut 
In V4u>;h.iii t^l l«»i iru-.tuiim片 kiu't； kinc"i’UK?i I if 
U't'n m.iikcr> k <»n .in>itMmk.il ••uuimi省It、•“ limv'i 
t'XUi-ntiiic» im luJim; .iniciitu、upcruir ili.v spine (ASI.s). 

IjU'mI li iniK.i) <miJ\ Ir, lihi.il uibi i 
• tt 丨.Mcr-il in.ilU.'t*lu«. nwtJMO.U V *>ii K»»h 

an\l \>'min(l i灿t, ”>• tUi'uit- t apuiiin̂  the Jvn.iink 
iiitivcnK'nl .uiiluupiimcUK thu.i、、h“*h MutuiU' wxî hi 
AM-S briMititi .inJ ihi'gh Icnglli,丨nuJihigli ciKumfcftifuc, 
ralf length, calfdrruinfcrcnfe. knee dUineter, foot length, 
iiialUohis turî i, iiiallcolu» diftincUr, fool l)rradlli on 
ho<h Afc rollrcted. 

• After <laia collrctiun, the cvalualiun period ̂huuld be well 
defined anO trimmed. In clinical practice sUnce pk^c is 
chosen for rvaluation di»r to ihc Uncling ruk far tor of 
nonconiact ACL injury. A standing trial with Jinalomtcnl 
position is ncctkd to dcrinc the offset dcgiec for all seg-
mental movements in all planes. Kinematiĉ  of knee juim 

Figure • 
M*Hi»r ft of morion jinjilytis M^^vn^nt (L*fc to 
right: anterior v(«w, potUrrior vi«w and Ut«ml v^w) 

“k h AX lloion anpjc libul rtiuiion «inil .in•和 au* 
raJrulatied using prognmining toflwaa*. Anthmpom«:lMr 
mea&uieinenU combined with lliirc diiiiensiunaJ cooriii-
nMtJk from (t:inciing (rial ptnvide joint ct̂nlre pnsitiun and 
Jixes of joint rotations, loint Icinematki ii then onlrulnufd 
from ihf position of nrfl«livr inaikrrs iliihnf； the move-
menu. 

Fhc tjyniMTTW: moremenf 
Dynainu: movcmeni should be rlinicaily 1>a.\c(I .iml spr-
cific lo the nrscanii objeciivr. ACL injuiy wuul<l lead 
(nrulaiiunal and ruUiional insi:ibilitv. 'Hh* movcmcni 
th.i( pt'ffiHinCii In I Ik M .1. tk-lK km inJ tt'v«>n%uii. K-il 
p.nii-nu .、hmiM be hi|:h i.k'in.inilin̂  j i"i*hi‘ii"1 
.iikI Mitr、、IM tliC Lntrv KKunK cl ll |、>4| ciiiplnx .1 
iitinUinotl HiiHcmvni in u-̂ M̂fij; ŴtV i«-nt ..ml 
iiviinNifii* tcJ p.>licnt> m«M-ctnrfif iov"Kv、iumpinit 
l.iruling pivDiirift 貪 itirinin广 l>u- fi.itknt i、rci|iiiK«J l‘》 
jiiffYp f"rA、.iiiJ fffi>iii .1 -10 i m hii;h ”Li"<’"n “ml wiih _>«’,!、 
!<•«•( pKm |o ihi* Mr loll M .inJ iiin m.%\ uiih 
I ho if irMxiiiuun »p«v<J li tfi'4ti-il j hi 沙 tUin.in̂ l _、l 
>iivii) ill ih«. mi»*i rTHni lo h•办 
lit>11.11 %ltxw to the. kiKi- ilii[in>* piv»»iinfV 

"w injury mc* it.)iti»m < .irv K* in impli* MttM) b4*u 
in|iir\- p.vu-nu li 1、ivp…“、• ih.il <A»I ,、》••"<,_ 

M I iMfun «•(< ui III mm t mu^ 1 >iiij.tiH>n {\ iftiJfx h*) 
whkh ii、*"l、v% l.tntlifif- iUv«'K'i.\ui»j; .>rul * h.̂ nrjnj; ‘h“、• 
tion ( \ ？I II (lu- puicni h.t\ ilurin̂  ihi"M 
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I ligatfmnt injury 

e 4-way 
I foounl 

liiKh risk' muvcnicnls, it would be an iiiipufUnt imlica-
tinn for snlr rfUirn-to-Apnici Thcrrforr, movcnirnis Mirh 
« J-wiy rut ling |56| and i-w.iy jumping (S7) m^neuwrs 
；ire usc^l tn xmcss ihc knee suhility In the rutting ta.sk, 
palimts .ire requiitni to mn anii nil wiih tingle leg in lhre« 
(lirrrtioru： 00* cui, 45* ni l and froMOver cuL Itie • 
jumping t u k consisu of simight run and 
landing followed by a two-fo<3icd (nkeorT maximum 
jumping in foui dircrlioru： vrrtiral, anierUn, right and 
Irfi Afifr d.ita colkctlon, ftiance phase is trimmed for fiir-
ihrr rvniimiinn Kinemaiin .ind kinetics data will twf 
measured from (he motion analysis system and the force 
plalr Boih injury (drfifî nl or cccoivuructed} and inl̂ l 
Unet shoulil be .tsiscixed since conipjrUon is Imporuni 
when tn vest ling knee laxity 

In most situaliora during movwnenu such as 
InnJing and sudden change of dtrtciiun an: often unex-
pected IManned lahor.itory exprrimifnu and actual a(h-
\et\c competition would【otih differeni hiomerĥ intr.'t 
perfofmanres |I7|. Biomechanics uudy has also shown 
that unplanned < utting is idrnlified as a rixk facior of non-
rontacl ACL injury (.S8|. tn order to investigate this unan-
I id paled fffett, a device conlaininK pholo ccll ircciver 
wiih linht suuicr is iiutrumeiitrd aacns the uinway 
When ihr pjitlnii pMts fhrrnigli ihe ticvicc, a rand-
om izrd Aigrul will he grnrrateil from the rompum con-
necting roihrd«vlc<L ti will thwi create a vitu.il nic for the 
niliingiinil jumping ttufrUon through a monitor placing 
in ftont of \he patient This laboMtory setting would only 
allow sub}ccu* short time i k d i i o n so l lul ap^ime likcsit 
uatiun is rfproclucctl in the Jaboralory. 

Discussion 
Standard clinical icsu, such Anterior Drawer icsi and 
LKiiinan Itrsl. arc coiiununly u»cd io aucss AP •lability 
lK"for»r and after nxonfttruciing the graft Wilh Ihc help of 
valiiidlctl iiavi){aliun s”trin, kiirc kinematics ftUhility Itst 
r̂ n MSirwd tiiiring oprraiion procfdiirr, m;)bling ihr 
cvaluaciuii ofinimrdialc cfTctl。f ACL ircorutiuclion. The 
clinical result in lerms of laxity is more reliable using nav-
igatlun sysliffn wKcii compared (o canvtiiltoiial prucv 
<!urr IWI To mvwfigatc if ACJ. reronsiruftion wiih 

anatomical double bundle irchniquc better inipiovc ruU 
lional xi.ihility, Rohinson et al |60| M i f ^ i e d ihnt Pl biin 

die w,-u important than AM hiintilf in controlling 
rotational component during Pivni Shift M l In another 
inim opcnMive study |6I| \n xvhifh the surgeon applied 

manual maximum ft>rce to test anterior-posterinr and 
roUlional stability, howewr, found no Mgniflcani dtflor 
cm between single bundle technique ami double bumlle 
irchnique in restoring knix kinematics U i% ttitl a coniro-
veiiial i&sue for double-bundle technique Befoif it comc* 
to a rnn^cnsux from d i f f m n t resctrrh grixips 

Paiienu wiih AC\. lieficiency repent (hai thry feel giving 
way rather ihan aniCTior postCfior instability during a n 
nng movement in sports. l>ivor Shift trst is 3 (iyn̂ mir t»i 
fonialning multiple direnional motion to .vuess .̂ nor-
mal joint exrunhin (53| Using n;tvigniian syiicm, suhit-
iiy in utrms of rotational dispUcement and anterior 
iranslaiion can be objifciiwly inoniturcti Uuring Pivoi 
Shift tt<f. Howcwf, the m3nu:il force applied by the sur-
Kwn remains one of ma|or limiUtiuru in ihesc Intra oprr 
aliv« snuiicA |53,60»6t| Robotic to t ing systems have 
been employed in ciUaverir fxpciimenu lo simulate l>ivo( 
Shift ICS! to a combined valgum and iiuernal rotaloiy loath 

This kind of equipments wilh controlled m^niul 
fnrrc shiMild be implmicnUrd to ihr upfni(iun Ihratrc hn 
ftiUiff study which mrm nt a more sri^ntifir proof for hav-
ing doublc-biindlp technique on AC：!, injury pa(ient$ 

K>i ihe dyiumif pivoting movrmcni, ihc cvaUution 
peii«>d is ideniificil du i ing thcsunce phAse of the pivoting 
knrc, from Ihe fii« contjci of Ijnding to ihe take off afurr 
pivixing. Knee )uini kincmatics should be f o c u s ^ during 
ihc pivoiing moveintiit as it gives a high (uui iorul lUeuh 
on the kncr. When it sui ts io pivut* the upper Inniy wiih 
Ihc Icruur will externally lotatc. Meanwhile, ihe fore foot 
ol Ihc pivulinR leg is slickin){ on ihe Kiuuiid, the libia ihwi 
inlriit;tlly uiUlia irl^livYty lo n riMxinuini point as . i�lati l i 
(HWircn) 

In thff sludy rondtictcti by KUranift et al rhf innge of 
iniernal rotation was reported u> be signifiranily higher in 
ddlcieni knees thitn that in Intna knees The auihon. 
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Figure 11 
Rotation mechjmbm during phi0tk%̂  mev«m«nti Tho 
upper body and f«mur «tam&lly rot«t« during thm 
start of pivoting. Whib the fore loot ra ttkkmg on the 
ground, the tibia ntcmtlly rouus u a reuiK. 

I>i4«viJixl |、“ u"、、III ‘ .kI iwi \|n»tiiuiw .ii>vl .hl、》、“l 
‘in."“""《.、l kn<_、“t*U”t • KMC •""vttloii "p"•、-n，> .iiui 

I (iiiu .il Ail .、“<“"•、lo.ul .11x1 •”、•”• *、、、l ilu (in.ll 
Ml.tfUIMUpl 

r>»4k•嘴 R ), |W. W>l 
ur«fvt«nt of MiwîfKy of ai 

HXiO. I4.&VI ASA 
IVkkM K. VMOrf.tmm W f«««|>iavM I 
t«»m dU為btfitJft* and Kkndicjpt Ml«wing tportt iniorkti 

mlfr o«npAli«rti crtaimcnt. iWto' #if**iJH 
MS/ 

M̂ rwU* H. “. Ki«*i% V tplrfcn̂ ocy »f knee 
A t O - y m r % l \ » d f . f J t e * 1 

V«*rt DM. O m ^ XM. T o r ! 豪 PA.、 
of th« crudat* and p*tt«roUtorsi lif«m*nta In \ 

ttudy. Am I ipof̂  MeJ fWS. 
:fUtiwn to piaf fuid«Ui>«t aft«r anurior 
lurgcry. af<y 300S. 3ft»JMJI 
A, Ramlrivn R Th« elfo<t» ol 

jrlng early tr̂ umtxt of patUnts % 

howcvtf, did nol mention ；ibcxit ihc oiboi bncc kincinat-

Ic5 data Jturh as valgus angk during the landing phuc, 

whic h niighl br .in impoilojit iuiplu.iliiin iif insubility of 

A(;i- dcfldent pntirnu. 'l*his klnm.Kioi siitdy manmvYr. 

whkh Jemoiutratei Jk &imi1ar clinical irxuh nol only 

fun t in cuiinims ihr roiatioiu] Uuiiy \n ACI. ilcfUitfm 

pjticnU, but also pruvido an adequate as^c&sniinit for (he 

long teim cvAUution of anntnmira! tlcHihle-hundlr ACL 

reconitiuction 

C o n c l u s i o n 
The k n « Mobility as&evsments in different stages ut man 
ajjtmcni model lof AVA. iniury arc impo【unt in spoiu 
nieUidiic. RcUlcil fc&carchcs on tlinical cxaiiiiiiaUon, 
intra opfrativc navigation ACL rcccHutnialon and func-
ttonal evaluation with motion analysis sysirm arr hip’h-

lifthled fbr btttci unUeislandliigof how these asse&smf nia 
conuitxile id <hc liidgnosli of ACL injury, the immcduite 

cvjlujtion ofopmiion uealmt*nu and ihc nublî limrnt 
of safe rfturn io-sports critcii.i respectively. Ilic clinic*!! 
rclcvanor i» for oiihopaedic sucgruns. physioihcraplsts 
.irul scirntlsu with relalni background to apply upprapri 
ate A.vteAsm«nu for injury patients 

C o m p e t i n g i n t e r e s t s 
There ；irr no sm i rm of fiimimg lued to axaui In ihc ptq>-

aMilon of this manusoipi. 

Iliere are no poteniUl conflict* of intrn^t ihc .nithors may 

have th.it .ire rdev_int to the c cmtifnu of ttiLs ntaniurhpt 

A u t h o r s * c o n t r i b u t i o n s 
MHL ilrancd (he inanuxcilpi, PSHY pailicipaled in stuily 

ilcsiKii aiid inuiu&ciipt Miuaurc, EPYll advised dinir.“ 

opiniuiis for dsstssing stabiliiy, DTPF advised on bioint 

chjntral asatrsinicnt and draited the manuscript. Wyc 
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Appendix C 

Knee Rotational Stability During Pivoting 
Movement Is Restored After Anatomic 
Double-Bundle Anterior Cruciate Ligament 
Reconstruction 
Mak-Hain Lam/' BEd. Daniel Tik-Pui Fong,"" PhD. 
Patrick Shu-Harg Yung/* P R C S Ed (Orth). Eric Po-Yar Ho/' P R C S Ed (Orth). 
Kwai-Yau Fung,务 F R A C S (Orth), ana Kai-Ming Chan/* PRCS Ed (Orth) 
Investigation performed at The Chinese University of Hong Kong. Hong Kong, China 

Bactcground: The festomtion oi ^wx (oU>lionat 3t40i)4v allm anatomc Oouote-tMmdJe anifr»or c'ucurte itgaincni lACL) »econ 
5truClkx> h2ks been d«rnonstfa!«3 m the cAOavenc mode! ana with posfttvo sties* tests on humans bul no! vvtlh clynamc lurx： 

I oomachiVical tests by human parlcip̂ ts 
:To prosp̂ cttv̂ ly Ih6 tikng« ot tit>al fototion ol ACL Oflfict̂nl nnd ACL-reconslfucecd kr«os during a pivoling 
authofs r>ypolhesiied thai wouKI be a «tgnJicanl i(K:rease :fi libtal internal ̂qtalon m Itie ACL delicî it kneecofrt-

I vvrth ID6 contratulerol Knee aixJ ituM ir>e ̂ t̂ cfeascd ̂otauon would return lo formal attei aruiloniK： cKniĈ ^ Duf>Jle ACL 

Caae skcfws: Level o< evidoncc. 4. 
Ttn men witn untlaierui ACL injurv peftofmod sx Wgh deinamJ (un>p-UncJing und pivoting to&k belorc and after ACL 

rcconslruclion ̂vith mean foUow up of 11 n>on(hs. The range ol libtoi rotation of the injured, locoootnicled. :ind mticl kna^ during 
Ihp pkxofrnQ moveinenl was measures Dy an opiicnt mobon analysis syslem Paired t tesK weie perfofn̂ ecj \o mvesticple nnv 
sioaAcanl ditlerffice bolween Ihe 2 limba pr«opef j|fv«!ly anU pootoperalivc�.ino vvilhm Ihe laiureo itmb bvfofQ and aUcf fho 5ur 
jical tr̂alTTicfrt. SlatisUcaJ sigmftcance vva» sH P •’ .05. 
Results: The ran{je of tibol rc4.itk)n wvaft h»;]h«r tn th«i ACt-<i«iK;ienl knee <12.6 j than m the trttacl knee (7 9 A.l ) pre 
ap««atiVP4y iP 05). The mcfffased rQlM»on was reduced m ths reconstructed kooe {B ̂  3.0 ) atto/ ACC reconstroclion versus 
tn« inlact kf\e« postoperalKftfly (&.2 • 2.6 ) (P « .05). There w a s no iiynillcant cAHeicncc in the hb-al folation betwten the inlaci 

kn^ and the r̂ oonslfucted knee poslopefrtlKf«»y {P -- .05). 
Conclusion: As ̂lase&sed wilh a ctynamc functional pivciling movemwi. Ihe .vialnmic doubte tx/irt'ft ACl r«x>n3liiict«n sue 
cesshiHy re^lom roUil̂ nal stribility from an impAtfCK} tevrl. 

rotatiooai <nsl:kb4lilv; fotation； arvlerof cruciatA 

rivid, PhO. CVf>iWi'«flt 
Pnnci? of WoK^ tk}>|3ttdt rrKvftv 
ot M<yv) KMV). fionq Kooq CNn̂  

Prw»c< ô  

Tho ot IforvQ Korg 
MAVMt̂  roCvKy d 

KtfHl 
i4jng ̂ Q Joacv' ChJb Spcm f/wKrw ̂HJ I tctuin sotncî s oa> 
r4C(4tv ol THc ChrfK-sc Uf>*.xr«<lv ot Itô q Krof) Mmx} 

Krr>9 (iMia 
D*oarlnv«l n» C)tVt0V0C(%cs orvt Ti.ŵr.-HokKjt r/»! lir<) 

Nv'̂ vvmÂ  iidff̂tA!. Itona Kono C>w 
Cm Of rrorc rm itcôvod ttc Moacki poficf*ji conftct of fXof-

vtrt <» of livxtng n»% r«C|C。fratk- cotwcV ty 
(lonai*%d tv tho t Krry) Joi't̂'v Oiib CKnrttrfis Tnini 

Trw； Jf)i«nai Spcitt V«»ctn«v \'ct 

'J01 • TN? 

So 

Aiitrrmr rr"““tr liuaim*nt ”、ri*» niiiiry UmiU In kitrt. 
itk̂talnlity. mainlv in atitrrmr pi>.MrrM»r truivtaliiui nr»\ 
；ixitil iril4'n%{il c*xtrri>.il r«i<atii>n U inn-a wrll n 
mi'ntcH \t\ r.irtavvr nv»f<i l.« irvil tikval nttiituui ti.l-
loMk-K ；in 生、4'liniiMillv km:t, iii3tjiUility 
iM'fiirr nil it uHrr \i U. rtttiiV'̂truct t<in i，•，n rxnuiiiirH mil̂-
jrilivi.ly by llv- pivM-nhirt lr>l. in \\i\H h vt“} 
it ml int«*nml .ifr applitM in ilw* 
knotv 卜 n M<*rhiiiiir.*tl %u’iv rrr«»nlly di>V4*lt»p(«d tnr 
iibirrtiw ami luitmrfhuniral n̂ iĤ /eminit of km**: rutatinnal 
\a\it\ **Thry pniviih* un vimv arxl iv<fti!fcvni»ivr wuy “f 
jippl_vii、K u MinlnillfH tuniuit tn Ihti ktw jmui .uhI iIim ii 
ini uliuK thi ktivt； rutiitiomil atmormuUty, ll”、、》‘vci\ 
rliniriil uiul hiufnt̂ riuirDrnt pn»<、.iv" kni*,, 
|f>mt l;ixit> With n'luxcd inn>rl«'5 Wht'n a patioiii pi-rtorMi.-* 
i\ ilvrt.noirr fiiiii tinniil n、"v"»MM、書n*fiimin|* lc» »»fM、"，il 
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in (lilt tMliy thi* “l(:)ttt«”lU lldt .tlM> I lit： llltlMit* rinitnM'tllMIr 
that f>n»vtd», juiiit »>ti4bility. TUciv i* a nrv*!亀t*« immIuiH turn -
liooit) _，- tt> <i%'nl)iiil*t dviMtmu. juiul /•tuiMht,、. 
iliinnu Iiiuit i1i*rminil tuAks 

Tht' nviwiTH'nl a •作ai Ivi^t Htiuilil l>«t to 

tho fiurpi—*' i>f —tivly St* writ I ktm，inalirî  ，tiulio>< huvf 
iMiiployril diffrfM、l clyiuiiiir imî fiiKiit"̂  to "ivî Mî jiii. 
p;4ti« nb* wilh nniUUtn-Al Al'l. iiijiir>'. Aiiilnat̂  hi itnd 
l))Tin*' rvpoHtrd that «fxtcm«l n»tuti<iM uii會”门“广脣r4irt«-

Uilinn *>.，rr ftitfi*n nl b«*lwv_’ii Ai'l^jW-fu uMrt xmd muu I 

kinvfJ clurtii;; liir Hwiiî  pha>t. *}f twilkiiig. I hi trfitHmill 
~rt"u、iti礼 tilNtal nvtutiiM) tniT«*aj*rrl uitli Hpnd in imun*d 
aud n«irmii} ** Th«* ilitT”nmnv« •省u.tht* 
liMVi'wr. VMirt* m4 ̂it'iiirimnt. WiUic uml rawurk̂ TJ*'*̂  rtiu* 
办、Iff̂H 會hat Uiw <it*maf%d nrtiviti2«»« ̂ tirh uv wniUiiî  “nH 
rtjtiniriK did pnofiik̂n >«lfi?yj< tn inituilo knrv 
inHtAhility ill tUi' M'l.-Hrfinrnt kAi*i! In i\ sttiHy •从、 

funrtiiiiUkl ；•'tiltHlity with iiirti*tiii>inil. tibial 

ffitolitin 取rtn fnti rwl rtnf to hi» .nflor 
A» 1. rumwtriKlmo iMlh hamMriiiK c»r piJtHlar tirofkiu 

' ‘ Tikrivfijrw. in tKc rum-ut M;ielv. a ptV(4tiiK 
la>ik wait iWiVl to tA.aliwito tiv, of amitort̂ ic rlutihU-
biiiwilt* AI'L rktiia<truction. 

In vitrt» fct'fdk*)' h.iv«* nVumn that «iftatomir fkiublt*-
bunillf Ai'U nxonrtruttiwn iwinu IvinulniH； urattA iV5toro»« 
jnti*n(ir-p<ijilnrior tnanKt.i(ion and axml n4:itMin 

ity '' With turrvnt ti<rhnii|i»r, rlmirnl f<ttKlii>- Kiivr 
rv|M>H**H ̂ umI ni4orati<Hi «f iiHi>l ><t«il>ilt1y un<i. luitu'fit-
r*'iw»rtrri milnimt'x uHrr n xhort-trrm tiill«WMip, Nl"n、 
*»\rr. n .yludic*'* vuniptucil iktulilc UuihIU: uihI 
fiuftlivlMindU* At*l. n'fikî trudiiMi itvin̂  xiibjvHiiVi* rlimcal 

Ilia} li>r •rvulualiou. Ilowrvrr. ；nmifiK 

ihi'̂c ntudu-H, iht ru liimiiM knitwK HUAINI-
it> . ；Lv involigaliyt In nhji'tlix nftrr anAtiiinW* 
dmibli^hiioilli* ACl- rwoiiMfurliot^. Yrl , iftiMiirji UHiiitt 

(lynmnii fumrtiimal activity cvporttnl that Kin^U; buiwlir 

Acrcvoi功truriion ci>uUl ftut rû toAt n»liitKimil »labil-
ity �、* Th”ivf“rr*. thr ot tho cnrrvM i«tiMh wiu in 
pnvipf«tivrly inv••对thr niî H- iif libuil n̂l.tlitm uf 
A< *l,-<lrfK-irrrt and A<'I,-r>v«aHniii«d (Itiriii^ 

It hiKh-Honuiivl tuffk nnX mlii(•；roJ iiituct Uruv wuf 
u-ii-d iw a tfintri»l. It va.s that 會hriv woiilii Iw 
“ "̂iKnifit-ant inrnsor in tibial ni4u1inn tn tNr <lf*ti< 
kiwi, iinti thiit tt tvmiM hr iŝtiirncflfo nifcrnwl nfti'fiinutumv 
<1iit»bli*-hiitwtl«' rV I . n 'maMnni inn . • 

MATfcRlALS AND Mb rHOOS 

PnrticipatUs 

IV n'rniit i<i t'iir thr-

4 7 vc;jrii. 

M.i kg. All partir-

Trt\ men Hi lh uniUtrral inji^ry， 

irt n»:ht .iikI 4 Itrrt kmM**; 

h<Mttbt. I 7i> ' 0 1 ni. hidv «••> I 

ipantj* vrrv rvrruî od in rtiir <»prtrt.'i rlinir Whi'O fw»t»i'nt>« 
wi.rv muf innrH with l initalifat A r i . ' n i p l i m v (hi'V vvrn-

«rr< rw-d tvilh i-xrhwiim rrilrriii The /U'l. niptiin- w.a»» 
wiifirmwl ivy iipllirt*t̂ »py MKI or i liniral î xamiiiuticm 

toil iritv̂ na tmliidrri tho p^MttMo «»f bi»n«，fr*Mtiinr5. 
i-»»rT>pWx rnonî rijl injur)' <4h«T hgamt*uluu5 injiin«*i» f»t* fhr 

MHulvrii kiiri! .tiiH pri*̂  iiKb̂  川门”,"’oil i、illl«,r Ai! 
iniftiupaiitr r« p«»rli*<l jouil ifutahilit) dui'iaii («pi>rt>. 
;tn<) .lit t,vi»n* m<immi'fMli'<l t«, rumvv trvalirvut 
All injiirirK ̂ ert! rt-lnffd atwt all purtii part if* 
ip*itt it III ihvir .it uvî t tnm- pi-r urt̂ k b<、f«n，ihtt 
i!i)»iry. Fit bit* 1 ，h(‘、、> thr |>r«i»|)«'ralivi* p"’t"fM.r«»hv•‘ 
iliniial rl.itn in mir vt(iii> 、、乂r” (ht* rii>t 
h> puli«*rktf t(i\Sti:fi to f̂artiiif̂ktr thf uniY”f>it> i-ikito 
"•n、:i、i會兔api>rm'r-H llif? study lf、f<i(*t,、t.«l t、">»•”、t 
ohuiuv'fl ffi»m ••411 h p.irik ipunt b«*ti»n* th*' >t\%t\\ 

Surgical Techni q u e -

V 
nil partif i|»iiiitK̂ ；iki«i1iiniH' il‘"al、“’.l、iio<|••， .、<*l* im-itu-

ytnitfionM WiTi- pi rff.rnn'rf hy …•thiifv i l ' Y tiiid I* 11 i 

who h«i\i* irtf̂nr t\m.1 …y«'.*irN ot rxpfifirnr•‘ pi、rf"m、"、；： 
AC I. (Mitl nit tiiiii^. Tin* tiiiunnl 效h. whs )#irt tui 

(it̂ f̂Alint* tabit! with tx tv<it rr.、t .mri vnth Uili-rnI Thif{h fup 
|M»rl nt ？Irt III" flcxiiit) n、r uprrutiuti |ii.;~l"rnv‘“ .irti»r 
iitOiitini; lilt* 1iiiirnii|tiH. The hnnvlrin；; îritlV 
.liwi iH<mitrnilTnoi>iut tcnrioAA* iivrv KAn'i-Al. d arv 
iiHifion iiViT Chi* ipj'ilirtrr.il tihi,i and br.ii<l(̂  with I Itra-
hrai<l 2 I Smith NrpHrw KriHtvM upy. Ani4i»\'vr. Ma«»«(.irhit 

»H»ftM to luirU tita«t<ia ̂ mO. A attlinn̂ iopy 
prrlitrmrH tuin̂  anttrnlalrra! atiil antirnnirdiai i AMt 
piirtaU. After ionttrmioR Itu* rupluri* uf AM ami portcrutai 

••ml IhiiwIU*.'* Uv rlihindrtl I hi? Miimp 
aiKl "IciMtth.d thr fii44phrtls at' Ihr AM ami I ' l . txiiidlfK 

ui iKi i wtTr nmrkird In a ra«liulrirMui-*(K> pnjUr Om tool-

pni>t lit* tht* M‘I. iilt̂tilifit'fl Idt.itifiK fh«* liifcnil 
iiilfntMHivUir nrtuanrf Utrrat tnhinatr us，叫 
Hi'rtiNl 4j> prrvioui> 

Th*' AM fnmir.il linim̂ l tv.i|>ri,p.irrd thr<»iî h tK<' AM 
IMtnal witU thr atd <tf ii H-rnm iifTKri l i v uukK* pin 

Wiij* plariid at Ihr fiKitprini of AM biinclU' .mH riMmrfl to 
a diiMiK!tvi' of 4,o mm for thr* puÂ d̂ ' tin* Kn«kibiilli»n 
iSmi lh & Nt'(>hi*w Ktniu^tipyi. Tim AM Uuivll^^ wiut f\irth<-r 

mimrii tn n Hinmrii*r ft or 7 mm. mxl •ht: in書••RiSly i»t'lh** 
utitrr infii'X wai* priv<»*r%«'H TSi* ̂liaiix'tîr itnH K'n̂ jth of thi-
liinru*! on tKi* gnirt :irvl tiw* puf u^nlnnat 
«inv. After I h f Hii»fii'l fi»r thi- AM tMiixllt- wa^* rrt-nlitr t^i-

Uivt* waf thi>ii fli-m fl III 110 . .、•、ttrroi*>ii*r> AM port;iI 
WiiH rf>'ati*H iiftiirrtin}； to thi* {•iiidjirui' of n Mptnal 
which \v;ii' iivrH (i* aim Ihe- hnilpriiil "1, Ihr l*t« tiiindlr* 
2-4 mm f{iiiitt' plti wur inM»r1r«| uivimlirî  tn th** tt<«»tpHnt 
i»f fbo n , humll•‘ fĥ T I ' l . f«*nfw>r»il 書ui、m*!. whirh v:、n«‘4l 

tr"m 0 In “ nun hi iliann lL-r un> lt>rn rn-aii-ii Ihrt.utth 
tho ••办t»ry AM pi'fi.il Uy llv, Ktwi hiittnn rrMinrr aixl 

thi* A nr 8 mm rvumvr Hv hiuu. tmilK,. Ki*lwit*n thi* 2 tun 
nob?场 ；It ira?t 2 mm 

Kf»r thr tibial Iiinr>t4« iit' th•，AM iinH PI. kiiirxllt'*. 4.i 
;iih1 .W tibiul iit̂t “Smilh & Nrplv.-u KiMkwtip) i uvro 

lYv-̂ piTlivWy n*mn<4tii nsril ai« a ̂uific* 
tfi iilrf»titytHi» flftKr A<'L Thr tihial 會"nrn.l ui the 
I”. hiitMlIr rnnilirH by iiVM'n“、r a 4-intn ftuiHt' îii 
thmti^h a t i b i a f jt(； TSr giiiHr pin wan aimi H ihv 
ttMtipnnt i»f thi* nlnwit h li> 7 mm anUTiiir Co fh*- pttn 

toniH* 4-ru«-iiitr AimthtT -mm ,i"、war 

\nf*'riK<\ thnMi;{h a 45 tibial jig. iiimcii ulMuit •> mm .iwuy 
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• Tkur iVum uj)urv prr<«f»rf-Aiitf M̂ n'wî nwnl 
''Inl i-rftatii«n*i Kikh* rnnimtt Uf 
'lhflr»tYf»iv« Mttivn bfilh km-r̂  .、i«it<?tyrd »iili M} lb »1；1 •••I kj：: 

<uiiU»ni»r iimi nir«ii;4h tn,m tbt* |*tii<)r piti f»»r thf Itiniu*!. 
Au«»rvli叫 lotht' U thi* uruft !h<» PI. iiimI AM tihioJ tun 
ni'U tvvrr furtlu-r nv»nii!fl 書o ft "r mm ami ti or 7 itun 
in î iamrtrr, fr<<prctr%ul.v. tunrû U ytterv rlt'̂iRm̂fl •” vnv 
iitv u hridnr tif obmit 2 mm iKr 2 tibial tunm*U. 

Doubled Kfiu iiU Afwl Mitn'rtîniiinuxiu irnH«mii wnr uf•！ri 

tor th<* 1*1, luM AM buiidU* n̂ nntniiiittfu*. 
(Inirt piwuKO wtiH nimpUtPfl for I hit 1*1. btinillf. fMlimorf 

h\ thi: AM bundli* f)n the tV^fnoral rifk. ihv PL hiindtr 

by Ifvmrti Kmi^buifnn l«u»p iHmilh & NrpSrw 

KnA»Krc)pv<. uht̂ miH iht? AM hunHli* wuh tixcrf liV- or 
？tvrnni Knf1obutt»n liK>p Thr. 1*1. btirvilr uxu* linijiiuix'4 a書 

ir, flnxina unH thn AM btinrilr ut AO' of rtrxion. i)i\ the 

tibial ifiiltj. bHiab̂ ftrhoMr irttrilîrfncr Kcrcw* worv i»>»*H 
to curb bundlif indiviritmllv. atid }«tip)ci< urn* itf̂ rrt n* 

tlx kx.lh icpiirti* iivrr Ihr mr<<i“l Mirtao- of ihr libjA Kigurr 
I ĤKtWfef the ar1hm>TO[>ir irmi…and iMyfopt-nilii'r nwliu-
r̂aph. iVftrr At'L nT̂ ifwlmclimt, ult patirnL* iv»nipkiti*H 
a plamLirrI nshiibililalMrn 

Mikti«i) SyMr'm** l4fi. <)xl«»rH. l'nit«*<t l\int«<tt>mi wae 
I " ftTiirH thi* 3 riitwa^innnl n«i(itinn nvtwitv nt> nf l“tv*、r 

i-ximniiitv at ji ra|>tlimit; Iffiiurmy llftMU. Th»，i*>><»*m 
waK raliHratt'H on tlv* iwirm* iLiy of atirl I ho iix*:\ii 
nwiHua! w,*in than I mm If it wa!* not. the .syi4rin 

wttji m alihratird. Synrhnini/j*! fi>n-r plati* tmo/W?! <)Ur>-7. 
AMTI, VVutrrtnwn, Hatii vu*rr ；jt 

iKi! fi»atrr ot'lht» mf>tun* viilumi! at Ut A Ift-nvirkrr 
nH«d«r' ；tdopti*H torolkvt kmvr limb kincinxittrjiduriu家 
miiwntrntff. Skin fvf1_H崎ivo •uiirto.rv uliiiinrtrr, 0 mtn， 

w<’iv plmi*H :it nmitiMtii«' liinHmiirk>«^ inrtiidinx ‘"Ut»n“r 

>iiipi*h(ir iliar jtpitii*. trmhantrr. tVninriii 
tibial tuU'A'lr, iutiTiil iTVillt̂ilurt. ho.l, nikil firth 

mi'tatarn.il hi>aH m) lioih Utnb* Anthnip(in>i»tnc dntu wriv 
mm州 irtd for kmrfT>4)tiri> r«ilriilatti)n. irirlittlniu Uxiv 

jintorinr ilim wplm* bmiiUh thif*li umi fiiN'If rtj^tti. 
miitlhiith a I Mi ralf rirrumti»n<f»n\ kiX'i* diumt4**r’ fool 
hrrudth anH lrn|;th. und Urî ht und dianwtrr. 
Th" ri'lKibility tlv •IV»TJIII prt̂crsHun? hai* brcn 
ti» be \\Mtn 2 A for wilhin ifiiv irvn̂ in?* 

Expftnmenlal Proc<KJi^ 

AH piirtlfipunt)* wtfiv u>xi<m#4<«I kvforv urwl iiftcr ri*nio 

Mnictum. u i l h u tfillow-np »>t 10.：$ • nvmthf An optiral 
moliim ai>al>-»iH i^yntcm u ith M roimir.u' < Vir*m H'24. Vicun 

Expennierktol Task 

IJrfiin：書 imnvmrni wni* pirrtnritiwi, a truil nf MaiutiiiK 
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i^ttn ••/ rt/ ihf .-Vmiv It Mil »httitnoi >4 、/.、/jri 

A C L fiQitrm 1. The arttaroacopkc itnoQê  of 
footpriU of femoral side 3190 ol kime floxion： 2.言emofai tuinels ot ̂ 10' of knee Ooxkmi. viewed frcwn anlefô ffrdkil porui; 3； irUâ  
iu«in«^5 created by •nscfttfiQ 2 guid« pms wtth tibial pg at 55 am) 45' for posiefolateral ard ant«ron̂ 孙at buncites. 

wttwed fiofn aiileiolaterAl poiUl, Tti» poslopefative radtoqroph shows the posi“on ol both i 
ttie tii&lal fefnur aiHi pro mai tibia, with Gndobotlon tiimiion on th« f̂ mofcil 

screws and oone staples on the litnal side. 

miaiTutUffi hy I hi? U-sUm l<i uiih Imth U-H ai 
.-<tHiul(lHi uifUh ami l4> ； l h i » Minnk anil ftiiH. tu 
n runili•内I pcMiiioo Tliîi uiltlir.iiiun liU* ptvi wltfl ；i (k'ftniiMm 
<il u lur .'ill >«ejnncmnl iniiv«nm'nis. Both limh* î miuhI 
indivMht.ill) TJh* imiUitpiiDU *•”、• â ktnt Uijiirop atf ii plat• 
limn. 40 cm in hiHj'hl nitil 10 cm hi>hin<l r4ni> pU\U\ .tnri 
if» Und «Mth both fwi un thi- ；mninri. nilh imlv th(* 

un I hi* finer f>laU* the filial utnU'M.t. vivfv to 
|it\in *M> t(i ih«* .4iiir (if iKp ir̂ linR I作，which 

llh- CUTM piiulifî . 'Vhi's wrr»» iiHU-iH-t«l 

to nin awav uKh Ihoir m.i.Tintun) flTnrt for nWrr 
iiiiinpMjTui the pivolinc m<»vinn»nl 'Kijrutp ？ 

Data Collection and Roduclion 

Tri»* tnnlii.itiiHi jiKTMHi (M'lnprl fiiMn i“t» (ir.tl fmil ctm-
Uirl lo i\w litkt-«iir nC I hi' iciUiiv： on ihr ̂ itHind. Ko«l 
contoiI wnt^ ih*- fmo* whon thi» MMII-
c.it untunil'iT.'HlHTn ftiire •*xctHHji»H .V» of ihf (xiriictpantV 

u•tfihl Thivt" <linfiMiiiiim.ll VIIOHuwup， of rwrv 
iii.irki-r HPii* *'X|M>i't«'fl finm lh«* VH'ON WitJ* 
ihp ；inUini|M>ii!HlrK： m«*.ifftin*int*iil>. kiitn* jtiinl kinrimitici> 
�、aj» U"、n »*.i|tnilali*H'' AM nilfulnlHioH wmv t-i)iiiliicl«H| ‘ 
n̂ifXii a |>mn»'»in N M̂ uh\Vtirk>(, Niilick. Ma*-
((:irhu!ci>lt.<<> ti);iiii ••••prnrffiU vnnjiilf u/in rmip»i»f hK 
lal n*i£itiiiir liiirin̂  piviainc inuvemepi. dofmr̂ i iui UM« 

dilVcrfncr UHvmhm* Î H' K.** vsl liln.it iiiti-i ii.il iMljlmn jfln 
l.indir.{； nnd hii;hn«t lihini inu*miit r«xntuin ihv 
fool uMil:K't prri»»H. "' 

Data Analysis 、 

r fH»i (brm»-<l to ；"、•、Aif̂ifn .ant 
rlilTrnwi' I hi' ’l limli< Myd poKtnp 
iTaliwIy nnil wilhin I he injunnl limh lM»lbn' iu\fi ；ifl»T Um-
.in;ilomic r|(>iiM<* Ininrlli* Ari, rotim̂ injcli'm htn: 

aimivAH omiliM tiHi if wnn no MgnifM .>nl 
tiifliMviurf iH'lMr̂ n the r4H.tin5truclt*il knt*<* .itui iho inuiri 
Unf«* a(ii»r riMtitwininmit. Thr 售••�••春 of «i;;nincj«nct* 

uiTP .-iW ol .or» .iiul HO. ri*i({HTlivi*i\ 

RFSU丨 TS 

Oiinn；； tK*- piviitii!̂  (Wiâ . I he ulnn inttrtviiK niJuÛ I to 
i\ iii:i\imiim H<*p、v • Ftfjuiv lit Ki>r thi- nin̂ r "I tihiM iitJ.r.Hm. 
iiu'if ；I r<i|;nrfW.、"t • 厂 * M i r , ’ incit*.!̂* in inUinnl rĉ nlmn 
ol thi* k…*»M ril> _ 4 r>'> u Ihhi uiiiipAMMl vvilh th»' 
inKn'l y - I » priiipMralivi-H Thw u\nM 
iY>entMm mtjiiilWcintlv • 0:ir»» to «it .J O m 
r»«v<»nKinicti-f! kiHt* iimi iM iIi!Iit Iniin tJi;i» oT I hi- intiKt 
kiu^ «H 'J r» } rtiMnwlriulM^fi <K•；) 
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W XY. .Vw Kin'f H**tntttt4iaf SUtfMltfx IfHttn^ t*il *ftttiii .\ti»t 

Fi9ur« Z Th« video &ttqu«oce of Urn jump biKiing and prvoling task. Ihe right knee of W>e painMit t, Ttitial oosition. 
twnpirĝ , 3. bviftno； 4 pivoifiQ： 6. pirth-ofl： fi. n inning 

4»\CTrtin»lrmiunR.资r nim|i.-uni \\w rvcrMWli-ucU-*! 
.inci Hiti».t knfHM nfli-r nnil t\tt\ luil CttM my\ (Icir 
iiiiâtrdimi; thiat pruhk*n). Bnvutmf iJuĥ* û ut no sif̂ ifknnt cbf* 
fmncr- tN* ivontninirtwl knor Mui ihc inuwi kmv 
.ifti-r r̂ tfiMtmaKin. oiuilyfD* vi•、！i <.t»n4ucU'd cUf-
rfrmce, curivblHm. /ii i. .mii ihc itUtwUcal puv̂ rr 

K| tho 2 ̂rrokips 

DISCUSSION 

Thii* '*tu(lv ili'iiKiuiilrpUM ihr lihinl rulotiunnl 
inowmî nt *»f the kmn* .infl tho "..sturMion 
iif ihi* imnpim̂ nt afl̂-r ACL rf̂ im̂ nniclnm. Tl>»» <iini»rfnre 

boittm»n lh*» int̂MTL ；tnci deficirnt kneo-* ！»uppons the firsl 
hy firtthfMui. v̂ltefiv.i'' thf <k*<*t>niii«5l lihiiil rtitation and mtr-
i|ii«ii4* *UitiMK3l poi\̂ r Auppf̂ il I 111* *»-roml ln|Mrthv*sm 

f>ur fmriintcs supfmrt |>n•、‘Hitiiii(>î inn kiuv 
mUilMinal nii(“ibi“f> tin* A<'L-»lcriCMrnl ond iht-
MU-riwrnMnict*il knm- nith tlv .MnfjIf-bunHI*' \vc\\-

••，“ 】‘,• 2 «Uidici> Vbith prtilocol* simiLir io ttvw 
(jftKo pre^nl Klutiv.'*"** iK** lihml nUattim of I he liHkit̂ it 
knt̂  wni» sijn̂ificinily hip;lûr ihan th.it of Ihr inUict kmt* 
Wh^ivan tilfMKc、|Mtii*iit«> %%i»tv ihAtiiKltii to «-«ilk •iflî r the 
piNotmf； mmfinî nl, utirx werv inMriH'trfl t“ nii) \Vh 
b»»lii*vi« ttnil iKi' t.-mk in itur î tudv pi wvifUM a ht̂ ihcr roia-
tlftitiil to thf kiUH> Hnwevpr, tlu» incT«»n«<«»if tihî l 
niiiitKin fiiuiid Id l\w <iin>“l )<tuily ihK <is hî h ittt 
that ill cilhrr of ihi* ptfr\pt-rhapj^ U»CtMiH»* 

«»f ihi、liiflVvrttc” in the tiin«- I…m iiijur> ui .isM̂ oimt̂ iu 
n^' i'iW.M in thi"* kÎ kIv W4*rf •“、 ûl •> injur>. w 
i h o ^ in ih*' '2 litiKiitMs wctv h.ii^rd on chruiiK i n i u n . ( lur pnr-
tinp̂ tnH in thi< •nudy might hav* p^formoH mutftinî lv in 
iht- prvoperativf .'%f<i**H3tmcnl (Kher «Mn|>l4>vint* ilif-
fi,ivrU functtimjl .iclivilmt, ̂ uch â  «itmnhiil raiminj; 

hoppini;/ hrtvf iih<Hkn nhniirmnl M»I•於 UHVII 
titoliun afU'f ACL ivum̂ ttnicUĤ . Kti:*、nli_i；; -rtiMK 
all thf (»onicip.tnt.<i in our utitiiv pit»itp«̂ tivi*i>. 
Iiefuiv .inH n(\«*r AIX ivcimxtructHiu TTw* \ .irinl mnn u I'on 
thi- -slijiU û Hip ；mil ihf loiUrol p̂ Hip wrrv ifiiitimi/(tl 

thf* crinirnlntinnt intiurl knot» wn^ tijccH tvt a ctvuru). 
Anrtf luiih： Al 賞• aintii to rrrofMtnict Uic 

“nf{,"iiJ ACI. uith nf»nrwl kin*»nuilioi …；ill dejim-* cif 
frr<ti»>fT̂ , mchiilmK fnc<iinlnt**r*il ami iiniCTi>p«»«trrittr 
l;itttn̂  iUi iixinl foUiiMin in Mini* • * 、anti 
in i'i%'o' HtucIh-4 hnv«- .̂ hfiwn Thnl lilit.il iti|;iLioft w 
rtol hv 'iiiRlr bun*!!*' ACL ri»conMrtir;inn ‘ of 
IKf Iwl ivrtiq>iii< th;il «nK AM hundU' ropli-
cau-fi ihci ••hy in iiimiOVicnl muttiumil contiol t»f 
th»* kniv. .inoihi'r h Lh;ii iUf hunttlc (cchoifiiu*.* 
Ifslwl mav not h:iv t* hr", t iiiitpl«*(«*K ；iitnti*tiiir lii 'Hh ctn -
tvnt Aludy. nil piilicnt̂  tro.iicd »ith aivuomir cltnthk--
hiinill** A<*l. rvctinMntctKin, in uhicb AM ；in<l PL hunfilî^ 
wrrv h«fth ri«conslr\KU*il U> niimk Iho Al'L nniit-
omy In ；nldUlon lo iJn- AM (hiiuIIc. I he I'l. bunHIc fT.ijrhi 
pnwiitf :i rtiU* in I In* »lAhili/ahon of t ht- kiUN> .î ain̂ t n tT>iti-
binwl i'olaU»r> lojd.** In ovAl\j:、|jon of I ho (iouhli-huiidir 
A<'L rmnnjUniction rt hurh-Hfrn-mrf iri»vt»i«iml. ihe 
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itfCn叫 
cM<nvjl ftvfJiM'n書 

Figufft 3. Verttcoi ground fe«:lion fofra? (lop). kn«f! Itexton 
(inifidlQ). artd tibiai rotation (bottom) ciurftiq the onlire stance 
pha5e of the lugh-demond lump-landing and pn/oltng tc»fi 
frofT n typical ACl-defcimil kjiee. 

Hicniftcanl dr<re:i««- in uf tilnal ititUioit of ihtf rwm-

jftriKl®*!! III tht)< 劝uilv ifUK^U Ou' iif 
rx>(atifm;il omtml nf Atirh ；in .in.itomtc iromMnietKm To 
bcttrr ditnofti'tniu* the Mipori"nl> nf CJ一 flnuhÛ Uinilli* 
tf>i*hilH|itt- it* 脚 Ihf rfTiwi tWihK n . Iniittiir；fiitiitv；liufl-
HH niv brj;e-j<Ciilo r.MKjomixH controlkil innU 
CiiniH.innK itu* ••rTvcl «»f tiinul̂-hiiiiilW- mul ikiuhU»-humlU» 
Al '1, r«vimi«lruclwin an fuiic»$ini.»l ！*tahilUy. 

Functmndl “，“叩 ̂hciultl h* Ihr uhimale M叩 fur c>\ Alual-
•IH： Â 'LiwnrtntclKw,î hrn ihjit it iinoU*̂  tvciMifr lioflm)： 
tu vdivh human ^lUiU :inr in iLuly fictniti4'ii itr 

，piiru rmAitin Ahhiniĵ i ri>nnmic runciwnni l«>xUnjt Uiw 
•nopfcwml," pf>viuui^ aturti^ hiu，mainly »m furc-

tHfn.it p««rronn.-iiMv. Mui<l4> Mrtivrth iff a pi*ri<rmuiiKe mrlrx 
tlui-in;; ivhiibikUitHrii ni whu'li ihiTv n* ii puiM“v«* iixKocKrtMMi 

hetwrni thixh fiuutde .iml ruticlM«i.'4 tuitnnne t»f 
Ihf Wnoi"总 OihtT fuiKtiiinal Uwtii h.^o U w um^i 如； 

mcnt nn*?r ATI, moiuaruci舖m. Aivh iw VITIkviI juinp, lit:vtn* 

工 

Figura 4. ol tibial ailt»nial rolalton (Jiinng pjvtjtntj 
movwwu oefore M̂ ti alter ACL reconsinjclion/SigiirfKradl 
ij(ltefc(»ce 3s auygested by Ihe oa «v<J f lest P ‘ .005 (or pfe-
op«faiivtiV intact an̂ i preoperatfv^ary liAficient. P » .035 lor 
过op«frai,v«ly <jef(Cfenl iind cxis(opurot(\*ety reconsl/ucUni 

H. ami .Nlitint niiiiiin^'，All hviv Hxpnmsrfl a** MnrnKlJi .iixl 

thiit J piHient vhhiW iichu'W InKU'ml. }i>mt funrti«m.il 
•.t.ilnliiy ft̂ MMtlil t>o thioin^h fiint.lt«*n ’iich .i*. 

running '* ;in<l jumping'/ In iIh- Ktiwly. ,t hi>.'h-!ltin:in(l 

p̂iirbc m(>v«*mHii ti>9*<l tii invîti；̂!** th” •HFiii </ j«n.«-
tr>mic _vcuti«(lnKlion un rvLslnmiU 
t̂iWiiy. Thtr in.ihiliiv «r、pic?;A«1 .î  liUnl muiion durtn̂ i 
；I |Hviilin(： iiiiivtHiii'fU. ‘mil Uu* ivfciilt i»f ••\4.«vi««iv»' r̂iiiitKiii 
•it'fctn* .VH- HTimMmrtinn v̂ iû  in lin** wilh ；i previou.、 

^iiirfy ’A E-'unrtimirtl Irslirtj; vviih muinn rniMvuis umiM h*、 

.1 ifiHM，UhiI U i t*\-jiluaU* p̂ Uv-nLf Mtth kiiet* in.nh«lMlil>. jl\«*r 

kiirv tiîiiiiK'nlcHiit infurv'. t̂*' 
Th»- limiljtliunH iil" ihr jnv>u'ni uluUy inclttih' kiiu\% n 

t||-.t«vli.ii.k> of motion .iiu-ilysMi. includinft ihv nuivrnuiu o( 

Kkin rnaftu'Tx/' HnHr%'f?i' the mnrkrr m n̂VI wn^ vmIi-
ilAlt^r* lUicl •^mpluiaftj liv iiilwr rv«*rardiprs for jfiinilar 

imivniH*nt *** 【>unn}； I he prncrduiv. iht* murl f^ lpr 

crnM* was iYiimini£4-d having: I hi* tt*chnKi.-in pliMi* 

iN" «kin mnrki*rF and moairun* nil :iniKm|)(iifi(«tric riil.i 

A fitniirtina ulfiMrl Iriiil lu diMtne “ Utr .ill «ei;nirntiil nunv-

colU^loW to moid nubile nu5dli卯mcnU of iht^ 

kntH* jinnt. \lun*o、<*f, lihi.il nvtultnn m••终 nrliubK "HM-uivti 
tn n 5imibii* pvovMnL« anil lyptc-il crrfB* Viilur；* 

u w th;in Ihi* UKunI ̂ mip tiiUVrvfii:着•>’ m rol«-
iKjn.il t̂ curntm a* rrpinrtwl in I he lilontlui-t*. FurtHi'iTtvin*. 
in aviiki vflnaiHin nnum;： in rmnplirnljfi Mirci-
Ciil Iwrhiiiqik*/* 2 iTihtf̂ĵ'itic 
r«n inttl till rv\onrui:lum？u» ;«vf>i(l tinruti，**:") 
Kiih>?tl vurinlumf*. lh"c*invnt 5tud> ifnpl<i>iMl n pmitpivUv** 
ikvijtii in «v)uih the nilII* ifijiin*il kjiec vviis cuinpuri'J bcrurv 
•Mul iifUf I he rociHT̂ iruclion. Tho ml act Wnw o! tl*- .<,»im' 
imiivitluni WAH tliUfi n rnnirnl. 

CONCLUSION 

Th" A(*L-di>rkM*nt knw ck*iiiofiKlr;ili-il iiKiva!C«»<l liYnal 

rolalton. Ilv uKiii“' a (J>n.-tititc function；!I hiiNnochanical 

HemimnirnltMl ihrtl tho .inntoniii- (t“iihl<、-

hiirifllr M'A. nH-onslniclinn mK-rfHsfullv ivsUnv* ruru.' 

tiumil kiUH> roUitional *il;»biliiy <1unn^ n jmiHinp 

•nmvmpiu 

f^tiii ft iff / fit' .\m»*rn ttti »«,' St**irt^ \irtiu * 
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tfout^ 卜 CL̂fVBc jintcnor crjaaic ĥprrcnt tcconstvcton* a firrlmnan 

.VVooaEK. Woo Yo» Oetô iRt 
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rrcctot m&utrftt̂  a t>orrcctiartcai Mw*tv of cartavx* Wrees J QGr< 
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A p t i ^ d i孝 

第 八 章 

前交叉树帶损伤的膝关运动 f分析 

人沐下 t a i l ： A：主欢关 | V : M X： i V M X： lYHl 

观 X i V i , 膝 关 i i R j•妝 x r r /和规关 y / i p f "丨.從 w ^ f 

f本f衡ftî v:力转.特別W•在Aii活动卞。mnii 

及i^^tt戌外旋时的;aV:力.淋ifi丨助丨jii丨丨：接触性躲又V/ 

餅带拘伤的 W除 = 1 1丨 1仲 f r : ft线.独关节Wr受 

的 地 面 作 州 力 " f i i ) 丨 达 本 的 3 仍 ， 山 于 站 、 > . i i j 

i:作怕个4;H本的*ft w.躲X：- 令 又 V / 中 场 

出 现 总 件 拟 伤 和 长 明 件 x n v 炎 的 义 i V . 闲 此 . 研 究 

动 态 磁 动 的 生 物 乃 学 . 如 转 I 丨 , 丨 戌 符 站 . ” 丨 以 r 解 

伪的机制，从 I f i i’设丨丨作、 >特的 W防項丨丨 -此 

外 , 运 m ： 分 析 对 i f f A关 V j tft- iB ( m \vi X 助 带 - F 

it)的即吋和长明效Jli也丨卜：常《R躲 

:•�膝W及膝 

(-)膝关节链构 

躲又\{\ 11. ym及软It.刚成.足-个Ht脱又 
W.违接股竹、！int km. 
味关节"丨W分为叫的竹X：- IV.即选核丨丨f竹近 
端及股竹远箱的轻收竹Xi竹.以及违接瓶丨t州riij 
股廿fff的稱股关Wc这竹边就r膝义V/的 
拽特ĵ i动。躲关V/W俄RiW r胖关丨y的过度活动. 

衝 的 怍 州 力 作 川 丁 膝 关 1 ’ / M m m ' f i 

I H . 1 | « « 1 ) ( ^ ' | _出现沾动 > ^常。躲又丨 V M•妝 

t/i交义M讲，湖W带.胀和刚缺帶o f}丨板fc 

毋 1 丨 I 纤 维 软 竹 织 成 ， 4 " : 驳 作 川 M 保 沪 f t 端 和 诚 J S 

1丨1 m关竹被边a度fk转及^丨丨丨丨时.II丨能造成卞i 1 

( 二 ） 膝 关 节 活 动 

(Y:沿脱乂-竹|丨|.膝义 I V W l 

�k |V » j 瓶 等 球 紹 X ； 膝 X i Vi 中 

f 卯 运 动 . 它 " 〖 w / d h t 、 / ^ • 路 人 状 ifu n 

iii'Hlf'l'.祸断lA丨及：过状ifti的f-fii ftitt!的则•之刊賊% 

' i V 站 构 附 M . ： 小 范 m … i , " ； 动 例 如 足 W 

带附制了描断丨 W的丨 V m T•侈沾动 . ( f i丨刷 W带则 H U i | 

r ' > ( ^状 1 ( 1丨的内旋成外躲 (丨成外翻 )沾礼 

( 三 ） 膝 关 节 运 动 的 生 物 力 学 

脉 义 V i i d 动 足 股 讨 i j l l M t 之 丨 " 丨 的 心 动 

lin-Hi m\ r T州丨it 1、 

力1(|丨的股丨• jflfit之III丨的fjiilV^ f i丨平样运动 I I I丨脉 

% V/的1；^』带控制；V膝XI y i m 动 . W 此 W ' J i H O ! I'/; 

(• " ' / ' R ' S .间如.的义• 断災公计致I丨i丨/「fiillii 

f - i ^ m i n a m m ' i (V:>丨【！^屮.中袖丨‘丨丨丨i：义w带 

斯 炎 公 增 加 M M 叫 的 r i ! m r vi^wnmiL临tu'w 

<々 •1•.这》•竹(liil /n-1.'>1)的rji "f (1- IIJ 
•、（( W \ i U 个丨 I h兆 I M此 . Y丨必 ' f i： : w入分 H i 

W i义运动卞 .以比校 i 〖 :常膝又 i V场•丨 M l H i Xi iV. <1 

111 rmiim/^im;frrrj/m 

丨.油交叉fcy伯拟伪的临松I•亡 

-般水：说.独 Xi 卜丨丨/i、JI； 

棟：J . iH i)j f^ii '11 ： ' Z t^f ti ：、;i)触冷；»)i,«i 动 id IW ； (.V 冲 

X tmfr. 以 w n 丨 广 络 折 ' i \ m m i \ m n 

- 代 竹 损 伪 , 磁 M f t ^ 敗 进 - m f t ：此部分.找 

( r i不会对一般论浙/ ;•絮 w t n r :细的描述.丨丨⑶-邱 " f 

ill J • 晚 件 前 义 i w 彳 I f 拟 丨 的 临 M ^ M b i . 彳 i m f ? 

以卜部分(titiMP丨介纟�丨测ill；屮.ijifei/i/力取决J-

824 
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4：；义 乂 wiî  mmnj：. TJ 幼••关分 tH 

受力的火小和//l"l.A:ii:v1i 人丨If Ml X- V> W_’i?ii'2松的 

人 inf M • u w: n n. h 如进 n 'T- m x： v/ \i\ …丨丨丨.fj! 

议 比 购 fiiif:7"»•料的秘 t Vir.n.-Jiftfe ’ 1 

(—)Lachmon谓试 

！...hnw.. .JUiiCitwi I'M 义 < irfj'JiHM mil-m m 丨?E 

rt, W i A•丨 I出片仰 K 4、 W躲约 . i W i i i；片 f i U i i收 

ll.il^-JtNiiJfni )i M--f-mM-PilUfi^H 'urn A tViili 

父义 m ' i W fij,m W î -̂ fiS S-tilllMI til] h'i . H 致 

Wftlff^UAl 

(二）Pivo丨Shift測试 

Pivni Shiii m i/Ui••丨合V…叙fii外勒If丨丨々々，絞h、丄 

Ift ill 迪 H 躲 X： WK/i他Hr東丨/iii:'.闪此 

这 晰 丨 测 i J ： 片 的 技 f 打较iSVil••求OUii. 

袖你湘 W < • ) liij义.< ywmi'iimviL效！I'.iiSi- ^ia 

中.k母Wrh‘•丨糊拖丨)1丨外W及l^j旋)}脉义 

.然受付W丨丨11 1"?. 4<)- I'ivM Sl.ifi 科认VPII 

叶幼來的出丨狄时出现丨丨丨fi-f tfiftfi. ii Jdî -i 
tt X；丨•/丨iipii •丨?•仏hfii 卜III"丨的纳lu、 

( 三 ） K T 1 0 0 0 

这項W/j^teWiWli 丨渊 "k'uimihHmi 
I'x'fi';. /iiMflir4.w«?2o- -M)" .iir«-i-

•/is个的卞丨对 t fr fX\ f t 此 卜 保 t . Y 故 

讼，然 之叫於 W KT KMX) XE rii«JiH>fJII 

叫糸"J!带 |A1 ；L' m-V frlJHXi Vj m W H \ H iW "10 fl 

拟込屯 I"[f1 川力
（m m-H-i) ，*ift:川力�h 15.20 in 

lii丨丨•‘•丨 n Ui.松他改 H'ilti mx： vf 衡 u\ 

叫 . 丨 ％ 交 义 N J 術 的 功 能 i l M i ^ 

( 一 ） 被 动 评 估 与 主 动 评 估 

I iV'f. r -̂ ti'gUjrriij 义(Mi !l?|f.! 

ffi'J 临 14. M ill. It J Ifl 松(\'i 膝 X； iv fik 丨丨 11 Vf ̂  )i I二】 

f i i t、M少；小的 / j K t .如 i n利膝（ w丨匕阁松他. 

昨I说叫 fniii'i: iirt:’临冰丨常川 l-fifti 

mmmx- 动兮'ii.^/j； ！n 

fi： r-水 Vi- 01U inlr lUlfx). ii t - ！i.i 4/ 的 if h 

IK t-%/jmi v-ftJiliiff 11 n: ^(Vk ii iA动'K T ； 

}}]mfm义 Vi r^-'iij.vi^kkim-j • 丨必'̂s! ft 

KTIIKH) X： P i a i i i m ^ fl.'j./jjiii/jfjfê  

lAiJ!' 产r的肌J�.丨中丨肌内感如以AiiU n U 

Jri的丨U‘,心•？？其.动态'/)•析••BUf丨效地种W作殊动 

^ji.wj K 膝 •ivriijf.iifen 

( 二 ） 光 学 动 作 分 析 

Vi I丨•.丨li b’ m 保 i •丨如丨“丨iiii a动丨1分fJi ifH lil 

iHf 义划带 iT(让 r^^iiijVi (Hi Z 带的 W 

ri if}能m if fr h 分 »lf % •}》-'KM*! II)-K-2>'|' 

分折‘久：！P if 中 f 丨 8 个 i-liayifJlfli III 

XU'ft t VICON). .if̂ rUtt/ulM •)•} Kb.. X 5m A: 

范IW丨丨"J. iiJiHtl外线怕Vi HI "丨询认W.仅I-的 
y.n.n A ： 小 的 丨 水 ： 丨 丨 中 心 的 他 I f u 丨 - 俱 

砍r> iHs m h .以收Ui i£i动屮他丨fi丨li丨,V的-2: fj ik 

Ijk'a 

KT w «« X mfTi C.J 松他 19： 
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8 2 6 SR i頃IS•动描伤与康狭 

m 球的奴It及位yr.对动fi分祈I•分•丨I:长找 

fll f J H 描述的力法拥 h l H X： iVifei^-V：川 

m r竹勒 .外 w收竹 1 . 9 * Mm:, r» . 外 w . 足 m . 

•ti 5 y/i-ri ijvjftH ftififnt (1*1 u^H-4 h A:怕讲的/yj态 

iz m 人沐渊丨I丨奴饭.nm̂  M 
I . H 宽 丨 父 . 以 及 卜 稱 K . 人 躲 屮 丨 W . 小 糊 

tC,小糊丨« M , W I C M (in ftiiii^KMi: 

m 10各 4
 水 ̂  系 绝 

(i ••丨的动态kirjifr卜一部分屮将会丨y部lU 

论。丫<".收Oitt据ri,丨叫确iU义彳y分fJr的 

iti r rf Willi u …後触性油父义 w带丨《 mnAi^, 

Ike (I j 的分附范丨N为足部》j地丨A丨传械的丨丨丨l«>J Vt 

收a:站 姿态的tt揪.11'为所f丨 f-lftlfl'jWr f i J t V / N 

ifi动的兮照）丨丨软作(.\l\TL\B) H•订賊义的 W i H i 

f u m JHtttH度，外拥/ft丨fi：》动态奴拟，idiii站；f. 

时的 hi Jti表iii及人 Mi拥 W 枚 I K .找们 V ) . i \ n Jl-

X： yj <1 •心的(i/! W.丨If鍵丨中/fe动态沾动n.丨的忡w朋. 

( 三 ） 动 态 运 动 

动态iii动的渊秘丨^^以弥！^珍断�V^wft J M I W 

研究的现母求不 M i f i i f^ f:州M - w交(w\mr>i 

w^ftrtif后丨丨•丨躲H小. fmmf-术/’贱采川 

If 瓶 K H\ f丨体infni肌披.//iW丨<'|丨IUH1•钱A從供r 

m 沐 职 《 4 肌 《 以 的 解 洲 I T 丨 . 物 斤 为 

i'i I ；丨\观的《 '11 丨’丨丨丨义义 W ；17 it 4’、illIJt. r i'P ife 

I V . Ill 叫 r im >K〖ftj'':.、"t W的丨丨i丨父 < W-H；- A:水丨ri ：义： 

/厂7:的d.常化丨》』此.变ilHM： 

m:< ：< mwAr, fii .fiU! i U i / i '打的态动作 ai-R. 

膝 � k • 洲 丨 外 t W 的 J ) 

fit fi j 川 r 动ii 动 fv：. w m U A U K 的 

filf义义 ih H. 'f(让 4 rJi丨 1 : 跳 跃 . C f W i , 

•I'̂ lift̂ Httfc'feil；- ‘tt4Ui.l«•从-1、4()r,n 縱J f r； 

l.lii丨丨丨丨丨跳.仅脚/HIi •^'it/.'I'Wl/i.'^H w 。 终 个 

hk/^Sli III卜丨ii动今躲x：�’/••盆itI很人的川“. 

受伤押WriffAii;丨义-丨丨Hm'/L(丨Jl片的丨 

tKmiti. ifl/1 的丨丨丨丨'i: ( W带拘 I ' h ' m , ff II 

JiJ触状态.ti枯 r.̂ W； 场转丨丨1丨_ /iii'li.'H 

J»’- "Afu：''动 ft.时仍现：丨iKa/的 ti'/i'H.则说叫 r̂ i. 

fiS K"f 以 ' U J f e - R i f i i n ^ m . 此. ik(I ji这计厂 3 

沖 二 ? 丨 动 fi: « i 4 种 眺 跃 动 rt:来洲 躲 x-vin^its'.u' 

M: / 'I',屮.毋求圾 /i ； ^ 跑 并 中 转 3 

'ry/iTiiMiji w . & w i t i / 「 / , 叫 y i 的 . 泛 转 . a m 

V/('iWl'-l 丨 r t跑 .以脚沐他、《眺 . l U fk,吞 I) I"l 

4 个 / / f j i丨 s t w u m . N他， 1 : 1 丨{ifk\"]fs.收?I：•狄 

firw h 饭 洲 f y ' i - 和 动 态 奴 彻 . i l d ' A f沾脉 X Vi 

松他他屮11:常承•《! , I••丨时ii、•而、趕测丨计的 

找XiV/和I丨:常脾义y/, 

的 I K欢状 i i屮 .� &力 W A1?人所树卜 

ri Jio k iW I-. W . Ai « $ ' / Ii.| /A ft- 5flj 

J 丢 n 伸 彻 的 ， 实 ! w ； … a I丨的运动ft枝会产卞 

不 I " 丨 的 ' 丨 物 f r 7 - 沖 - ^ “ ^ 肌 内 的 ‘ 丨 ： 物 W 

'JC.丨丨俠明的：：•.转动作被丨为-fHI-t^MWMititc 

iM-rtmir y丨‘糾边；主沖丨丨：构糾效找川 

I' • fi'Yj ibiiii收 n fn 忙躲的I'si ffr. <u n { m ) { L i. 

片Iftirt!丨放 W •个 f I(U . m k 

跃动fV•力>丨拟供随机的祝近描小-.m\ 

济时.设济选後rt:Jlli斷丨丨iV^从丨fu Wiilf rujrM''} 

W & W / I ^ iiflf:的•丈检 iiVi•丨他洲 

内f1:丨丨决'4：’.从Ifi丨〜)〗《 ) ' r t : '久内说拟比作 

(i?l 丨<>各5、 

( 四 〉 w 论 

个 . r • 丨 I 轴 运 动 . A ： 小 油 躲 H W X i V / 状 

H f .从 w iJi fiWiicw.t^iftiiWfnM-iii. //mmuif 

\ii iM为屮轴运动"fi«』丨枝X-

iib-fkffiM'fi J 此項wf究，’lir•始屮袖躲wiij. 

坟股"IT外旋>丨吋丨V:为袖心的油)mm:地iffi, v^ttfli^ 

1 6 5 



«憤明效议的实轮^？设*? 

… 旋 � i { i W H K报 i M K出 . l i拟秘义 l Y的丨 N旋 

大丨II丨常wxn'i, (M足该很丨•；中并未把 

判打R丨,状态吋外im丨HI节jt他动.ii放批.iTijii；些奴 

i W U i足附 ;带丨《伤 i U «•小的》fi‘松特丨：。总‘ 

之.动.fe研究彳！丨到]'丨丨丨似的ivTiii.似i(进一步确定y 

i W父义拟丨) i i L \ «的安 W松池丨 0：. Ui 双 前 i c 

< W ：丨？ iTc it 的 K m if im m r {确的湘 tA 赃 . 

l i . r水1丨•Tif沾丨lie々义Iflf/〒(組 

助导W系抚 
iiJL-10 什 ： 中 换 P术 对 n i !大的 

%M. It•丨I之一®«liW导狀系统.现川i-iTtW丨术 

fti 个 tm 系 统 « 叩 成 部 

'/>:(丨:tvw招汝系统.川f:碑rii r-'t-�k V/ fH/.u肢的位 

？ .以 A H m T • 术 部 电 糾 • . 川 I • 钻 0 彩 f 它 

fti r^fui'. v m fr:平术彻 r"丨 wiimx 帅.. 

屯 M "I拟(共雅«liti•之f«»丨的即iitiH匕ii nri； r-

术im"丨丨ll丨助汰此外.系统能够WtftiW丨rf欠状ifti. 

I姨断ifiiAT这状丨fi1的动态数IK。这Jtfl技术〈丨丨令胖关Vi 

ffl换f•术中丨丨丨以•�丨汗糾•浓1'衡、丨"m.iuw袖丨wj分 

収系挽"丨M丨r- r • 术 吋 收 前 文 < 小|"1 

f i f t i的躲关 V i松他度丨 W i f t .屯稱铺助 y•航系 

统"I钉效地测litiW交义W^ir(让的W丨丨丨•丨效‘41.特別 

(二）手 

中 染 前 文 T - 术 冲 川 肌 f t l f l m 

Irt物，迪过tiWIt的 X:- Wtftl^lVIrt、i〖!IW^f 缺彷… 

K . fr矢状ifti ？55" 企竹陆id, W-fl a 

带liiry/ 7 m m 处 „ fr.^tlMt丨:.过说点丨丨丨丨h 5......处， 

11 点 //1"丨.沾股"It«if!. '.f in • 夂 股 竹 «iff 的 w 

心.fr:«ili in:这 MMW 内 ' U ii».处丨 M •位?L. f̂ /ii it, 

Sf TOifl.jh 端 判 近 战 分 人 肌 耻 ， T 'Ji 
Ifiu /IJ «'iMli»-l»iill«H»(,S|nilli \ Ni'(iliri->t Kii>ii»M-it|»y. 

AlHlovrr. Ma^^ih iiiî  ll̂ ) ftlMM：珠 tTlAl rii 收 ri•從.Mi 

挤 I 丨::棵frw liriM'.h'ijsti-ia. 

， 义 糾 “ ； 丨 ？ Rit'r•术中fi丨丨Mil丨f^ii肌财fi: 

力移丨rt物 JiliiJW 人路 Xi VjiA.ii<mWWfHn、〖/Ji I 

irt 川 f : ® {肌 a t m m k制丨w…•k，股丨请肌《 sut 

M fn 外 4', % \'{泊卜'从� \ 路'>y V) ii! <f ij t II i i m 

nmm. ifi竹站进的(〖iKt分別;A/45- 如 

Va^i笠Wf〗f, 丨加的limM人路袖助ii!,>股 

itm肌糊丨丨丨远.细洲近端脅人陆ifl. W'：11 ift ]•动 

fiS'. V ill •-tHli>-lHill<in(Sniiili X \«'|Jirrw KjxIoM'iifiv . 

Aii.lmrf.MiW.ailii.M-liO ft 丨挤 II:潔钉将 XJi fV 收 

什丨：f-^m 'Vi 卞狱肌耽(ite iM 'li). ‘A:<V:W躲 15". 

( 三 ） 航 细 节 及 測 S 

ri： i!U丨诗Hk之liJj.小切II卜川t«j个丨‘丨t会tj 

-v-s......的 s'i氏 f 丨 将 股 竹 7 _ 股 " 》 、 

D2it'iMm l"l丨l•ht̂众.x： i•/外fl.ili/t«̂久系 
统 . 以 的 収 丨 r M f l ⑶ 陆 i f l 的 位 然 V i U f l H 导 腕 

系统mi丨n-x-7}湘frtT-̂ i丨*̂的脉艾̂ /动态ft̂ K '；> 
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828 ；̂动描伤与靖 

m 10 8-6- 中.収丨 ‘ . i：人 i f t r r j J i f 
•iH i ‘ 

m i . {ft外.丨'mil Shift Mii^ Ji- II 賴 ' V 中 

1‘ f多kiftJj / »• I'iv.- si.iJi 

t - f t M S I t e ' I ifcH(fV^'j 如 他 产 卞 f f^ 

j s 动 . 消 能 够 伐 彳 丨 丨 史 1 、 研 究 • 丨 • . 找 丨 n 尝 i A 

找•屮I 中 ! 及 U •^iH.jx < W 带丨bfc 的丨 < K'l 1 丨 I 

H 能 \'i-.1'.成功的 n4 文 < w 带 if! iC "I k 'Vrt'tfVi I"! 

他 後 . f 丨 丨 祌 术 + . 没 < 1 ( 1 ： 丨 《 丨 袋 人 叫 H M I -

论 H的 i l l k n\Ht (\ 不hiiriiMn^firf会产‘丨：变化 

( 林 � K 涵 m m c 罗 勘 业 张 照 译 

妳 启 明 容 糾 恒 方 迪 培 ） 

li•运动"V:则 iA 十》r! X 

M l M V^tt 系统 女乂 W带• it 

別fr:〖rt丨肿 0 。 州 《 ) 0 a U r ^ r M U m f ^ ^ f n i A k 

大内 .外旋移动则 I H t / f t大丨 t外胡 

移动,Plu、丨測丨ilfflid诚- iV«i交叉M丨帶农iJliWiTi均进 

I r &項洲 f j U H山 i L丨 W丨丨，】轴样渊中 H A t l•旋 H 

的丨 t ,所而：的丨均 f r :灼名 « n i f测丨拟丨丨 w i /‘的 

( 四 ） 讨 论 ， ‘ 

肤系•统的M:助下,丨，iv••丨MWfi神ii^的数妮C 

丨丨丨W对-PAiW屯加丨W丨匆屯Wf.-•rfife^iA 

动 / S t t H 的 丨 y ^ i • 性 . 仍 然 U m * 议 楚 史 名 的 M i % 

1. 动"7:渊iiUt丨二
1丨'|丨交义W!I?‘!S丨知的出 

/t "丨以分为 3个阶段丨來,， i A . P求|丨|掛iiUi功能 

2 . 临 昧 洲 i m T 确 U f i W交乂 M带受丨) i . .取 i h 

”科竹科探'f-成会验、的測W：片i!Hi. 胡 iA 

的准确 i t ‘ 

V 川临丨长测认电神矩lii丨交乂 M带•史伤 

A l l 片 溢 仲 卧 七 外 砍 松 甜 W — W 的 肌 肉 ： 

« - i flS竹fifemiOm拉力.粗W•的位 

W , 以 免 讲 父 乂 时 带 ‘ 5 ? 伤 C 

•4. f术屮Wilt为浙f•之乂 W 带 T 术 的 出 請 

进行UI丨n•丨膝Xi r> }&动渊iA；.以if佔r-术的m时成 

欢 , 以 m [丨匕较不 M的 f水力让， 

i t i脉铺助 V M f t系《e > {、似能协助丨 f•术中 

准确地为恐各•rr i t i r . f ^ x W带.丨 k能描丨共躲 X T A 

/Jj卞的即 1丨•丨?AiiUt屮佔此 术 l ^ i W O i 的 , 1 

暴;>1及itiii,方向络屯件， 

6. n恥， r * 屮 ( m 丨成丨 i能你 i x :卞 < \ m 片 1 ： 

U H i 临 i ^ i ^ U ^ ： , 此 不 他 和'fcii h lit 

mfm h w . VI 使測 w：躲 % \mrjfi：, 

7.功能拽iit/丨别T- •般敝丨lirwA.iii?{•；^ t-

动 揪 山 i _ 、 M 的 特 ; i f 动 n . 动 作 ' 斤 祈 会 把 动 f v : ^ 

卜.然Aiitt):出此动作屮的躲关 

WUH及tMiit；的彳；2«来决定4 ‘ 

« ) .进行动作分 u丨 i u . a�m�m丨-it i•的tv止 

• . 先 fi 球 的 政 W 丨改 1’， 

1 0 . '卜(本 ; J ?梓及忭別 ; ?均会彬 S H膝 X ;竹的 t J 

如果 A l l V f K : f f中 «受伤.所 f i W X；竹运动卞 
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'Hiis artk'lc s>xiciiialicall> reviewed llic bionicclutiiv'al l“~hiiit|iio> to c\;iUulc tibial 

rol.tlioji. for 書Iw holler muk-rslaniiiiis ol hi»\\ to chow-w miilahlc prolovvl with njwcjIu-

clinical applicntion. A systematic seiux-h wua conductcU and rinully 104 orliclos were 

incltHlcd in Ihitt study, l l ic krticlcit under rev iew were daxn i f i cd accord ing to Ihc three 

condi t ions in which the knee was examined : cx icmnl load appl icat ion, physical 

uxaminatiuii and dynamic task. Ihc rcsulLs showed (hat over SClo of tjic studies with 

external load application employed cadavcric moiiol. ITic tcchniqucs used included 

magnetic sciiHin̂  optical tracking xyRtcni ami radiographic measurement, 

bitra-opcrative navigation system was lUMd to documciit knee rotatioital kincmatics 

when Ihc knee was e x a m i n e d by clinical tests. To fur ther eva lua te knee rolalional 

stabili ty in t e rms of tibial rolal ion dur ing d y n a m i c Inslcs. opt ical mot ion analys is w i l l� 

skin reflective marker a n d radiographic mcnsurcnient could be employed . Similar 

h iumcchanica l t echniques we re suiiiinari/t id Ibr discuiiMoii. Or thupacd ic spccialiHbi 

and spof t bioinechait ists arc oi icouraged to .bet ter imdcrsUind these tcchniqucs for (ho 

various nccdK of incaaurcn ic i i t ot° tibifll rotation. 
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•Ihe knee is the most comtnotily injured body sites during .sports, accounting for about 

409知 of all sports injuries (671, Tnumiatic knee injury such as ligament tear would lead 

to knee instability, prohibiting athletes from returning lo sports, :uid resulting in early 

rclircmcnl 178] or even prcmatiirc end lo sport carccr 156|. Functional knee stabiliiy is 

one of the key rctuni-lo-sport critcha [56| as high danunding movements that stress 

on kiicc arc al\va>'H involved iii real game situation. Iii clinical pnicticc. knee laxily 

evaluation is based on phyKical examination pciibmicd by trained phystcinn. Forcc or 

torque arc nianualty applied lo tlic knee joint lo see if there is any iibnornial motion 

when compared to the intact side. Ilowcvcn clinical examination lias a lew limitation 

[65], including inability lo produce sulUcicnt magnitude of Ibrcc (u siiiiulutc ph>i»icid 

！H;tivily mid subjcctivc grading from physician、experience. 

In tlic literature, there arc various studies to assess knee laxity and .stability. IBcsides 

clinical exuininatiun, seli'-rcportcii otUcoinc qucstiouniiirc is ollcn used in clinical 

research. Knee stability items that reflect patients' functional limitation and instnhility 

arc included in ihcsc questionnaires such as IKDC suhjcctivc kiicc evaluation scorcs. 

Another passive knee laxity assessment includes strcsKcd magnetic resonance imaging 

[89] and objective clinical dcvices |27,105|. Ilicse nssexsnicnts involve a controlled 

stress to Ihc knee joint in a specific direction followed by an objcctivc bionicchonical 

rating for the correiponding laxity. Fn the contrary, dynamic movement is directly 

performed HO that knee stability would be inonitorud during specific motion. For 
example, previous studios suggcsied that al^normal joint kincmalics during dynamic -

movements nikr anterior cnictale ligaitient (A€K) reconstruction would conlribulc lo 
( 

long-tenn joint degeneration (8S,102|. 

In view of the way to iuscss knee laxity and stability, htomcchantcs plays an 

iniporuuu role. Wtlh (he advanced bioincchaiiicnl techniques. asscHsmcnts have 

bccoinc objcctivc. practical and accurate that suits the increasing demand on 

mcasiuing knee rotational \nxiiy and stability such as the role of knee structure, injury 
diagoOsin Hiid cfTcd of ligament reconstruction, niercfone, ！here is a need to 

understand uikI faiiiiliar with (ho bioniechaiiical tcdiiiiqitcs for iu ({umiliriciilioii luul 

evaluation. In thin review, wo include techniques thut have been iiscd in cadnvcric 

sUidics suncc rcicarch thnt tend lo a better understanding of knee laxity and stability 

would nut be cthtcnl to employ on living liumaii, for example validAlioii of 

measuremen t tools. 

III the LurrciU study, tibial rotation is defined as I Iks relative uioveiitciU of tcmur mid 
, 2/23 
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lihia ill the transverse plane. 'Ilic hiomcchanical Icchniqucs would he classiftcd when 

tho knco is examined with difVercnt conditions: (1) under a ccrtain external load (116|. 

(2) physical cxamiiulion by physician {55), or (3) a specific dynamic Usk peri'omied 

by subjects 11U|. Since there is u wide spectrum of measuring tools, there is a need 

for urthopacdic spccialisUi and spurt biunicciwnists to understand the overview aiid to 

choouc the most suitable one for specific application. Ihis paper systcmalicully 

reviews the biomticlianical techniques for measurement of tibial rotation. 

2. MKTIIOU 
A xyiilcmMic literature scarch of MKDI.INK (from 1966) was conducted during Jhe 

last week of December in 2010. 'ITie search keyword was (knee OR tibial OR tibia) 

AND (rutation OR rotational OR rulalor>' OR pivot OR pivoting) AND (biomechanics 

OR hiomcchanical OR kincinatics OR displacement) AND (stability OR laxity), 

which appeared in the title, abstract or keyword fields. After duplicates were removed, 

the initial total number of luticlcs in the database wns 532. The title ami abstract of 

cach entry was read to identify. Non-Knglish articles, review and surgical technique, 

animal studios and non-relflled ailiclcs were excluded. After this subsequent triinniing, 

the count was rcduccd to 190. Online and library searches for tho full text of these 

iirticlcK were conducted. Articles not avuilnblc in the library of The ChiiKsc 

University of Hong Kong were requested IVoiii libraries in other local univcistlicii. 

Only full text of two articles could not he retrieved, aiid the final number of articles 

with full text was 180. 

f 

The full text of cach of the 180 retrieved articles was read to detcnniiic chc inclusion 
and exclusion criteria in the systematic review. To be included in the systemultc 

review, three critcciu must be AUtiHcd: (1) the study must employ human, either 

cadaver specimen or living subjcct (2) the study must present tibial rotation, 

measuring the relative muvJmciU of fcniiir ami tibia in the Iransvcrsc plane, as a 

dependent parameter to quantify ihc knco rotaiional laxity and stability, (3) the sludy 

imwl not involve total knee arthroplasty or the prescription ol* kiicc prosllicsis. since 
the knee analomy is greatly altered in these studies. Current conccpLs, reviews, case 

reports, computerized model »uch ox finite element model and sludics without detailed 

description of the measuring technique wore excluded. .'Viler the screening proccsn, 

the final number ofarticics included in Ihc analysis was 104. 

Ihc 104 selected articles were catcgori/cd by Ihc conditions of how the knee was 

examined: (l)cxlcmal load iif>plicatiuti - whcii the knee was under a ccrlain rotational 

load ill a controlled manner’ (2) physical examination - when the knee was being 
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clinically examined by an orthopAcdic specialist, a physiotherapist or a biunicchanist. 

(3) dynamic (oak - when Ihe patient was pcrtbnning a specific dynamic movement. 

Ucmographic data of all studies, including year of study, testing subject, 

bionicchanical techniques and the study application were summurizcd. 

J. RESULT 

For oil included studies, 69 articles (66%) employed human spccimcti for experiment 

and the rest 35 studies (34%) were living human. "Ihe earliest study in the search was 

conducted by Shoemaker and his cmvorkcrs (95) in 1982. Increasingly, the studies 

between 1980 and 1989, 1990 and 1999, 2000 and 2010 were 12, 16 and 76 

respectively, llio nppliciaiun all included studies vary from investigating knee ‘ 

structures (o the elTcul of taping and bracing. 'ITic most common interest for 

rcscurchcrs was ACL followed by posterolateral comer. The hiomechanical technique 

that was employed in Ihc included studies wan shown in Ihc following.^ 

3.1 Kxternal load application 

Of the 104 included articles, 74 articles (71%) were clauiflcd in this scuinn. Sixty 

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

studies) applied to living human. 

J. 1.1 Direct tlbplaccment meflsuretnenl 

The moiit direct way to measure rotational (iisplaceinenl was by employing a 

goniometer (2.35.54,90.107.114.115) or clcctrogoiiiomctcr [10.66.75.93.1121. 

Goniometer, also termed as protractor [86|, potentiometer [4，24,46’69,94,95,100|’ 

transducer 121,22^1,57,92,110), was a general term and hence Ihey nil (bllnwed the 

same principle: While both sides of (he knee were fixed, the goniometer was placcd 

t>n the piano, which was (wrpendicular to the axis of rotation of tibia, '["he rotational 

displacement, therefore, was presented in a two dimcnsiotuil plane on which Ihe tihin 

rotation was controlled during load application. In addition, one study (39| employed 

bony pin to define rotalional displacement such lhal Ihc movement was rcstridcd in 

trdiuvcnic plane and relative ntovcnicnl between pins was (hen documented. 

3.1.2 Maipietk seminf； 

Sixteen s-tudioi were i'uuiid utnploying inagt\ctic sensing tcchniquc since 1996. llie 

Icchniquc was applicable to cadaver |3,7,«,9,13,17.33.63,73,79,80.88,106) and living 

human (96.97,105). in cadaveric sludiea, magnetic sensors were directly attached to 

femiir aiul tibia, and relative inovuniciit between both xidcx was monitored externally 

Sensors were rigidly tixod to both ftidcx using nylon posts |I5| or fiberglass cylinders 
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(88); on the contrary, it was ncccsRory to attach sensors on (he skin when it applies to 

living human. "ITie lateral aspect of the subject's thigh and the tibial shaft wer« 

rccommcndcd as a rctcrencc site according to Shultz ct al.'s study (97j. Different from 

direct displacement measurement, signal generated from an external receiver wcr» 

extracted with th« help of a cumpulcr-assistcd program, which provided Ihnx 

dimensional position and orientation of the sensors [71], Sometimes sclf-comptkd 

prugram is need for calculation of kneo kinematics (3,106). 

3.1.3 Optkni tracking system « 

Optical iminimcnt is one of the rcccnt (cchniqucs for measurement of tibial rotation. 

Kight studies (26,53,58.39,68,72,76.821. with the earliest one published in 1990 (72|. 

employed this technique xnd all applied to cadavch cxc^t one study [82| 

investigating gender difltirence in passive knee laxity leal. The principle was similar 

to magnclic imtmmcnt. Cliuitcrx connisting of three to four infrared emitting ！iphcrtcal 

markers (26,59) wore rigidly fixed to femur and tibia with nieUphyseaJ bone screws 

Instead of lui external magnetic rccdvcr, infrared camera, was used to locate 

three-dimensional coordinates of markers thai needed to be further digitized (o 

establish on anatomically- based coordinate system [34,1171. The rotational 

displacement was finally presented after inalbetnalical calculation by the system 

software or self-complied program. 
i 

3.1.4 Radiographic mesuurrmcnt 

Radiographic method was treated as the most accurate technique for validation over 

the other measurements 【32| since it provided direct bonc-to-bonc information. 

Roentgen AtCFOOphotognunmetnc analyam (RSA) wojt ftrslly developed in 1989 

among a groi^ of researchers from Sweden [47,50), applying to living human to 

measure kneo rotattoiuil kinematics, 'llirce to six tanUium markers with O.Kmm 

diameter were inserted to fetnur and tibia by means of ailhfutcopy or under iucal 

anesthesia. Di-plaiiar rocntgcnographic exposure films with 2-41 Iz was collcclcd 1-2 

months later when (he lesling knee wm under controlled rotalioiial torqiie. Ilie (wo 

dimensional coordinates of ihe markers were plotted on roentgen tilira and thcivfbrc 

three dimensional coordinates were computed in relation to laboratory coordinate 

system. Tht displacement was then calculated by ctistomi/cd program. Since invasive 
i 

procedure wmt invuivoJ when inserting maricn into femur aiid iibia^ this kchnique 

was only employed in cadaveric studies【2939|. * 

3.2 Physical cxuminiitioii 
Phyniciil cxanunation is commonly used in cMnics to evaluate knee stability after 
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ligamentous injury. Pivot shift test is commonly used in clinical netting Ibr evaluating 

knee rotational stability while some clinicians apply external and internal rotation 

torque manually. However, the outcome of these tests is subjcctivc grading but no 

objective kincmalics data, con be provided. Therefore, it wna of rcacnrchcn’ interest to 

obtain knee kincmatics by iiieanx of biomechaiiical techniqueg. In this calegory. 

fifteen studies were included (table 2). All studies were conductcd alUr 2002. The 

three major techniques for measuring tibial rotation when examiner performed clinical 

tests were goniometer [91,113.123], olectromagnelic sensing (36.37,118| and 

intra-openitivc navigation system (14,16,38,43,44,45,74,98.1211. Iliesc techniques 

were applicable on both cadavcr and living human. 
« 

3.2.1 Intni-operative nHvigntion 

Computer assisted navigation Hystcm was a newly developed technique which 

cspcctally designed for helping iiurgcons during operation. In Ihc early stage of 

navigation development, it was used to assist orthopaedic surgeon to improve 

accuracy of recoiutruction and replacement surgery [831. New Huflware recently 

allowed for research based 6 degree of freedom (DOF) knee kinematics mcaAiircinctit 

(38|. Therefore, it would provide an immediate evaluation of the surgical outcome 

(I6f? For example, the cQect of anUrumcdial and postcrulatcnil butidics during 

anatomical double-bundle ACL reconstruction could be evalui^ed during operation in 

tcrmji of knee kincmatics (44). 

Navigation was finUy applied to living hunuui in 2005. 'llic navigation xyntcin 

consisted of two transmitter wilh four markers allachcd, one calibration pointer and 

high speed camera connected Co computer for exporting dalii. There were a few 

procedures to procccd knee kinematics measurement 144|. Radiographic fitni was 

assessed pre-opcratively for creating virtunl bone model in (ho computer syslctn. Two 

set external rcflcctivc markers on cach transmitter were nrnily fixed on femur and 

tibia. To locate the relative movement, several intni-arlicuiar and extra-articulor 

landmarks were manually digitized and were rcgislcrcd by the system using a straight 

pointer. After defining the 6 1X)F directions betueen femur and tibia were defined, 

continuous real time knee kinematics could be obtained in the computer while clinical 

tests were being performed 

3.3 Dynamic task 

Ail niVccn included studies were published after 2000 cxcept two from 1980，. To be 

included in this icction, knee kinematics xhould be qusnilified while the testing 

subjects were pertbrining specific dynamic (asks. In the early years, 
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clcclrogoniomctcr was used for measuring knee rntalional displacement during 

treadmill running (18,32). Bclbro RSA was applied on living human in 2001 (12|, 

there were about 10 years of vacuity where no journal papent were reported 

specifically investigating on knee rotational stability during dynamic taik. The main 

techniques were Buinmarixcd below. 

3.3.1 OptioU motion anulysis with rrflcctivc skin markers 
Motion analysis is a study of locomotion using continuous photographic technique. 

Advanced technique using motion analysis system whh reflcctivc skin markers to 

measure knee rotational stability was reported in 2003 (30|. Skin markeni were placcd 

on typical bony landmarks and subjecu were asked to perform npccific motions, 

which probably would give a rotational stress to the knee, while the three dimeiiMonal 

coordinate)! of the maHcers were captured by optical instruments. 'ITie marken' global 

coordinates were finitly collcctcd through high speed opticnl camcriu and then 

transformed to femoral and tibial rcfcrcncc rramcs. Relative diKplaccmcnU between 

both were finally calculated by computer programs based on published description of 

knee kincnulics [34,117). Markcr-sct, therefore, WAS critical in which local ton and 

number of markers varied. One of die frequently used models developed by Vaughon 

[109| consisted of 15 markeni on lower extremities. Kinemalicii ofhip, knee and ankle 

joint including tibial rotation could be derived from markers' global coordinates and 

20 anthropometric mcasuretnents oflhe subject. 

3.3.2 Radiograplilc measuirmcnt 

In 2001, Unindsson and his cowockers (12,13| employed RSA lo investigate knee 

mliilion on siifajecU after AC I-tear. Rcrnre the expetimenl, 4-3 tantalum markers were 

inserted into the distal femur and proximal tibia through arthroscopy surgery. "IXvo 

radiographic lubes were used lo obtain simultaneous expo&ures at 2-4 Hz. Ihc 

radiographii were memiired manually to digitized images using a Hcaraicr for 

subsequent digital analysis. In recent yeani. the radiographic mnuurcment of tibial 

rotation in several stiulic* 120,62,81,1081 has rcduccd ibi invasiveness during the 

procedure. The subjects' knees were mugnetic resonance scanned before Uicir motions 

were capturcd by fluoroscopic testing system. The system combined the pre-scanncd 

knee model and adju5>ted in 6 DOF until its projcctionii niAtched ihc outlines of Ihc 

bones in the fluoroscopic iinag<». 'Ilie 6 IX)P knee poiitiuii was reprudiiccJ using this 

knee model. 

4. DISCUSSION 

4.1 Kxtcmol loHd ipplicAttoii 
f 
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In I he cadavcric sludiex, ihc both femur and tibia were mounted in fixation xyiilcmii, 

which provided thrcu to 6 DOF including primary motion (flcxion-cxtciuion) and 

secondary motion (anterior-posterior translation, iiitemal-cxtemaJ rotation and 

abduction-adduction) [23] for free movement under certain testing conditions. Among 

(hesc fixation syslcnu. a mbotic/univerxal furcc moment luniKor tesling syslein was 

developed >incc 1996 |87| and was frcqucnlly applied to tissue biomcchanical 

research (1.19.122| and simulated clinical testing rcscarch (42.'18.I19.I20J. In 

addition, there were a tew studies recruiting living human as subjects 

(10,46,64.66,95,97,100.118]. •Phcac studies employed a sclf-cuMomizcd fixation 

system, in which rotational sirens was applied to ！nihjcclK until ihcir limit of comfort 

(601. 

Ilic external load applied on Ihc testing «pccimciis or subjects included isolated 

external internal rotation lorquc |2|, valgus varus torqiic (66), anterior libtnl load (40|, 

miuclc load [61] and increased graft tension {ll|. 'ITicsc specific loads provided a 

controlled situation that was widely applicable to research-based studies. Due lo its 

experimentAI nature, it is not cthical lo apply load to living liunuin and it explains why 

80% of the studies used cadavcric model. However, there were a few studies (60,K2| 

recniiting living human as subjects thai load WMS applied until (he subjccU' limit ol" 

comfort. The amount of load should be specifically designed and carefully estimated 

before employing to living human. In view of the amount of torque applied, over 50% 

of (he cadaveric studies used SNm while olh«r atudies varied from l.SNm lo 20Nm. 

The torque was much lower wticn applied to living subjects, ranging l.roin 1.5Nm to 

lUNm with 4 out of 12 studies using JNm as the testing torque. 

Among tho fcMlr techniques, magnetic sensing was reported to have highest accuracy 

with 0.13 degreie |80| followed by radiographic measurement with U.2 degree and 

rcpmchicibility with 1.4 degrees (50]. Since ntost of (he included sliidics used 

cadavers, measuring tools such as mag^ielic K«:nsor or pin marker could be directly 

atlachcd or implaiilvd to bune, vvliich incvilubly results in a high accuracy 

measurement. On the other hand, there is always a concern that flkin motion artifact 

exists when measuring kiKC rotation on living human und there would be an cthicul 

problem ot'dircct bony pin implantation. Skin artifact would be a considerable error if 

load wax applied to living human that magnetic* sensors atlachcd over the xkin 

involved musclo movement during load application. The ethical problem aside, RSA 

with bony marker implantation would be considered the best Icchntquc for nica.nurin(' 

tibial rotalional on living human. 
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4.2 Phy功csU cxsiminntioti 
Physical examination is one of tho moKt feasible and practical way to evaluate knee 

rotational stability in orthopaedic clinics. 'Ilic main Jefcct, its siibjcctivc and 

diM:ontinuowt rating, has limited its application to roAcarch study. Different from 

expcrifnental laboratory, setting operation theatre is not an ideal place to provide 

controlled load of application due to inxtnitncnt size and hygiene conccni. With no 

doubt, intra-operative navigation system would be ihe musl suitable meaaurcmcnt tool 

ill operation theatre. Since the torque to the kiicc should be applied manually by the 

tester, it is suggested thai all phystcai examinations should be pertbrmcd by one tcslcr 

mid reliability test should be conciuctcd to ensure good consistency across studies. 

iiitra-operativc navigation syxtem provides immediate evaluation of surgicnl treatment. 

'IhU technique spent an extra lU-minute time on average in addition to original 

proccdurcfl (7I|. 'I"hc extra lime in coasidcrcd acccptablc AA it providc.s a more reliable 

clinical result |84| and an objective way to quantify knee kinematics. Moreover, (hift 

tcdmiquc gave a good repeatability (71) nnd « comparable result wilh mcchanical 

testing dcviccs (KTIOOO and goniometer) (Sl|. Implemcniing the high precision 

navigation tcchntquc for comparing difTerent reconstruction methods (99) and 

extending to olhcr knee surgcrieK |70) would be one of Uic key rcucarcii area* in Ihc 
fuUire. 

Despite the fact that (here nrc a number of advantages as diacusscd above, more 

attention should be paid to address the drawbacks. One ftlH)uld be reminded lliat the 

procedure involves invasiveness that may causc extra wounds in the Ihigh and shank 

of the iiuhjccts. To accurately locatc the relative movement, Iranftmittcrs with markers 

were bcrewed inlo femur and tibia. The invasive procedure would result in additional 

bone losx and surgical scars to patients. To minimize the invasive cfFccl, an alternative 

way would be magnetic sensors attached on skin by plastic braccs |118|. Ilowcvcr, 

validation between two techniques should be established before its applicntion lo 

living human. 

4.3 I加anile laNk 
Compared with the cadavcric study which is of limited clinical utility |28|’ dynamic 

(nxk provided more important information of knee xlubility no matter the testing knee 

was intact {104|, injured (411 or rccoiistnictcd [131. In early years, techniques 

involving external fixation xtniclure attached to subjcctx’ limb would highly all'cct the 

gail pattern (I8|. Optical motion analysis and radiographic incasurctnent have 

therefore bccome tho moM frequently adopted techniques recently (o measure knee 
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When compuring Ihc dmwbacks of Ihc Iwo tcchntqucs, RSA obviously involves 

invasive procedures and radiation exposure. Althoii块 the amount of exposure was 

reported to be similar to a single clinical ktiee computerized tuinugrapiiy Kĉ in (102|, 

the controversial issue of implanting bony markers liiraugh arthroscopic surgery was 

aiiolhcr difTiculty for subject rccniilmcnt. On the other hand, error due to skin 

movement when applying optical inulioit analysis with rctlcctivc skin marker was 

claimcd [103], A point duster method was developed in 1998 |6] to tackle the 

problem. This method aimed to minimi/c Ihc cfTccts of skin motion artifnct by 

employing an overabundance of mariccrs on cach segmcnL Its limitation of 

computational complexity |5| has become the major technical challenge to 

orthopaedic specialists while biomcchanists are advised (o "ndcrsland the principle 

behind in order lo achicvc high ncciiracy rcRiilt. 

Molion analysis with skin marker technique is non-invaaivc, practical and applicable 

not only in research lahnralury settings but also in orthopaedic clinics, 'rhc syitem 

conaisLs of two or above high-speed cameras and a few spherical markers. 

Comnivrcializcd hullwwc nystcni also includes auto-digili/ing and kincmatics 

calculation. NcvcrthelcM, rcsultx of knee internal and external rotation from difTerent 

marker-set protocols were poorly correlated |2S). For example, 'Ihambyah cl al. [104] 

used 17 skin markers while Gcorgoults ct al. [23] adopted ihc model wiih 15 skin 

madccrK developed by Vauglian (109j. Self-compiicd program lor calculating knee 

kincmatics was aUo not staiidardi/cd and comparison between studies with difrcrcnt 

mofkcr-Kct protocols would he highly difllcult if not inipos<tihle. 
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In rcccnt years. Tashman and coworkers |10I.I02J employed kSA tcchniquc to 

evaluate knee kinematics of human ACL recontlnicted knee during treadmill running 

after the application to canine ACL deficient knee in 2003. Similar to Ihc similar 

pnXocol of biplane radiography generation wiUi a IrunHvmc plane coiiipulcr 

tomography scan to determine transtbrmaliom between marfcer-bascd ami atiaiomicai 

coordinate systems, the exposure trcqucncy of the RSA tcchniquc was highly 

increased to 250Hz, which enhanced a suflicient smooth continuous kincmatics data 

during most of (he human dynamics niovemenls. 

The biomechanics tcchniquc for measuring libiai rotational is well developed in 

cadaveric model. Accuracy of most of Uic techniques is reported to be hifjh a.s bone to 

bone information could be obtained directly. There is still room of improvement on 
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the tcchniqucs applied on living human, especially in the development of" a practical 

and accurate Icchiiique for dynamic tasks. iTic fulure studies should focus on validity 

between magnetic measurement and radiographic measurement bccau.sc the 

non-invasive magnetic sensor would be useful in orthopaedic clinics if it could 

producu reliable and valid meuxurcinciil. Moreover, regarding the uptical mulioii 

analysis with skin reflective marker, consensus ！)hould be obtained for standnrdiMd 

mafkc(-sel protocol for measurement oftibial rotation during dynamic I ask. 

& CONCLUSION 

The hiomcchanicfll techniques lo measure tibial mlalional were siimniarizcd, 

providing an overview of knee rotational kinematics measurement lechniqucs. We 

systematically reviewed, from fundamental cadavcric a>tudics to newly developed 

intra-operalive tests. Ihc mciiHurcinctil tcchniqucs according to (he condition in wlucli 

the knee was examined: external load application, phynical examination and dynamic 

task. To uhoosc a suitable mcasurcmenl technique for specific clinical application, 

study purpose should be first identified, and more attention should be paid on whether 

cadavcric model would be employed, and also Ihc way of stress applied to Ihc knee. 
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ABSTRACT 

Back|> round: Bio mechanical measurement tools have hccn developed and widely 

used to prccisoly quantify knee anterior-posterior laxity allcr anterior crucialc 

ligament (ACL) injury. However, objective dtivice to document knee rotational laxity 

has not been well cstabliiihed in the literature. The proposed knee rotational laxity 

meter would acctiralcly and reliably measure tibial rotation. 

Methods: A new bionwchaniuil device to quantify kiiec internal and external mlution 

under diflerent applied torques (l-lONm) to the knee joiin was developed. Its 

reliability and validity were tested using cadaveric hunun specimens. Intra-rater and 

inler-rater reliability were quantified in terms of inlracUss correlatiun (ICC) 

cocfTicicnt antong trials and between testers. Validity was verified by comparing data 

i'roin M computer assisted navigation system. Mean, slaiuianl deviation and 95®/b 

confident interval of the diflcrencc as well as the root mean square ditrcrcncc were 

calculated. The cofT«Utioru> were deemed lo be reltabk: if tlic ICC was above 0.75. 

Results: ITie iiitra-ratcr and inler-ralcr reliability achieved high correlation for both 

inlcrnal and external rotation, ranged from 0.959 to 0.992. For the validily, (CC for 

both internal aiid external rotation was 0.78. "ilie mean diOerenccs between the 

proposed inctcr and the navigation nystcm were 2.3 degrees and 2.5 degrees for 

internal and external rutalion respectively. 

Conclusions: A new knee rotational laxity meter wis proposed in this study. Its 

reliability and validity were verified by showing high correlation among trials, 

between testers and when compared to a golden standard of measurement. This 

non-invasive and simple devicc might be iiscd in a wide field to document kncti 

rotational laxity with various purposes, especially after ACL injury. 

Key Terms: Tibial rotation, knee stability, measureinent. laxity 
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I N T R O D U C n O N 

IITO knee is the most commonly injured body stlc in sports, which accounts for 

10-40% /\]nong all sport-related knee injuries, aroiind 45% is related to 

ligamentous injury An diagnosis or knee ligamentous injury relies 

comprehensive phyiiical examination,- which relates to symptoms and functional 

instability of the injured paticnt.s Sincc some of the physical examinations for 

ussessing imlcrior-postcrior laxity oftlie knee are grealty influenced by the exuminers' 

experience and skill objective tools 糾 - I w v e been developed and proven to 

precisely quantify kiiee laxity after anterior cruciatc ligament (ACL) injury. 

The restoration of knee rotalioiul stability is rcccnily being emphasized bccniisc 

anatomic double-bundle ACL reconstruction has been ！iuggcstcd to rcslorc rotalional 

stability better titan single-bundle ACL reconstruction However, it is Rtill highly 

controvtsniial. Pivot shift test and dial test are often employed by clinicians to'measure 

knee rotational stability before and after ACL recbnstniclion Again, these 

manual examinations are subjective and dependent on cxainincrs* cxpcricnc« and skill, 

'lliercforc, an objective tool that measures tibial rotation would be of great value to 

document knee rotational laxity of healthy and injured knees. 

ITK procedures for measuring knee laxity should be simple, easy and practical in 

clinical setting. It may not be practical to use motion analysts system with skin inarker, 

ahhough it has been utilized in previous research to quantify tibial rotation 

Motion sensor was employed by a rcccnt study in which three cicctroimgnetic 

(KM) sensors were oltachcd to the lower limb to measure knee rotational laxity in a 

relaxed state. The device was only proven to b« reliable on cadaver and human 

subjects ” but no validity data was presented. Moreover, computer assisted navigation 

64 
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system liHs been used to ineusure intra-opcralivo knee kiiicinatics during ACL 

rccoiuiructinn. Though.U was reported that the system could achieve nn accuracy of t 

degree the procedure is invasive to the patient as it involves rigid I'lxatioa of bone 

markers pins. 
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In this .study, u new meter for measuring tibial ml at ion wax presented. 'ITic meter 

consisted of an ankle orthosis, torque xcnxor and one motion surisor. The orthosis 

design aimed to provide a more simple way to pruvcnl any ankle motion over the 

previous boot desiga Furthermore, only one motion sensor wan used to avoid 

calculation complexity among the three sensors reported previously. Torque and 

inotiun sensors were used to meuaure the opplied torque and the corresponding tibial 

rotation. ITw objective of this study was to measure the validity, intcr-rater and 

intra-ratcr reliability of the propoKti meter. It was hypoihcsixcd that the meter would 

accuratcly and reliably measure tibial rotation. 

METHODS 

Wc presented licrc the details of the knee rotational laxity meter, which aimed tu 

moisiirc oxtcmal and internal tibial rotation. 'ITic meter consisted of an ankle orthoRis, 

a torque sensor with a handle bar and one molioit sensor at the bottom o f tlic meter 

(Figure I). The orthosis is a common orthotic dcvicc that is used to immobilize the 

ankle joint of patients sullering from aiikle related injuries. 'Iliree sizes of orthosis 

that acconrnndated patients with ditfcrent sizes of foot were fabricated in the 

Department of Prosthetics and Orthotics. Nexl, a torque serewr (Firi KK, USA), 

which monitored the value of applied torque, was mounted at the bottom of each 

orthosis. A haiiditi bar fixed on the torque sensor allowed tester to apply torques to the 

knco jo inc. One EM motion sensor with acquisition frequency l20Hz (trakSTAR 
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Ascetision Tcclinologics Corpuration, USA) was further ulluched to the olher side of 

the torque sensor such that its iongitudinal axis was along the tibia's axis of rotation. 

'Pic motion sensor provided six degrees of Irecdom of its orientation and positiun 

with high speed and accurate tracking data. ITie orientation data were outputtcci lo a 

laptop computer. It was ined to measure tibial rotation during the laxity test. 

In ihLs study, three preserved human spcciinciw of the lower extremity, including hip. 

knee and ankle joints, were used. The experiment was cnnduclcd in mortunry of 

Prince of Wales Hospilal, Faculty of'Modictne, The Chinese Univereily of Hong Kong. 

"ITie specimens were ctwcked by inspection, palpation and physical examination to 

cxctudc any obvious bony deformity, previous Iracturo, arthritic change and 

ligamentous hyper laxity. 

For all the specimens, femur was sawed al 15 cm above the joint line. TWo 30 cm long 

bone pins were drilled through the femur from medial to lateral side. It was then fixed 

on an autopsy tabk using two custom-made clamps that allowed Iree movemcnl of 

tibia for conducting bio mechanical te^iiig. Two pairs of 4.5 mm pins were inxcitcd 

over the anterior side of the distal rcmur and proximal tibia. These pins were used for 

itiKhoring trackeni oflhc compiilcr assisted navigalioii system. 

An intra-operativc navigation system (Bra in LAB. Oermnny) willi ACL 

Reconstruction System Version 2.0 was employed as a golden standard for measuring 

internal and external tibial rotation with accuracy less than one degree. It also used to 

monitor the knee flexion angle throughout the experiment. Before the start of the 

experiment. I wo sets of infrared optical motion trackere were fixed to thti pins that had 

drilled into femur and tibia previously. The trackers were oriented such that it could 
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be visualized wilhin the full range of motion by the navigation system caincra. Tlit: 

system was calibrated by using an infrared pointer to dighb.c required points inside 

HIKI outside the knoc joint. Atlircc dimensional model of the knee wiu calculated by 

the system that presented a reni t ime specific movements o f l h c knee including f lexion, 

extension, intenuil rotation and external rotation. 

Two ind«peiulcnt testers were included in the experiment tor measuring knee laxity 

lilting the proposed meter. The orthosis was secured to the teg with a loiimiquet and 

the itig was lie Id at 30 degrees of knee tlcxion and ncirtral position of rotation, which 

was detennincd by the navigation system. At this point, the reading of torque sensor 

waa set to zero. Each tester applied external torque to the handle bar until lONm 

torque was reached and then lON'm torque of internal rotation was applied iii the Home 

way (Figure 2). A maxtnium of lONm torque waa applied because human comforlabic 

limit was reported to be between 5-lONm The measuretnents were repeated three 

times for each tester. 'I"he first tester repeated the whole procedure for the rest of the 

knee specimens. The data tram the navigation system was recorded by a tcdinician 

while the EM sensor data were automatically recorded in the computer for rurther 

analy*is. 

For statistical analysis, single measures intraclass correlation (ICC) with 95% 

confidence interval (CI) was used to gauge inlra-ralcr and hitcr-ratcr reliability and 

validity. For intra-rat«r reliability, (he ICC across three trials was calculated for both 

tenters. The average of the three trials for tester 1 was compared to the average of the 

three trials for tcsrter 2 to determine inter-rater reliability. For validity, data from the 

proposed meter and the navigation system would be compAred. Mean, standard 

deviation and 95% CI of the difference as well as root mean square diflference at 
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different applied torques were calculated. All parnnietcni were reported for iiilcmal 

and external rotations separately. A reliable correlation WM shown if the single 

measures ICC was above 0.75. 

RluSULTS 

The EM sensor at llu bottom of the proposed inclcr measured tibial rotation relative 

U) femur. Ihe iiuemal and external rutalion angles increased with upplied torque to the 

knee for both the proposed meter and the navigation system (Figure 3). At 5Nm 

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

navigation syslera) was 38.0±2.0 (34.0±2.6) degrees with 21.3±0.6 (19.7±1.3) 

degrees internal rotation and 16.7±2.3 (14.3±1.2) dcgrecu external rotation. 'Ilw 

highest applied torque of lONm 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 26.7±3.2 

(19.3±1.2) degrees external rotation. 

For reliability, intra-ratcr nnd inter-ratcr reliability achieved high correlation for both 

internal and external rotation^ ranged from 0.959 to 0.992 (Table 1). For valkliLy. 

when compared with the navigation system as a golden standard, ICC for both 

internal and external rotation was 0.78, which was regarded a reliable correlation. The 

mean ditrcreiKcs between the proposed meter and th« navigation system were 2.3 

degrees and 2.5 degrees for inlemai and external rotation respectively. 'Ilie root mean 

square diiTcrence varied with the applied (orqiie, which ranged from 1.0 degree to 8.8 

degrees (Tabic 2). 
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DISCUSSION 

Tti this .study, a new hiomcchanical device for measuring knee rotiUional laxhy 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, 'llioiigh Ihc 

validity correlation between the proposed meter and Ihc navigation system was not as 

high as the reliability correlalion, its ICC was above (he pre-sci value. Moreover, the 

mean diRcrcncc for internal and external rotation between the two measurement tools 

was btilow 2.5 degrees. Tlie results also supported that (ho meter was an accurate 

devicc to measure tibial rotation for assessing knee rotational laxity. 

•Hie overall reliability of the proposed nicler was high HIIII comparable to uthcr 

prcvioin xtudica. The ICC cocfTicicnt was reported to be above 0.94 for all intra-tcstcr 

and inter-tester reliability in a similar cadaveric study in which a device lor 

measurement of rotational knee laxity was developed With the same devicc, it was 

further applied on living human and revealed an【CC cocfficicnt of 0.81-0.88 and 0.77 

for inter-tester and test-retest reliability respectively 於.Other studies reported the 

reliability 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 measurcnient tool, a comparalivc instrument as 

a golden standard should be uxed and the correlalion coefTicient between llie Iwo 

measurement loob should preferably be above 0.70 In this study, the navigation 

system was employed as a golden standard for measuring tibial rotation. Sinco the 

relative moveineni between femur and tibia was based on two sets of bone pin 

markers, the navigation system has been regarded as an accurate method 
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However, bccause of ils invasive procedure, the validity ol" the pruposed meter couUl 

only he achieved in cadavcric model. 'Iliat mode our finding hardly comparable to 

others previous studies. Musalil aiid coworkers “ tested in a best ease sccnarb for 

their new device, in which liw EM sensors were directly fixed to the femur and libia. 

llicrcforc, no validity was tested in their study. In another cadaveric study a similar 

dcvicc was validated whh a navigation system, and the correlation achieved wax from 

0.83 to 0.95. However, the libial bone was fixed with screws to a metal bar which was 

ccmented in a cuRtom-niade inside-boot Conceivably, this allowed accuratc 

measurement for borw motion In the current study, the ICC cocfHcient between our 

device and the navigation system was above the preferred value. Together with the 

low mean difTcrencc, wc provided evidcncc of tho validity of our proposed dcvicc. 

In the present stud)； the validity of the proposed meter was quantified lower 

extremity specimens inchiding knee and ankle joints, thigli, shank and toot segments 

were used to simulate a clinically relevant situation. To minimize ankle joint rotation 

and motion between tho leg and th« device when applying rotational torque, an 

orthosis was sccured with a tourniquet such that the rotational torque was directly 

applied to tho knee joint. The motion Rcnsor was longhudtnally placcd nt the bottom 

of the fool segment (attached to the device) such that its rulalional axis was in line 

with tibia rotational axis. 'ITic assumption we made here was that the shank segment 

was cylindrical and therefore the motion sensor and the tibia rotated along the same 

axis. One advantage of this idea was to avoid placing the motion sensor directly on 

the skin, which would cause error up to 13 degrees in nieaaurtng rotxdions especially 

in obese palicnts. From Figure 1, the error increased during small and high applied 

torques though the two measurement vakws were highly correlated. It was possibly 

bccause pre-loading was necessary before the motion sensor value bccamc stable. 

2 0 2 
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"Iliis finding was also comparable to the previous study that the error al lONm 

applied torque was 8.4 degrees and even up to 14.2 degrees at 15Nm. It suggested that 

tlic motion between the leg and the dcvicc would not be completely avoided, 

especially at Uirge applied torque. Moreover, SNm torque was commonly adopted in 

the previous studies for measuring knee rotational laxity In consideration of 

clinical application, torques ranged 4-6Nni were suggested in Ihc future study 

employing our device because of hs small error. 

The proposed meter was designed to be clinically relevant. It would bo a simple, easy 

operating and practical device for quantifying knee rotational laxity, especially for 

patients afler ACL injuries in orthopaedic settings. This was why a new design was 

modified from previously study^. An ankle orthosis was tu>e<l instead of an unkle boot 

bccaasc orthosis is easier for patients to put on and get sccured wilh toiimiqucl. 

Moreover, only one motion seiisor was used in order to provide a real time reading for 

the operator. This is important since it allows a quick and simple assessm«nt in 

orthopaedics clinic. In lite present study, 30 degrees of knee flexion wns c ho sen for 

validating the device. One o f the reasons was that this particular kjice ilexion angle 

might be sensitive to dctcct knee rotational laxity for healthy, ACL dcflcicnt and 

recunslructed patienls since ACL has its maximum elongation peak at this flexion 

angle，. Moreover, bio mechanical 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 

(leld. A standardized procedure for securing oithosis with dilBsrent sizes to the leg 

should also be considered. 

lliis study was limited by the fact that it was a cadavcric experimental test although 
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the dcvice would hopefully be applied un living huimns. However, as pointed out 

previously, h wax not cthical to employ invanivc procedures in human subjects when 

validating the device. The only way to conduct such kind of research war, to apply on 

human cadaveric specimens. Ah hough great eflbrls were made to simulate a clinically 

relevant situation, one limitation was that the femur was firmly attached to the 

autop?>y tabic by bone bins and clampx, which wax not possible when measuring laxity 

in real patienbi. Therefore, future studies were suggested to investigate a non-invasive 

way to stabilize the thigh and verify its effect in living human subjects, 'rhis would be 

iinpoitant as minimizing the femur rotation would cnhancc accuralc torque to be 

applied to the knee joint. Other limitations also included low sample size that existed 

in most cadavcric experiments and preserved human specimen. I>ic to the limited 

availability of iresh cadavcrs in ilifTcrctit locations, the spcciincii number was 

minimized to tuinil the statistical requirement. 

CONCLUSION 

A new knee rotational laxhy meter was proposed in this study. Its reliability nnd 

validity were verified in a cadaveric model by showing high correlalion among trials 

and as compared to a golden standard of measurement. This non-tnvasivc and simple 

device might be used in a wide field to document kiiee rutalioiiai laxity with various 

purposes. 
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FIGURE AND TABLE CAPTIONS 

Figure 1: A knee rotational laxity meter coasLsting of an ankle orthosis, a torque 

sciisor with a linndic bar and OIK motion scasor at the bottoin oflhc inctcr 

Figure 2: Kxperimental setup for validating kjic« rotational laxity meter 

Figure 3: Internal and external rotalional angle under different applied rotntional 

lorqiic(I-lONm) 

Table 1: Reliability ofknec rotalional laxily ineler 

Table 2: Validity of knee rotational laxity meter 
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Tabic 2. Validity ofkiwe rotatbnai laxity meter 

Torque (Nm) h i tenu l rotation External rotation 

ICC 

95% CI of ICC 

Mean diflieivnce (deg) 

SO ofdifTercnce (dcfi) 

95% CI of mean difference (de^O 

Uoot nicun square difTcrencc 

(deg) at (llfTerent torques 

0.78 

0.59,0.89 

2.30 

4.15 

0.75,3.85 

4 80 

20X 

1.00 
1.41 

1.91 

2.52 

3.70 

0.78 

0.59,0.89 

2.53 

4.17 

0.98,4.09 

2.83 

3.42 

3.70 

4.16 

9 

10 

7.44 

8.83 

.19 

.53 

ICC: SD: standard deviation 

2 1 3 



Appendix G 

Sports Biomechanics 

Effect of anticipation on landing manouv«r during stop-
jumpinfl task 
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Kncv stability during lunctional assessinent such AS slop lumping task is a LA�Y IULIOTS 

In determine if an uthlcto is adequately rchaNlitaicd oiler knee hpamonunis injury. 

Iliis study aimed lu invcsli^talc Iho olTixM of nnlicipution i>n landing manciivors dtirin^? 

planned and iinpLinnod siop-jumptn^ tasks. Knee kinemaiics ol ten heallhy male 

participants was rt>ll«H、UHi using an optical nmtton analysts >yMoin Jurint! plannod and 

uiiplunncd stop-jumping tasks A phiiloccll i*ale was sel <>n 餐ho walkway in lah(>R“ory 

！mch lhal an inalniclton signal was Irieiioa'd on n inonihir whi'n Ihc participanls 

passed thnni|»h I he j;alo. Data nl Ihc Un\c of WxA siriko were ciinsidcTcd l<n* 

invcsli^aliBK unticifxilion cffoit during ihc slop-Jiimptnj* tasLs. Knee kinonuliok 

data wore coinparcil bciwccn planned niui unplanDcd tusks. Siotislical siynillc^ncv 

was wci a( level. Ilx(ern*il rotatnmal angio vhmvcd signincani dccroascd in 

unpinnncd si<>|>-jun)}iin}> lask during ftwward <|vdM)5) ami right (p<().05> jump when 

compared lo that Mf planned tasks. Mexuin anjjle and abduction an^ile during! I'lHward. 

\xTtical and right jump were ！̂ î nilicanUy dcovascd in Ihc unpinnncd tasks. 

Anticipation olTcct si|>niricjnily infiuencoil ihc latulin^ manouvcfs of Mtip-juniptny 

task and we suggested thai both pl;innod uiui unplnnnt\l sU^junipin^* lask^ shcmlil be 

consklcivd when nv>nitonng Iho a*hahiiitation pro<!ivs$ alVr knoc ligqmontous injury. 
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19 INTRODUCTION 

20 The knee is the rm>sl a>ninv>nly injiia*d boily silo in spirts, which accounts lor 

21 <liinton. Lincoln. Almquut. ]>txjoeuth. & Sharma, 2005: U>uw, Manilall. & 

22 (irimnwr, 2()0H) of all mjiine、八monj! all spon-rclalod knoc injuries, anHincl 45G is 

23 related lo liyanvntous injury Uncrnni. l ields. Yard & ( omskKk. 2(X)8： Majcwski. 

24 Susanne, A Klaus. Alhk'loii who suffer from liganwni disnipiiiHi would 

25 experience knee insluhilily (Vdiri. IX»ni». Tor/illL Warren, & Maynard. IW5: Woo, 

2(> IK'hski, Wiihnm., A Janaushok，IWQ). Knee ligaiiK'nl rccont^miction such as •inlcnor 

27 cruciate liynmeni (ACl.) rcconMruclion aims to rcsUKV I he funclional stability and 

2R allcm-s athletes lo aiurn io sports activity (Myklchust & Dahr. 2(H)5). ITwaMoav 

2^) runctional icsl is URHJ during folUnv-up a>nsul(ali()n to evaluate if an alhlolo is 

30 adci|unlely rehabilitated (Rishory & likebod. 1994). 'l"he nHHvnUMH tasks iMnph)》i、(l 

31 vary \viih difl'ercnt purposes, for example runmni: ( I'nshtnan. Kolmvidi. Colhw. 

32 Aniiersi>n. & Andcrsl. 2007) h used loovalunte jjaH patlorn white liopping (l ilz^»eralil. 

33 I xphan. Hwang. & Wainmrr, 2(X)I) is used \u le*l muscIc fxmer. Ihnunvr. knee 

34 :i(;ibtlity is seldom considmnl during* hî ^h demand functional (ask. 

35 

My KIKV :((ahilily h usually cvniiiatcd hy clinidaii.s and alhloles Ihomselve，ihnxigh 

37 subjective assessmcnis such as ciinkal examination and i|Ucstionnaia^《Mollcr, 
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Weidenhiolm. A Werner. Hm： Swn^cl c( al.. 2(HW: I'eunci & l.ysht>liu. I0S5; l\ler. 

-V) Mcllutih. (Sleim- & Nidu>bs. lOW). Objeclivc assessnx'tiis havo boon ilevolopoil Uh 

40 û M̂ ssing anUrrior-fHWlerioT (ranslalion (Monaco cl al.. 2<KJ9) and ；ixial rualion 

41 (Musahl cl al.. 2(X)7> «if' Ihc knee. However Ihcse nwasuronu'nl lix>lii arc limiletl lo 

42 passive laxily k、M. Kneo rolaliunal slahtliiy in tiMms ul libi:il roMlion has hocn 

investigated during dynnniic tunciional tasks ((ioorgmilis. KisCanis. (^luHJliaras. 

44 Mtiraiti, & SIcivuhj. 2007: L^m el al., (inpa*ss)： Ktslunis ei al.. 2005). Ilvse studios 

45 evaluated lihial rtMatinn during n hifti denianil pivoUnj： insk tvfnre and U IUT ACL 

16 nvoiwlrucliiw. Ik'stdes pivolini^. sUip jumping Utsk (Sell cl al., 20(K>: Yu ci al,. 2()05) 

47 and cuuin{； insk (ilcnultcii. I ；imontagnc. & Xu. 2(M)8： llosicr, I Joyd. Ackland. A 

48 Cochrane, 2001: Ihnick, Uc I lawn. A Maloney. 2007： IhHick. I^uncan. & Do Ilavcn, 

49 2006: Polbrd. Siguard. Powers. 2007》have also been employed in kineimiics 

50 sCuiiies hul no study I'iKUsed on knee rolaliunal slaNliiy. 

51 

52 Antkipalion ciTcct a^ lm lo ihc phcmimenon thai individuals change their inUiun 

53 pullcm whon polcniial ihrcnh or danf>crs ore oxpeclcd K'ham & Rodfcrn. 2002). It 

54 involves in must of I he sport muvemeot^ and research has rvvcalcd that unplaniuHl 

55 movement is niorc danger I ban planned niovomenl (iksicr cl ；iL 2001). Possible 

56 reasons suggest quick and unplanned movement alleci muscle activation patterns and 
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Sports Biomttch漏nU:s 

57 icsuit al�nonnal joint kineniatio (Ucaultcu ei al.. 2(K)H; Doicr ct al.. 2001: Sell ci :iL 

5S 2CKK>). I'or oxample, Hesici und amorkorsdtcsier oi al.. 2(X)I) siippesknJ thui 

59 uiiphinned culling ntancuvcrs wi>uld inciva&c the mV, ol mHi-contacI 八CI, injury and 

60 Sell ami cinvtirkorj» (Soil iM al.. 2(XKi) tound lalomi jump was (ho most dan结ontiis 

M aim>ng 3-clirccUcm sfo|vjumpint* 疫asks. Howovcr. Ihi-n* is limited knowlaljjc il iho 

62 utiplanncd movements alTect on knoo ri>U)tii)nal siahiliiy durinj; t'unctionat t;t、k$ Ihu 

f>3 inlornmluvn woiihl bo important lt> detide il antkipaiion iHleci shiuild he constck*aul 

(v4 ilurinu dynnmU- luiKiional nsscssnwni after knee ligamenlous injury. 

65 

lliis study ainicd u> tnvcs(it>alo Ihc aniicipaiion cllccl xm knee kincmaiio during 

f>7 Mop*jumpin^ tasks in Uiborak>ry. Kincnultc!! al fool sirikc (('ham & RodlVm. 20(11) 

M was consklorcd in <Hir siudy as A d . injury was a^ported lo occur 17-50 milliseconds 

aJWr inilial foot ！sirikc during lamltng (Kntsshaup cH al.. 2(X)7). Wo hypolhesi/cd thai 

70 (hofc was sipnilicanl difference tor landing niaivuver in ternis of iibial nXnfum 

71 tviwccn planned und unplanned sliip iuni|iing lu:>ks. If rvlnining tu ^pini b Ihc 

72 ullimalc goal (>l' knoo li^nmoni avonslnKlion. such inromulion is imporuinl IW spori 

73 hoiiKchanisIs io ilcbi^n luncliuiial lost jirtMi>ci>l \\n assc^sint* knee stability duiin^ 

74 und after a*hnNlil»lion of rcconslruclcii nlhiclcs. 

75 
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76 METHOD 

77 Subjects: I on hoallhy iiinio p.iiticip.iiils wiihoiil any injury hishu.y on lower limbs 

WXTC rccruitcd. They Vvcrc rccroalioiul alhlclcs. curroolly iwlicijutint al IcasI two 

limv's «>R Ihi'ir spurts jx,r wwk. I'ho nn-an ago. Kxly mass :iml height of I IK* p:irtk'ip.inlN 

ttviv 2ft.4±l.7R years. H V ) ± 1 n n i i 1.73土0.72m a*ipoilivcly. 'llu* univcrNiiy 

d h i o conimittcv apprcivcil tho sludy. Inliirnwil conscnu wore obtained Crom oach 

runicirani bo line ihe ox|vrimenL 

78 

79 

80 

X2 

83 

K4 

K5 

86 

87 

KK 

M 

90 

01 

n 

93 

04 

Kxprrimcnial TaiJc A scnes of slDp-juitiptn^ tasks were porlnrnHxl in ptannetl and 

unplanned manners randomly lor each parlicipani. l:nr oadi lask. ihc suhjoci was 

inytructod lo run ！ilraî ht on a IO-nKMcr walkway » ^nxinJ-inoiinial foav 

plaie. whh a running sfKVtl of 3.1ni/s U) 3.5m/s (1X» (\kL IX、Ck-rctj. Willonvs. A. 

\Vil\T(Hiu-. 2005). as numiUweU hy ihe Ibrwurd s|ved of ihc sactum nmricor by a 

molioii analysis systcni (VK'ON (i24. L'K). Trials with it)nnin(( spettl mil til llu? rjinco 

woic discarded. % 

In the planncU tasks. IIK* puilicifxinls were inblnictod lo sU>p wiih bolh fwl. with Ihc 

(cMinj! iVxM on I ho force pi ale. nnd I hen jump imiwtlialely In ono of Iho lew diivclion， 

(forward, verticnl. left and right) as far as I hoy cotiki. In the unplanntHl tasks. .i 
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05 |>h(Mixvll gulo was srt al ihc :>uhjecis' hip hoig、hl and al a distance of 0.7 meter in IVdiH 

of Ihe furcc plale, allowing approximalc O J Sivond \o iv;r1 ami fXTlorm iho jump. 

•>7 When ihc |xirtkipanl paî scd (hnniph Iho pale, u vullayc signal was dclivcivd lo u 

W compulor lt> Inppor ；in inMruction i’f Iho "imvmoni clirov'tu>n os，hmvn t>n ；i 17-inch 

99 iiHHiiltK ill lioni ol' Iho walkway. ITio |\iriici|ianl (hen Mepped ttn iho Itircc plak* and 

100 jumped lo the in&lmckNj liiroclion in the SIH>I1CM time he coukl (L-iuurc I T h e 

101 iiHJrdiavium in&triKiums wca* delivered lo Ihe suhjcvl in a rnntloni soijiu*niv 

102 

103 KxprrimenUil IViKtKlarr: All tfxpcniwnls vvero comlucted in the (Sail I ̂ Ixnalory nt 

104 Alkx、llo Nrliu l.ing Nelhcnnle Ilospilnl. lion;;; Kong. An optical monon anaiy&is 

105 system wHh ctglit canvms employed io collect lhr‘v dinicnsiunai nnution 

106 nHwonvnis uf lower exircmiltos at 12011/ capturing Ircquoncy. Ihc sysicm w;i& 

诵<)7 calibrnioii on Ihc saiiw day of (esling and iho mmin residual was less than I mm, 11 not. 

lOK ihc system was recalibrated. A synchrom/xnl force plalc •AMTI ORfvV, MussachusotU. 

109 USA) was used U> rccDid oimplclc t*n)UiHl a'actum fi»rcc dala ut 108011/ at ilk* ccfUrc 

110 ol_ Iho captua' Vi>lumc alxHH ？ m \ 

111 

112 After oxpbnaiion of MuUy pnKvduâ . anlhropomctric ftic;isiiromciils irK-liuiinp body 

I I ? heighl and mass, anierior superior iliac spinos (ASIS) hrcadih. high and call Icnulh. 
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mkllhi^h and call circunilcrenco. ktuv JiaiiKMcr. Um hrcadlli and krnulh. malleolus 

hcMyhl and Jiamcler wero ineasuivd. A firtecn-nurkor imxtel was aili>pu*(i lo o>lkvl 

lower limb kincniaticsi durinc su)p-junipin^» mmenwnLs. The marker》were scoircd 

with douWc-sid^Hl Lijv lo I ho pai1in|xinls* bony himlnuiik. inclikiini! saciiiin. /\SIS. 

grenier inKtanlor. l e咖ml epk.ondyk. tihkil lubmlcja leral “、allcolu、heel and titih 

nkH:tlarsul head on both limhs (Davis, Ounpuu. Tyhurtki. & Ciatsc. IW I ) . All iho 

pnnvduivs were managed hy one Icstor 

A tn.'il ol M;inilin经 analomicul position was caplitaHl. IukIi paiiiapanl was inslfuclcil 

hy the same icslor u> stand with both fivi in shtMildcr widlh and alipn \hc shank and 

lixH .segment to a nculnil pt)silion. This calihralion lilo pn)\iikrU a ikiiniiutn ol zero 

decree lor all jiHnt angles in all planes. Vkfei? liomonslrolion (if sti>(>-iuinptnp lask?; 

wai ^hown to all parlkipanls. I hcy were allowed lo pnicli&c a scncs ol planned and 

unplanned stiijvjumpinp tasks until I hey were ct^ml'ortablo lo slart I ho teM l^ach 
% 

participant was (dtl to Inrsin iUc task al tho dcMj*tialod slartinc point, run slraiuht 

(ownrds iho furco pinlo. 5U>p wiih hoih iVvl and jump as hijjh as possible I W I ho 

voflicnl jitmp ami as far us possible Uh ihc •orward. and ri|*hl jumps. Iliiily 

5ccoffKls of rcsl was allowed tvtwccn cnch jump ami one minulo t)l rcM was also given 

lo suhjccts holwoon the planned and the iinpbnnod tasks. 
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Dulw <\illei*U4in uml KcHhicli^m: l l i u v siicct^&lul uiuh o;K'h clirciiion \\n 

piuniKil and unplanned were ct>llcclcd. [or cach 5ucccsslul inal. daia \nn\\ ihe 

iiiiHu>n ；innlyMs sy&loni uciv trimmod beluiv ；tnd allcr Ihc •iinc o\ Î hH sinkc.八 “x>i 

a>niacl was dtiorminod by ihc lofcc plalc when Iho vertical grotiiul re;Klion t'oae 

exceeded the panicipanis' biidy woiphl. 'Vhw iUnionsk>nal onviJinaics of every 

ninrkof were exported froni ihe V I(X)\ soHwaa*. The knvv jtwnl kinoiruitics was 

calculalOil with Ihc anlhn^>mctnc dnla nx*asiirctl pfVVfouMy (Davis ci ul., I W I > All 

k-alculalions were contluclod usin^> >cll conipiloii pr(>i>nini <Malhvv4)rk;；. Majisnchusclls. 

USA) The mam itcpeiulcfil variable was knee external nUaiuHuil angle Kikv llexton 

an^lc urkl knco abduclitm nn^lo wefv also caloilolcd the linn* of fool a l̂iikc (C*ham 

& Kodfcfn. 2(K)2), as (his if I lie unanticipalcil elToci was sipniticani lo Iho 

pio|xifal<>ry of ihc su)p-jumpitii* lask. 

I )H IU ANULJ-^I^i： All Ualu W L T V uuuly/iHl fiH" Ihc n}:N side only and wcri" avvrajiotl 

；HTosjt Ihrec Irials \\n O.-K̂ I aHidilion. 'IXvinway mullivanutc analysis of variance 

(MANOVA) wilh icpcaUnl moaMJiVb was ciiipli>ycd lo L'xaiiunc Ihc inlci;iciivc clVcvIs 

(omicipation d i c i l \ dia'clion)ol knw kinomatks. If Iho inlcraclivc cilfoct was tVnind. 

stralifiod pairvd l-lcsis wov conduclcd for each pomnKior lo denK)n.Mrato Ihc 
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152 umin|xiti«in olToirt ai each jumping direction. l"ho level t>t Mt^niticancv \va3» sd ai <> 05. 

• 5� 

154 KKSI I T S : 

155 MANOVA showed sii^niiWanl inlernclive olViii (Wilks* I ；"nbib 

156 舊 1 x 0 . 0 5 Tlioivtotv. stralilicii pairetl l-u^ls were cimdncted fcir each 

157 paramolOT beiween plannod and un|>iannoJ casks. The rcsull i>l' ihc knee kiaemnik's ai 

I5K Iho time " f f(M>l strike was suniman/cd in the TaNf I. liosHies lefl jump, all vanaWes 

159 of planned jumps arc lar^vr than unplanned jumps. Sit^nilicnm dilTorciuvs vivrc ItHjnd 

• 60 in cxlcmnl rtHahi>n iin^lc durint* l'«>r\vard and jumps, ahduvlion ancle diinny 

161 iVtrwariK vertical and h^ht I I C X U M I an^lc diinng nghi jump 

l(>2 

163 DISCI SSION: 

164 害 11 laboraloiy soClini". fonctional loses allowed sul^vls lo pre-plan movmncni pallcrns 

ami il niii^hl nol refleci I he real mmvnwnl pilorns pertornwti in compiMition dunng 

IfvO which alhlclcs must a'act lo unanliapalcti events <Ucsicr ct aL 2001). ('uncnlly. 

\<>1 rosearvh invostigatinp aoiicipnliait clVcct on knee kinonuitics during; slop-jumpiny 

I6K Uisks h limited, hillard and cuworkcrN (h4brtl ct al., 20()7) ami I ̂ Ddiy and 

1 6 9 C U W O R K T Y J ^ (]jinilr>; McKcan. lluNcy-Ktvcy. Slanish. & IK*IU/H>. 2(X)7) tvporloii that 

170 M h mole and female pciformctJ similarly in randomly cuod culling maiKUvcr. 

« 
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Page 10 of 23 

However, nniher research woup riKUScd <m sti>fV|uii)|Mnu lasks. in whidi nv»M i>l tho 

M'l.mjuries occurs dunnp sudden stop landing? n)ovi、nwni vviih a change in iliaHiii>n 

Sell and uw>rkcrs <Scil oi al., 2(XX>> did vxwpansim between planned Jiid unptanncii 

sU>p-jumpinp tasks ami domonstraUHl inovasod kmv joint lixulin^ i haraclmslio such 

as irfoalcr knee valgus and tloxion nu>nK'nis. I ho aiilhors suggeslcd ihal directional 

aiul roactive jumps should he included in research uwihtxlology IvasotI on iho kiuv 

jmnl loading data. In a reiviM sluiiy "irmvn. Palmieri-Smilh. Sc Mcl‘》an. 2(KW). il was 

NUjijiOslcd Ihal unanlicipnlcil landing indtkvd nHKltrualions in landine hit>nK'chanics 

thai may incroaso risk i>l \Cl. injury. I lowtnor. this ununhcipntcti olloci is niii 

\voll-undcrsliH)d in lornw ol kniv routioikil kinomaucs 

in Ihc present siuUy. knee rofalit)nnl slahiitiy was invostipaunl in icrnis ol kntv 

external riHa(M»n anplc. lor ihreo of (he four Jia^ctions (lorwaril. vcfUcal and neht). 

cHir suhjevis dcanHislraletl decreased knee cxlcriial rotalton angle durinp uni>ianned 

»u>p-jun)ptnt' la!»k>. Sij^nilicanl dillVrcnccs between planned and uaplaiincU isî kh 

wore found in forward tp<0.(>5; nnd ri^hi <p<0.()5> slop jumpiny Insks. ITk* cxlomal 

rntaliun were 20.2 ticgrcvs and 13.9 ik'grwi^ Un iWward jump and ”>.<, dogivcs 

and 13.3 degrws Un nghl jump in planned nnd iinplannoii siluations rospciiivoly. It 

was surprised chal iho results did not support (o previous studies (llesvr o! al.. 2(X)I; 
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190 liiovvn el nl., 2(X)0) su^ViC^iin^ unplanned I asks wmild iiiyiernto n u w iloiiunJiny 

l*)l stress to Iho knctv Ono iho rcasim：; was ihal tmr siibjocis porlWrncd (ho tasks in a 

192 moro "safe' wa>' duo to ‘ho unplanrKxl (ask s nature, which involved shi^ri iimc 

ik*cisH)n and nuilli-diAHiionnl jumps llouvvor. withtHil hosilnhun, 

l*J4 iviiiHtiKxl amlkiondy nnd showed incrcasiHl knwv roiniion Uh pinnnod tasks since 

l*)5 oHtHî 'h l inv was allmvcii 官or thcni to prc-proj^ran* (heir inovcnuMU patterns IvI'tMO 

106 inakinj! (ho iiimp. 

" > 7 

lOK AlhkMc!' tend \o prc-pn>grjm their landing maiK、uvcr duiini； proparnlu>n Mu^v. whuh 

I W is roiianJctl as the lli^hl phase Ivfoa* landing 《（Tiappoll. (Vvijih書on, (iiuliani. Vii. ^ 

i 

2(>0 (laiTdl, 2(X)7). InvvNiigulors believe lh;ii ACL injiincs lypically <vcur ai iho lime ol 

201 fool sinko (Krmshuu^ rt ；il.. 2007: Olson. MyklebuM. Hnyehrolscn. & Ikihr. 2(XW>. in 

202 Iho cuneiu study, iho kincinutics diffcwnco Iviwcen planned and unptunncii jump at 

20：^ Iho time of foot >lnko suggested thai athletes W D U M nitxlily ihcu stialegics holurv 

2()4 lundifi)! on I he jrnuind. In cunlmM lo ihc pa^vMnjs !»Uidic^ iScll cl ni.. 2(MK•； Yu ct iiL 

205 2<K)5). tHir subjov'is had a tkviv:»cd ntxlmiiiHi iin^k* during、unplnnneit tasks. (Tiappoll 

206 and cmvurkers (fhappdl cl al.. 2007) ropurlctl IhM iVnnalo would have smaller tlc.xion 

207 angle than male nt I he end of prqxinUion stage. (Hir {xtilicipaiKs alv) iloniimslralod 

208 similar result, showing smnlkT flexion iiiu^lo durin{^ unplanned n^^ht jump <2.V" 
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iJoi!rocs* ihan planned i iphi jii_np (2*).5 clotTCO). Ii may 】iK.ica>e ihc kiuv 

210 liudin^ ；I ml lutthoi iiKToase ihe risk t>l ACI. injur>. P:iitict|xuils in our study 

211 pcrlornioil dilTcrcnlly in knee kiticmaUoi hoUvccn piannoJ and unplanned 

2 1 2 slop-jumping* la&ks itunn^ hn ward、vortical and riplil jump. The avsulU miijvsosUhI Ih j i 

213 anudpalton iMlcii wtHiUI a!levi landing manoiivor and homo il should bo ii>nsi(loicil il 

214 >i(>p-juinpinu task in i、nipl"yed during tiinciioruil iissessnKMil. 

215 

216 Nime o| the pa^vHuis &uuiie5 cvalualc kiav nHattoruil .si;ihtlity dimnp (mplanncd 

217 landing manmivirr. In prcscnl stiniy. kncv rt>(;ittonal displacx^mcnl.、vhi、,h is one ol iho 

'2JS nwjiT laxities in knoo li^amoniiHis injury alhkios. was mcasuaxi hvviiius simly 

210 (Chappcll el al,. 2007) showed lhal \hcrc was a i^'mlcr dilTervncc in kiKv nxaCion 

220 (tunny prepaniiion siapo ot vortical slop-jumping task. 'l"hc healthy suhjivis in《mr 

221 Mudy doimmsiralciJ si^'iiiticnnl decroascHl koeo kincnuilics lor unplaniioil lasks in 

112 teirward. vortiial and nghl jump. Il was hohoved I ho dilfereftcc at I ho link、ol loot 

223 Miiko may inlluciKO the landing; whidi wimld Iv im«c sla^Nlul Ui the 八ri 

224 than thai in ihc l:ikcoll_ phaso during I he Mop-junipiny (asks (liunl A Snyilor-Macklor. 

225 2<K)7). In ihe cunvnl study, wo imrnrponUeil a scries of hi^h ii>k nn^vcnicnls ACI. 

220 injury including a shaip docolcralion. sudden sti^ hndmp nwDow、vr and a suikien 

227 dwngo in dirodion. Sincc knee suNliiy is one o! I ho major coftsidcrntii>ns lo 
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22K iloicnuinc il aihlct*.̂  ctHild return u> N|K>iii alui licameni recimsiiuchon. il wiiuld K.-

22*) ol yfoal valik, for L̂ valualinv* knoc slahiliiy irf lt̂ >:imcnt aHronslmckHl :ilhknos with 

IM) I'unctional ahscssnwnl such as sti>p-jum|iine task wiih anticipaiion oi Icci. 

231 

232 ThSf liinitahon in the ixck'HI mikIy hi vol veil known drawback;* ol iiHMion analysis. 

23 ? including I ho nuivonwni of skin nurlais <Koinschmiill. van don lUwrl . Ni 卧 

234 I umlhiTi!. & \lurphy. IW7). Ihinn经 Ihc ex(x»nnk»nlal pn)aHhJiv. ilie imer-lesier cnrur 

was minimi/A'it by havinj； iho tcchiuoan plaiv I he markers ami nwasuro all 

anlhn>p(>iiKMnc- data. A sl:inJinL> iWfscI Inal lo (icflink' rcto tleguv lt>r all 

237 nunvnicnis was colloctcd lo avoid subili、misaiignmonl ol Iho kmv joint. MorccmT. as 

- / 

2.̂ 8 this sludy investi|!alcd I he anltupalidn cffecl on knee kincmnlics in hcalihy 

239 panic] pants juinping height a ad disianiv woro mrt ct>nsiikTctl. Il would bo suggesknl 

240 thai oihcr patanwicrs lollecting tunciionul stability and musclcs sucnulh such as 

241 proond reacliim iorcc and cloclromyopraphy d;Ua should ho included in tiilure %lu<lic5 

242 fi* assosinj: alhlolcs after ligmuenl itvunhductum. 

244 COM'IJ SION: 

245 lliij. study prc^viikxl specific knco kincmntics int'iirmalion diinng slop-jumping lAsk>. 

24<» especially Iho nntidpalion offoci on kiKv rotational stahililv. It was concliaknl I hat 
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an“ct|xUion would alTcci laiulinc luaiuiovcr dudng Mi>[vjun)pinv tasks l、y vhowinL* 

ditToronl kiKV kinon^alics iK'lvvoon phmnoU and unplanned Uisks in ho:iilhy inalo 

pailicipanb. Wc su卯tnUiHl thai holh planned and unplanned sli>f>jumping lâ sks 

() shouki be amsitkrod as t»no ul I he luncUtmal xsscsMnonls U> inonilor the 

iohnbilit:iii{>n pn>}!rw5 aher knee liennwnlous injuiy 
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253 

254 
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256 

257 

X 

259 

260 

261 

FU;I:KK AND TABLE CAPTIONS 

Hgiirr 1: l^bofatoiy selling planned and iinplanntHi Miifi jumping! (asks (Vorttcal 

j u m p . 八 A : r.ofward jump: A “ ’ H. U'li jump: A t oC : kijjhi luiup; A lo I)) 

Tiihltf I : PaifLtl l-losl ivsulb of knee kincnwlics on I ho aiKicipalion olTccI for all 

jiiii)|>inc direclM»ns. 

AC:KNOWLEl)(;KMIi.NTS 

lliis ivscardi pnyocl was m:uk* pin^iblc by inniipnu'nl/ri'SJMirrc* ilonnloil by Ihir 

Iloiitf Ki)ng Jockcy ( l i ib Chan lies Inisl. 
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