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Abstract 

Anterior cruciate ligament (ACL) injuries are common orthopedic injuries (Sanders et al., 

2016). Following reconstruction of the ACL a patient must be medically cleared before returning 

to full participation in sport or activities. The single-leg hop for distance test is one that is used to 

help determine a patient’s readiness to return to sport. A patient will pass this test if they achieve 

≥90% symmetry in distance jumped with each leg, although this does not always mean that the 

limbs are working in the same way to achieve this symmetrical distance. Therefore, this study 

hoped to find other measures that could be added to strengthen the single-leg hop for distance 

test. 

Kinematic and kinetic data were collected on 24 control participants and 6 ACL 

reconstructed (ACLR) participants as they performed the single-leg hop for distance test. 

Participants were asked to jump as far as they could, taking-off from one foot and landing on 

two. Hop distances were measured to calculate the hop distance limb symmetry index (LSI). 

Joint angular velocity and joint power were calculated at the hip, knee and ankle, but only the 

take-off portion of the hop was used for statistical analyses. A logistic regression was performed 

to predict participant group membership using knee joint power.  

All controls and ACLR participants achieved a 90% hop distance LSI. Although all 

participants achieved ≥90% LSI, not all participants were symmetrical across all joints. Two 

participants, 1 ACLR and 1 control had knee power correlations less than 0.4, and even though 

their power correlation scores were low, their joint angular velocity correlations were higher. 

The logistic regression classified 1 control and 1 ACLR as ACLRs, while everyone else was 

classified as a control, although it was not significant.  
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Chapter 1 

Introduction 

The anterior cruciate ligament (ACL) is a ligament that helps to stabilize the knee. 

It originates on the lateral femoral condyle and inserts on the intercondylar area of the 

tibia (Markatos, Kaseta, Lallos, Korres & Efstathopoulos, 2013).  Due to the origin and 

attachment, the main function of the ACL is as a stabilizer against anterior translation of 

the tibia which is accomplished by preventing the femur from sliding posteriorly on the 

tibia (Markatos et al., 2013; Moore, Dalley, & Agur, 2010). A tear occurs when an 

excessive tensile force is applied to the ACL (Powers, 2010; Yu & Garrett, 2007) most 

commonly through a non-contact mechanism involving a fixed foot, with the knee close 

to full extension and a sharp deceleration, during actions such as cutting or one-legged 

landing (Boden, Dean, Feagin, & Garrett, 2000; Olsen et al., 2004; Renstrom et al., 2008; 

Walden et al., 2015; Wetters, Weber, Wuerz, Schub, & Mandelbaum, 2016) but also 

through contact mechanisms such as a direct blow or contact to the leg causing a valgus 

collapse (Boden et al., 2000; Renstrom et al., 2008). Once a tear has occurred individuals 

may choose to have their ACL surgically reconstructed to help to stabilize their knee 

(Barber-Westin & Noyes, 2011). 

  Graft types for reconstruction can include allografts, harvested from a donor or 

autografts, which are harvested from the patient, and are more common (Middleton et al., 

2014). The most frequently used of the autografts is the hamstring tendon followed by the 

bone-patellar tendon-bone (BPTB) graft (Middleton et al., 2014). Both the BPTB and 

hamstring tendon autografts have shown promising long-term outcomes, while allografts 
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fail at a higher rate than autografts (Bottoni et al., 2015; Webster, Feller, Hartnett, Leigh, 

& Richmond, 2016). Whatever the choice of graft, a long rehabilitation process follows 

reconstruction.  

 Rehabilitation begins immediately following surgery, it progresses in stages and 

usually lasts 6 months to a year. The first stage lasts 1-2 months and the goal is to regain 

range of motion (ROM) and muscle function while protecting the graft (Grindem et al., 

2015; Myer, Paterno, Ford, Quatman, & Hewett, 2006; Panariello, Stump, & Maddalone, 

2016; Wilk, Reinold, & Hooks, 2003; Yabroudi, & Irrang, 2013). The next stage will last 

anywhere from 2-6 months and involves full weight bearing and neuromuscular control 

Grindem et al., 2015; van Grinsven, van Cingel, Holla, & van Loon, 2010). By the end of 

this stage patients should be able progress to muscular strength and power exercises and 

achieve 80% muscle strength on their involved leg (Grindem et al., 2015). During the 

final stage of rehabilitation patients will add quick turns and decelerations to their linear 

running (Panariello et al., 2016), and by the end should be able to complete muscle 

strength and hop tests with 90% symmetry between limbs (Grindem et al., 2015; Risberg, 

Grindem, & Oiested, 2016a; Panariello et al., 2016). Patients will move through the 

stages of rehabilitation at different rates (Yabroudi & Irrang, 2013) and despite 

completing rehabilitation patients can continue to experience deficits for some time. 

 Muscle strength deficits and an increased risk of a second ACL injury are some of 

the deficits present following ACL reconstruction and rehabilitation. Hamstring and 

quadriceps strength weaknesses are most evident immediately following surgery but will 

diminish over time (Risberg, Holm, Tjomsland, Ljunggrem, & Ekeland, 1999). If muscle 
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strength deficits remain they can magnify deficits in neuromuscular control placing the 

patient at an increased risk for a second ACL injury (Grooms & Myer, 2016; Young, 

Valladares, Loi, & Dragoo, 2016). A second ACL injury is the most devastating event 

following ACL reconstruction, and can occur either to the graft or the ACL of the 

contralateral leg (Salmon, Russell, Musgrove, Pinczewski, & Refshauge, 2005). Younger 

age and returning to high level cutting and pivoting sports increase the risk of a second 

injury, which is also at its highest in the first year following reconstruction (Faltstrom, 

Hagglund, Magnussen, Forssblad, & Kvist, 2016; Salmon et al., 2005; Sanders et al., 

2017). To reduce the risk of a second ACL injury it is important to ensure the patient is 

fully recovered prior to returning to full activity. 

 To determine if a patient is ready to return to sport a battery of tests can be used, 

these usually include functional hop tests and questionnaires (Fitzgerald, Axe & Snyder-

Mackler, 2000). The single-leg hop for distance test is one of these hop tests and is 

measured using the limb symmetry index (LSI), which is the distance hopped on the 

involved leg divided by the distance of the uninvolved leg. A passing percentage on this 

test is a LSI equal to or greater than 90% symmetry (Adams, Logerstedt, Hunter-

Giordano, Axe, & Snyder-Mackler, 2012; Thomée et al., 2012; van Grinsven et al., 2010; 

van Melick et al., 2016).  Although the LSI is what is measured clinically, lab-based 

measures have shown that even if a patient has passed the limb symmetry criteria, 

differences still exist, including decreased knee flexion, peak moments and power at the 

knee during the take-off phase of the single-leg hop (Orishimo, Kremenic, Mullaney, 

McHugh & Nicholas, 2010).  
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Therefore, the purpose of this thesis was to determine if the measures of joint 

power and joint velocity could be added to the single-leg hop for distance test so that it 

would better differentiate those individuals who should be cleared to return to full levels 

of activity from those who still have deficits and may need more rehabilitation. This 

would be achieved by determining whether joint power and velocity can differentiate 

between controls and those ACLRs who have been cleared to return to maximal activity. 

If these measures can differentiate between the two groups, then these differences, which 

may be more prominent just prior to release may give additional information for the 

decision-making process as to whether a patient should be released to return to full 

activity or not.  
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Chapter 2 

Literature Review 

2.1 Anterior Cruciate Ligament Anatomy 

The ACL is one of four main ligaments of the knee. It is a band of dense 

connective tissue, that connects the femur to the tibia (Mall, Lee, Cole, & Verma, 2013; 

Markatos et al., 2013). It also consists of two functional bundles, the anteromedial (AM) 

and the posterolateral (PL). These bundles differ in where they originate and insert and 

while the exact location of these sites changes with each individual, the AM bundle’s 

origin is more superior and posterior and the PL bundle is located more anteriorly and 

inferiorly (Luites, Wymenga, Blankevoort, & Kooloos, 2007; Petersen & Zantop, 2007; 

Zantop et al., 2005). The tibial insertion of the bundles has less variability. The AM 

bundle covers the anteromedial aspect of the tibial insertion, while the PL bundle covers 

the posterolateral aspect of the insertion site (Zantop, Petersen, Sekiya, Musahl, & Fu, 

2006). These bundles work together to help stabilize the knee (Middleton et al., 2014). 

The function/role of the AM and PL bundles through the knee’s ROM is 

determined by the differences in their attachment sites. When the knee is extended the PL 

bundle is tight and the AM bundle is lax (Petersen & Zantop, 2007; Zantop et al., 2005) 

and the origin of the PL bundle is posterior and inferior to the origin of the AM bundle 

(Zantop et al., 2006). At 90° of flexion the bundles are almost horizontal and the PL 

bundle origin site is anterior to the AM bundle (Kopf et al., 2009; Zantop et al., 2006). 

Through flexion the PL bundle loosens, the AM bundle tightens and becomes dominant 

at 90° flexion (Petersen & Zantop, 2007; Zantop et al., 2005). Overall, the main function 
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of the AM bundle is a check against tibial load when the knee is flexed (Zantop, Herbort, 

Raschke, Fu, & Petersen, 2007) and the PL bundle provides the knee with greater 

rotational stability (Kopf et al., 2009; Mall et al., 2013; Zantop et al., 2007). 

2.2 Mechanisms of Injury 

An injury mechanism is the process the body went through causing an injury, 

which in our case is an ACL injury (Whiting & Zernicke, 1998). An ACL tear occurs 

when the tensile strength of the ligament is exceeded at about 1725 N, this is less than the 

force that occurs in many athletic activities (Markatos et al., 2013; Powers, 2010; Yu & 

Garrett, 2007). Excessive tensile load on the ACL most often occurs because of a valgus 

collapse of the knee while it is near full extension (Dargel et al., 2007; Olsen, Myklebust, 

Engebretsen, & Bahr, 2004; Walden et al., 2015; Wetters et al., 2016) with the foot fixed 

(Boden et al., 2000). The injury mechanism can be either contact or non-contact. A 

contact mechanism results in an injury that occurs from a direct blow or contact to the 

leg. A non-contact mechanism, a more frequent cause of injuries, is when the tissue 

strength is exceeded with no contact made to the injured leg (Boden et al., 2000; Olsen et 

al., 2004; Kobayashi et al., 2010; Walden et al., 2015). 

Usually, non-contact injuries occur during a cutting motion or a one-legged 

landing following a jump (Boden et al., 2000; Olsen et al., 2004; Renstrom et al., 2008; 

Walden et al., 2015; Wetters et al., 2016). In both cases the knee is near full extension 

(Boden et al., 2000; Olsen et al., 2004) and experiencing a sudden deceleration (Boden et 

al., 2000; Dargel et al., 2007; Wetters et al., 2016). The leg that sustains the injury is 

usually the one the that the athlete both took off and landed on (Olsen et al., 2004). 
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Improper cutting technique can also lead to a non-contact injury and occurs to the knee of 

the push-off leg (Olsen et al., 2004; Walden et al., 2015; Wetters et al., 2016). Both 

landing and pushing-off cause the body’s COM to shift, causing the GRF vector to move 

laterally, creating a valgus moment at the knee (Powers, 2010). The valgus moment 

increases the strain on the ACL (Powers, 2010). 

ACL contact injuries occur less frequently than non-contact injuries, except for 

men’s football, hockey and wrestling, and are caused by a direct contact between two 

players (Renstrom et al., 2008). Men are more likely to sustain a contact injury than 

women (Agel, Rockwood, & Klossner, 2016). A video study of European professional 

soccer player’s injuries reported that contact injuries occurred through tackling, collision 

duels and unintentional collisions (Walden et al., 2015). Tackling was also the most 

common cause of contact ACL injury in rugby (Montgomery et al., 2016). A collision 

with the anterolateral side of the knee forces the knee into valgus collapse (i.e. the knee 

moves toward the midline of the body while the foot is planted). However, Olsen et al. 

(2004) noted that ACL injuries also occur with a blow to the anterior aspect of an 

athlete’s leg while the athlete is stationary. Valgus collapse is the most common contact 

mechanism (Montgomery et al., 2016), but varus collapse, hyperextension, change in 

direction, and a backward fall can also lead to an injury of the ACL (Boden et al., 2000; 

Wetters et al., 2016). 

2.3 Anterior Cruciate Ligament Reconstruction 

When the ACL is torn it can either be treated surgically, with reconstruction, or 

non-surgically. In the past, suture repair, where a synthetic material joins the torn 
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ligament, was also an option but it is no longer used because the repaired ACL does not 

heal well (Murray, 2009). To determine if surgery is the best option for a patient, 

surgeons will look for a history of trauma, knee laxity, instability, confirmation of a tear 

through MRI, and consider the level of activity the patient wishes to return to (Middleton 

et al., 2014; Spindler & Wright, 2008). If surgery is the best course of treatment, the goal 

of the reconstruction is to restore knee function and stability as well as the prevention of 

long-term joint degradation (Shelbourne & Gray, 2000; Tashman, Collon, Anderson, 

Kolowich, & Anderst, 2004). 

Surgeons prefer anatomic ACL reconstruction (Schindler, 2012) with emphasis on 

a native femoral footprint (Karikis, Desai, Sernert, Rostgard-Christensen, & Kartus, 

2016). The goal of anatomic reconstruction is to replicate the original ACL as closely as 

possible in tunnel placement, dimensions and collagen orientation (Karikis et al., 2016; 

van Eck, Lesniak, Schrieber, & Fu, 2010; Yasuda, van Eck, Hoshino, Fu, & Tashman, 

2011). Anatomic ACL reconstructions have better outcomes in measures of rotational and 

linear stability than non-anatomic reconstructions (Hussein, van Eck, Cretnik, Dinevski, 

& Fu, 2012), and restore the knee’s kinematics to better match those of the uninjured 

knee (Yagi et al., 2002). Reconstructions use either a single-bundle or double-bundle 

graft (Yasuda et al., 2011) and while both grafts are good at re-establishing 

anteroposterior stability, only the double-bundle restores the knee’s rotational stability 

(Bedi et al., 2010; Koga et al., 2015; Yagi et al., 2002). 

Theoretically, there is an advantage to using the double-bundle technique in 

reconstruction surgery since the tension applied to the two bundles can be different 
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thereby mimicking the differences in the native ACL AM and PL bundles (Karikis et al., 

2016). This helps the graft to restore the anteroposterior stability of the knee but also 

provides better rotational stability to the knee (Bedi et al., 2010; Koga et al., 2015; Yagi 

et al., 2002). The double-bundle reconstruction is usually recommended for those 

returning to elite sport (Professional athlete) and those wanting more rotational control 

(Middleton et al., 2014). Double-bundle reconstruction is not recommended if the patient 

has an insertion site that is less than 14mm, open physes, severe arthritic changes, bone 

bruising or multiple ligamentous injuries (Muller, Hofbauer, Wongcharoenwatana, & Fu, 

2013; Schreiber, van Eck, & Fu 2010).  

Graft types include autografts (using tissue from the patient), allografts (using 

tissue from a person who is not the patient), and synthetic grafts (using man-made 

materials). The patellar tendon, hamstring, and quadriceps are all used for autografts 

(Magnussen et al., 2012; Middleton et al., 2014; Samuelsson et al., 2013). Previously, the 

gold standard was to use a bone-patellar tendon-bone autograft (BPTB), which had the 

advantage of having bone plugs on either end (Samuelsson, Andersson, & Karlsson, 

2009; Samuelsson et al., 2013). In recent years, the hamstring tendon has become the 

most commonly used graft since it can be used in double-bundle procedures (Cruz, 

Fabricant, Seeley, Ganley & Lawrence, 2016; Middleton et al., 2014; Samuelsson et al., 

2013; Tibor et al., 2016). Whether a hamstring or BPTB graft is used, both show 

promising long-term outcomes (Webster et al., 2016). Allograft use has been increasing 

(Karlsson et al., 2011) since they have the advantage of decreased donor site morbidity 

and operative time, but also have the risk of disease transmission, and a greater failure 
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rate (Edgar, Zimmer, Kakar, Jones, & Schepsis, 2008; Kane, Wascher, Dodson, 

Hammoud, Cohen, & Ciccotti, 2016; Schreiber et al., 2010). Allografts are also a good 

option for revision surgeries where autograft options are exhausted (Shaerf, Pastides, 

Sarraf, & Willis-Owen, 2014). Tibialis anterior, tibials posterior, Achilles, hamstring or 

patellar tendon are all options for an allograft (Duchman, Lynch, & Spindler, 2017). 

There was hope that synthetic grafts would be a good alternative to the autograft or 

allograft, but the clinical results were poor with a high failure rate (Grontvedt et al., 

1996). 

2.4 Rehabilitation Protocol and Return to Sport Timeline 

Rehabilitation following ACL reconstruction is important to return the patient to 

their pre-injury level of performance (Panariello et al., 2016). To do this safely and 

effectively most rehabilitation protocols have three or four stages where the goals of one 

stage must be met before progressing to the next. Rehabilitation begins before the 

surgery, with patient education and a preoperative rehabilitation plan (Risberg et al., 

2016a; Wilk & Arrigo, 2016). Following surgery, rehabilitation begins with regaining 

knee range of motion and progresses to sport specific tasks before the patient is ready to 

return to their sport.  

Rehabilitation for an ACL reconstruction begins immediately after injury, this 

preoperative rehabilitation phase can be critical to the success of the reconstruction 

(Failla et al., 2016). It also serves to physically and psychologically prepare the patient 

(Wilk & Arrigo, 2016) and the gains made will maintain themselves after surgery 

(Hartigan, Axe, & Snyder-Mackler, 2009; Risberg et al., 2016a). The goal of pre-
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operative rehabilitation is to reduce pain and swelling of the knee, regain ROM and 

maintain a normal gait pattern, to strengthen muscles, especially the quadriceps, and to 

restore neuromuscular control (Makhni et al., 2016; Malempati, Jurjans, Noehren, 

Ireland, & Johnson, 2015; Risberg et al., 2016a; Wilk & Arrigo, 2016; Wilk et al., 2003). 

During this phase prior to surgery it is also important to educate the patients about the 

long rehabilitation process they endure after their surgery. It is important that this 

education piece promotes realistic expectations of the process, emphasizes the 

importance of regaining muscle strength, and reducing risk factors of re-injury as well as 

give information about the long-term outcomes (Risberg et al., 2016a).   

Following surgery, patients begin the six to twelve month, or longer, 

rehabilitation process. The first stage begins immediately following surgery and lasts 

about 2 months. During this stage, it is important to protect the graft but also to reduce 

pain and swelling which will help regain ROM and muscle function (Grindem et al., 

2015; Myer et al., 2006; Panariello et al., 2016; Wilk et al., 2003; Yabroudi, & Irrang, 

2013). In the next stage, neuromuscular control and full weight bearing are emphasized 

and when a reduction in pain and swelling allows there can be a progression from 

muscular endurance to more strength and power exercises (Grindem et al., 2015; Makhni 

et al., 2016; Panareillo et al., 2015; van Grinsven et al., 2010). By the end of this 2-6 

month period the involved leg should have 80% of their uninvolved leg’s muscle strength 

and can hop on their involved leg (Grindem et al., 2015). Once these goals are met the 

patient can move onto the final phase before return to sport. This final phase will last 

anywhere between 6 and 12 months. Ideally 90% of strength and jumping ability will be 
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regained (Grindem et al., 2015; Risberg et al., 2016a), limb strength and power 

production will be increased, decelerations and quick turns can be added to linear 

running, and sport skill reacquisition can begin along with other sports specific training 

(Myer et al., 2006; Panariello et al., 2016; van Grinsven et al., 2010). 

The rate at which one moves through the stages will be dependent on the patient 

as well as the type of graft they received, surgeon preferences and associated injuries 

(Yabroudi & Irrang, 2013). There are a variety of tests to help determine if a patient is 

ready to return to sport, and often the patient must pass one or more of these tests before 

being cleared to play. No specific tests are used in all cases but many compare the 

involved and uninvolved limbs (Panariello et al., 2016). Hop tests and isokinetic tests are 

common comparison tests (Cascio, Culp, & Cosgarea, 2004). Once the patient has been 

cleared to play they should slowly make their way back into competition starting with 

light and then full practices and they should not experience any pain or swelling before 

moving on to full competition (Yabroudi & Irrang, 2013). Most athletes will reach the 

return to sport phase 6 to 12 months following surgery, some may return as early as 4-6 

months, while some will take longer or never return to the same level of competition 

(Ardern, Webster, Taylor, & Feller, 2011). 

2.5 Deficits Following ACL Reconstruction 

Deficits following ACL reconstruction are present immediately following 

surgery. Some of these deficits will abate, while others may be present for an extended 

time. Following surgery both hamstring and quadriceps’ weakness will be present, 

hamstring strength deficits will be more pronounced following surgery with a hamstring 
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graft whereas quadriceps strength deficits will be increased following BPTB 

reconstruction (Petersen, Taheri, Forkel & Zantop, 2014; Thomée et al., 2012; Urhausen 

et al., 2016). Weakness in these muscles can be detrimental because the hamstrings help 

to stabilize the knee (Petersen et al., 2014) and the quadriceps help to distribute loads 

across the knee (Palmieri-Smith & Thomas, 2009). One of the reasons for the deficits in 

strength is the atrophy that occurs due to inactivity (Thomas, Wojtys, Brandon, & 

Palmeiri-Smith, 2016). Most of these strength deficits will diminish with time, although 

this can take years (Risberg et al., 1999). These deficits in strength can magnify the 

deficits in neuromuscular function leading to instability that are associated with the ACL 

tear (Grooms & Myer, 2016; Young et al., 2016) and can be a predictor of knee re-injury 

(Grindem, Snyder-Mackler, Moksnes, Engebretsen, & Risberg, 2016)..  

The uninjured limb may also exhibit deficits following an ACL tear and 

subsequent surgery. Some deficits are a decrease in the peak knee moment generated in 

single-leg squat jumps and an increase in knee extension and plantar flexion during take-

off (de Fontenay, Argaud, Blache, & Monteil, 2015). de Fontenay et al. (2015) found that 

both jump distance and jump height of the uninvolved legs of patients after ACL 

reconstruction were lower than the distances and heights obtained by a control group 

completing the same tasks. Individuals may become too focused on regaining strength in 

their involved limb during rehabilitation and may not be as active as they were prior to 

injury, causing a detraining effect (de Fontenay et al., 2015). Another complication of 

ACL injury and surgery includes the increased risk to tearing the contralateral ACL that 

follows the initial reconstruction (Paterno, Rauh, Schmitt, Ford, & Hewett, 2014).  
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A second ACL tear is a devastating event following an ACL reconstruction 

(Sanders et al., 2017; Wright, Magnussen, Dunn, & Spindler, 2011). A second injury will 

require the patient to go through another long process of surgery and rehabilitation 

(Wright et al., 2011). The risk of a second ACL tear to either the graft or the ACL on the 

contralateral leg is increased following the initial ACL surgery with injury to the 

contralateral leg occurring slightly more frequently than injury to the graft (Paterno, 

Rauh, Schmitt, Ford, & Hewett, 2012; Schlumberger et al., 2017; Wasserstein et al., 

2013; Wiggins et al., 2016; Wright et al., 2011). Although this risk is highest in the first 

year following surgery, the risk remains increased for five years (Paterno et al., 2012; 

Salmon et al., 2005; Schlumberger et al., 2017). Younger age at the time of the initial 

injury and return to high level sport, especially sports that require cutting and pivoting, 

are factors that increase the risk (Faltstrom et al., 2016; Sanders et al., 2017; Webster, 

Feller, Leigh, & Richmod, 2014; Wiggins et al., 2016; Yabroudi et al., 2016). Although 

patient sex is not a factor in whether the risk of a second injury is increased (Desai et al., 

2016; Yabroudi et al., 2016), females more frequently suffer an injury to their 

contralateral ACL than males (Paterno et al., 2014). Potential biomechanical risk factors 

are not as clear but one study did find that the hip internal rotation moment, the knee 

valgus and sagittal plane knee moments during landing predicted a second ACL injury 

(Paterno, 2015; Paterno et al., 2010). Due to the devastating nature of a second injury it is 

important to reduce the risk by ensuring the patient is fully recovered prior to returning to 

activity. 



 

 

15 

 

2.6  Osteoarthritis 

Osteoarthritis (OA) is a degenerative joint disease that is a long-term consequence 

of ACL rupture and is characterized by exposed bone surfaces and narrowing of the 

tibiofemoral joint space (Louboutin et al., 2009). A study of female soccer players who 

had undergone ACL reconstruction found that 56% of the participants had radiographic 

OA and of those 46% were symptomatic 12 years after their ACL tear (Lohmander, 

Ostenberg, Englund, & Roos, 2004). A 20-year follow-up study found 25% of 

participants experienced symptomatic tibiofemoral OA, which was 41% of the 

participants that had radiographic OA (Risberg et al., 2016b). Teenagers and young 

adults are the main recipients of ACL reconstruction surgery and, therefore, OA can 

present itself in these patients while they are still relatively young, during middle age, and 

show a prevalence of symptomatic OA much greater than those of a similar age (Losina 

et al., 2013; Palmieri-Smith & Thomas, 2009; Risberg et al., 2016b) 

 

2.7 Hop Tests in the Rehabilitation Protocol 

The single-leg hop test can be used as an indicator of deficits following ACL 

reconstruction. It can be indicative of quadriceps weakness and can be used as quick and 

inexpensive way to get information on the strength of the hamstrings and quadriceps 

(Orishimo et al., 2010; Sekiya, Muneta, Yagishita, & Yamamoto, 1998; Xergia, Pappas, 

& Georgoulis, 2014). However, its most frequent use is as a functional evaluation tool 

(Cascio et al., 2004; Tengman Grip, & Hager, 2015). The goal of a functional test is to 

place the injured knee in conditions similar to those that it will undergo in sports 

activities by assessing agility, balance, strength and proprioception (Morris, Hulstyn, 
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Fleming, Owens, & Fadale, 2016; Shaw, Chipchase & Williams, 2004). The single-leg 

hop challenges knee control (Button, Roos, & van Deursen, 2014) by requiring a 

coordinated movement of multiple segments of the lower body and, therefore, the single-

leg hop can assess more than one joint (Orishimo et al., 2010). The assessment of 

coordinated movement across joints is important because these are the movements the 

patient will perform when they return to sport.  

Single-leg hop tests are also used as criteria to return to sport (Petersen & Zantop, 

2013). In order to return from sport, the Limb Symmetry Index (LSI) of the hop test, a 

ratio of the distance hopped by both legs, should be greater than 90%, suggesting that the 

invovled leg has at least 90% of the coordinated strength of the uninvolved leg (Adams et 

al., 2012; Thomée et al., 2012; van Grinsven, van Cingel, Holla, & van Loon, 2010; van 

Melick et al., 2016). Anything below the LSI of 90% is considered abnormal and 

suggests that an impairment still exists that might put the patient at an increased risk of 

injury upon their return to sport (Augustsson, Thomée, & Karlsson, 2004). For those that 

are returning to a pivoting or contact sport it is suggested that an LSI of 100% should be 

obtained due to the increased risk of a second ACL injury in those sports (van Melick et 

al., 2016). Although LSI can suggest that deficiencies exist in the limb, it cannot be used 

as a diagnostic tool to tell you where the deficiencies exist (Noyes, Barber, & Magine, 

1991). 

2.8 Measures of the Single Leg Hop 

In a clinical setting the most frequently used criterion for assessing asymmetries 

using a single-leg hop test is the limb symmetry index (LSI) (Tengman et al, 2015; 
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Thomée et al., 2012). The LSI involves measuring how far a patient can jump with both 

the involved and uninvolved legs, then dividing the distance jumped with the involved 

leg by the distance jumped with the uninvolved leg, and multiplying by 100 (Gokeler et 

al., 2010; Thomée et al., 2012). The goal is to have an LSI of ≥90% (Adams et al., 2012; 

Thomée et al., 2012; van Melick et al., 2016). In most cases following ACL 

reconstruction patients can jump further with their uninvolved leg than their involved leg 

(Thomée et al., 2012; Trigsted, Pose & Bell, 2017; Zwolski, Schmitt, Thomas, Hewett & 

Paterno, 2016), but cannot jump as far as controls (Button et al., 2014; de Fontenay et al., 

2015; Zwolski et al., 2016). Gokeler, Welling, Zaffaginini, Seil, and Padua (2017) found 

that 78.6% of patients achieved a LSI of 90% or greater around the 6.5-month mark post-

surgery. Although the accepted LSI may be achieved, it does not mean the way in which 

the limbs are achieving this is the same between legs, these differences can be seen in 

lab-based measures (Orishimo et al., 2010).  

In a laboratory setting, patients with reconstructed ACLs demonstrate less knee 

flexion during landing on their involved limb compared to their uninvolved limb 

(Orishimo et al., 2010; Tengman et al., 2015; Trigsted et al., 2017). The same 

relationship, less knee flexion, is seen during the take-off phase of the jump (Orishimo et 

al., 2010). Orishimo et al. (2010) found that the decrease in ROM occurred at both the hip 

and ankle joints in take-off and landing while Trigsted et al. (2017) did not see a 

reduction in ankle ROM in the involved limb during landing, but did see this reduction at 

the knee and hip and Button et al. (2014) only saw a reduction in ROM at the knee.  
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Another measure of the single-leg hop is frequently measured in a laboratory 

setting is the joint moment. In the literature there are some differences in the results 

found for the lower limb moments during landing. Some studies have reported decreased 

knee flexion and extension moments in the involved limb compared to the uninvolved 

limb (Oberlander, Bruggemann, Hoher, & Karamanidis, 2013; Trigsted et al., 2017) 

while others have reported a reduction in the hip extension moment (Button et al., 2014; 

Trigsted et al., 2017). In contrast, patients in Orishimo et al. (2010) did not exhibit any 

significant differences in peak moments in the lower limb during landing. In a study that 

measured moments during take-off, the involved limb exhibited decreased peak moment 

at the knee while moments at the hip and ankle were higher (Orishimo et al., 2010). 

Aside from the joint moment, peak power, location of centre of mass (COM) 

relative to the location of the knee and ankle joint, and ground reaction forces (GRF) are 

all measures that have been tested to a lesser extent. The peak power generated at take-off 

and absorbed at landing is lower for the involved knee but higher for the hip and ankle 

when compared to the uninvolved limb during take-off and landing (Orishimo et al., 

2010). Male subjects (Tengman et al., 2015) show a smaller COM displacement in the 

involved limb during the take-off phase of a single-leg hop, but females do not show this 

difference. There are also some differing results when it comes to GRF during landing. 

One study shows a 5% lower GRF force in the involved leg (Oberlander et al., 2013), but 

there is also a study that does not show any differences in the GRF between the limbs 

(Orishimo et al., 2010). In the take-off phase of the jump there is no difference in the 

GRF between the involved and uninvolved limbs (Orishimo et al., 2010). These 
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differences in the lower limb kinematics and kinetics, such as decreased knee power 

(Orishimo et al., 2010), moments (Oberlander et al., 2013; Orishimo et al., 2010) and 

range of motion and flexion angles (Orishimo et al., 2010; Tengman et al., 2015; Trigsted 

et al., 2017) in the involved legs are present even though the participants would be 

released to full sport participation and had achieved a LSI of greater than 85%. These 

kinematics and kinetic variables can only be collected using expensive motion capture 

systems and force plates and they do not correlate well with LSI measures, suggesting 

that objective measures in addition to the LSI are needed. It is possible that kinematic 

measures in the future could be collected with inexpensive sensors and could be used to 

obtain these measures of leg asymmetry (Xergia et al., 2014). 
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Chapter 3 

Methods 

3.1 Participants 

A control group (n=24) was taken from a previously collected data set. This group 

included 12 males and 12 females and had an average age, height and weight (standard 

deviation) of 21.5(2.4) years, 1.7(0.10) m and 72.6(13.10) kg. The control participants 

had an average Tegner Activity Level score of 7.2(1.2), scores for the Tegner ranges 

from 0-10, where 0 means sick leave or disability and 10 means competing in 

competitive sport at a national level. Inclusion criteria for the controls was that they were 

between the ages of 18 and 28. Exclusion criteria included any previous knee injury and 

any current lower limb or back injuries at the time of participation. 

An ACL reconstructed group (ACLR) was recruited. Inclusion criteria for the 

ACLR group was that they were between 18 and 28 years old, were a minimum of 6-

months post-surgery, and cleared for participation in maximal activity following a single 

ACL reconstruction. Exclusion criteria for the ACLR group included those who had any 

knee injury independent of the one ACL injury or any current lower body injury. First, a 

letter was mailed to them describing the study and inviting them to participate and then 

follow-up phone calls were made to those who did not respond to the letter. A total of 9 

participants came in for testing, although 3 were excluded from processing because it was 

determined at the time of testing that they did not fit the inclusion criteria. The 6 

remaining ACLR participants included 2 males and 4 females, were an average 

21.5(2.43) years, 1.79(0.07) m in height, 82.02(13.59) kg in weight and had an average 
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post-surgery Tegner Activity Level score of 6.83(1.83). They were on average 17.8(8.63) 

months post-surgery.  

3.2 Instrumentation 

 Kinematic data for both the controls and ACLRs were collected using 13 Oqus 

300 cameras (Qualisys AB, Gothenburg, Sweden) sampling at 200Hz. An AMTI in-

ground force plate (AMTI, Watertown, MA, USA) measured ground reaction forces, 

which was also sampled at 200 Hz. Kinematic and ground reaction force data were 

sampled at 120 Hz for one of the ACLR participants, this was because it was the sample 

rate of the inertial motion units (IMU) that were originally going to be used during 

collection.  

3.3 Procedure 

3.3.1 Preparation 

 The experimental protocol was approved by Queen’s General Research Ethics 

Board (Appendix A). Participants gave their informed consent and then completed two 

questionnaires (Appendix B and Appendix C), the ACL Quality of Life Questionnaire 

(ACL-QOL) and the Tegner Activity Level Scale (Briggs, Lysholm, Tegner, Rodkey, 

Kocher & Steadman, 2009; Mohtadi, 1998; Tegner & Lysholm, 1985). The ACL-QOL 

questionnaire has a final score out of 100, the higher the score the better, average scores 

for those 12-months and 24-months post-reconstruction are 67.3 and 81.5 respectively 

(Heard, Lafave, Kerslake, Hiemstra & Buchko, 2015). The Tegner Activity Level Scale 

is a score from 0 to 10, 0 being on sick leave or disability and 10 being active in 

competitive sports such as soccer or rugby at a national, elite level. Following the 
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questionnaires, height and weight were measured. Their ACL surgery date was confirmed 

and information was gathered on the date of the initial ACL injury, which leg was 

involved, the graft type, and leg dominance.  Participants were then instrumented with 42 

reflective markers on their lower body using marker instrumented rigid bodies and free 

markers on anatomical landmarks, Figure 1. 

 

Figure 1: Marker placement, front, side and back views  

 

  



 

 

23 

 

3.3.2 Single-Leg Hop Test 

 The goal of the single-leg hop test was to determine the participants maximal hop 

distance. Participants were barefoot and could do whatever they wanted with their arms 

when completing the hop. They were asked to jump as far as they could, using their 

maximal effort, taking off on one leg and landing on both feet without losing their 

balance. Participants familiarize themselves with the test by doing 2-3 practice trials. 

They then completed between 3 and 8 maximal hops with each leg. With each jump, the 

new maximum distance was approximated by marking their jump distance with a piece of 

tape on the floor. The number of trials completed varied and was determined by the 

distance jumped. After 3 trials, the first instance when they jumped less than their current 

maximum was the last trial for that leg. Trials were excluded if the participant did not 

maintain their balance during landing or if data was missing (ex. A marker was not 

visible during the trial). This method for number of trials was used to help ensure the 

participants reached their actual maximum distance. Only the trial with the largest hop 

distance was considered for processing.  

 The initial jumping leg was randomized, following which participants alternated 

the leg from which they hopped. Between trials participants were given at least 30 

seconds of rest, more if needed, before continuing onto the next trial. Distance hopped 

was measured from the heel position at take-off to the heel position at landing.  
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3.4 Analysis 

3.4.1 Data Processing: Visual 3D 

 Force plate and motion data were exported from Qualisys Track Manager as .c3d 

files for processing in Visual3D (Version 5 C-motion, Germantown, MD, USA).  In 

Visual3D a custom pipeline was created where joint angular velocities and joint powers 

were calculated for the hip, knee and ankle joints. These data were exported as .mat files 

for continued processing in MATLAB.  

3.4.2 Data Processing: MATLAB 

Only the trial with the maximum distance jumped was analyzed. The trial with the 

maximal jump distance was determined by computing the horizontal displacement of the 

heel marker. The trial that contained the maximum distance jumped was recorded for 

each leg. 

The .c3d files, which contained all the jumping trials for both legs, were loaded 

into MATLAB (R2017a, Mathworks, Nantick, MA) and the maximum jump trial for 

each leg was extracted from the other trials. Missing data at the beginning and end of the 

trials were deleted and the remaining missing data were interpolated using a cubic spline 

interpolation. Next, the data were filtered using a lowpass Butterworth filter with a 6Hz 

cut-off as determined by residual analysis (Appendix D). 

Since the jump distance is dependent on the take-off, only the take-off portion of 

the hop was analyzed. The end of the take-off was defined as the first frame where the 

vertical ground reaction force (GRFv) was equal to or less than 0N. The start of the take-

off phase was defined by traversing the GRFv backward in time to the first point where 
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the GRFv signal crossed the line of body weight, determined by taking the average GRFv 

values of the first 50 frames Figure 2.   

 

Figure 2: The waveform between the dashed vertical lines indicates the data that 

was kept. The first vertical line indicates the first crossing of line of body weight 

working back from the maximum GRFV, second vertical line is where GRF ≤ 0, the 

horizontal dotted line is body weight. 

Once the take-off phase was identified the data were time normalized to 100 

frames, the average number of frames of the take-off prior to normalization was 104. To 

compare trials the root mean square of the difference between legs was calculated and 

cross-correlations were performed on joint angular velocities and joint powers between 

legs for the hip, knee and ankle joints. This gave 6 RMS (3 joints, by velocity & power) 

and 6 cross-correlation outcome measures.  
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Equation 1: Cross- correlation equation, where 𝝆𝝆(𝑨𝑨,𝑩𝑩) is the cross-correlation of 

the signals A and B 

𝜌𝜌(𝐴𝐴,𝐵𝐵) =
1

𝑁𝑁 − 1
��

𝐴𝐴𝑖𝑖 − 𝜇𝜇𝐴𝐴
𝜎𝜎𝐴𝐴

�
𝑁𝑁

𝑖𝑖=1

�
𝐵𝐵𝑖𝑖 − 𝜇𝜇𝐵𝐵
𝜎𝜎𝐵𝐵

� 

where μA and σA are the mean and standard deviation of A, respectively, and μB and σB 
are the mean and standard deviation of B. 
 
 

3.4.3 Data Processing: Excel 

 Limb symmetry indices (LSI) for jump distance were calculated in Microsoft 

Excel (2016). For controls the LSIs were calculated as the distance jumped on the non-

dominant divided by the distance jumped on the dominant leg, multiplied by 100. For the 

ACLR group the LSIs were calculated as the distance jumped by the involved leg divided 

by the distance jumped on the uninvolved leg, multiplied by 100.  

3.5 Data Reduction 

 Scatterplots were created in MATLAB to help to decide which outcome variables 

might best differentiate the ACLR group from the control group (Figure 3 and Figure 4). 

From these it was determined that the RMS scores did not differentiate well, and that the 

power correlations may show some differentiation.  
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Figure 3: Scatterplots hip, knee and ankle angular power and velocity correlations. 

(ACLR = black diamonds, control = circle) 
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Figure 4: Scatterplots of hip, knee, ankle angular power and velocity RMS. ACLR = 

black diamonds, control = circle) 

3.6 Statistics 

3.6.1 Logistic Regression 

 SPSS, version 24 (IBM Corporation, Armonk, NY, USA) was used for the 

statistical analyses. As determined by the scatterplots, the correlations of the joint angular 

power at each joint were entered sequentially into the logistic regression. This helped to 

determine which model best fit the data. The first block included the knee power 

correlation, the second block added the ankle power correlation, the third block added the 

hip power correlation, and the fourth block added LSI. Based on the outcome of the first 

block of the model, knee power correlation, adding knee power correlation to the model 
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significantly improved it over a model that has no predictors. The addition of ankle 

power correlation improves upon the previous model, but the addition of hip power 

correlation and LSI do not have much effect on the outcome of the model, therefore knee 

and ankle power correlation were initially entered into the main logistic regression.  

However, it was shown that 23 of 30 DFbeta scores (the difference between the 

regression coefficient of all the data, and the coefficient calculated with one case 

excluded) for ankle power correlations were greater than 1, which meant that those cases 

exerted a large influence over the parameters of the of the regression model (Field, 2013). 

Therefore, in the final regression only knee power correlation was included. 
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Chapter 4 

Results 

4.1 Limb Symmetry Indexes 

 All the controls had limb symmetry index scores of greater than 90% for the 

distance jumped. Twelve of the controls jumped further with their dominant leg, 9 

jumped further with their non-dominant leg, and 3 jumped the same distance on each leg. 

All participants in the ACLR group also had limb symmetry index scores of greater than 

90% for the distance jumped. Three of the ACLRs jumped further with their involved leg 

and 3 further with their uninvolved leg. Mean and SD of LSI scores are shown in Table 1. 

Table 1: Mean and standard deviation of the Limb Symmetry Index scores (%) for 

control and ACLR groups 

 Control ACLR 

Mean 99.94 99.52 

SD 4.08 3.17 

  

4.2 Cross-correlations 

The results showed that the cross-correlations for the knee and ankle angular 

velocities and hip and ankle joint power for the ACLR participants were above 0.8. There 

was a wider range of cross-correlation values for the controls. One participant in the 

ACLR group had a knee power correlation less than 0.4. All participant correlations can 

be seen in Table 2 and Table 3. 
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Table 2: Control participant joint angular velocity and power correlations at the 

hip, knee and ankle 

  Hip Knee Ankle 

Participant 

Number 

Participant 

Code 

Angular 

Velocity 
Power 

Angular 

Velocity 
Power 

Angular 

Velocity 
Power 

1 P01 0.88 0.82 0.86 0.84 0.90 0.83 
2 P02 0.98 0.95 0.99 0.95 0.99 0.97 
3 P04 0.98 0.98 0.99 1.00 0.99 0.99 
4 P05 0.34 0.81 0.90 0.84 0.98 0.97 
5 P07 1.00 0.99 0.99 0.91 1.00 0.99 
6 P08 0.93 0.82 0.98 0.97 0.98 0.97 
7 P09 0.92 0.95 0.94 0.94 0.96 0.93 
8 P10 0.93 -0.31 0.59 0.39 0.79 0.67 
9 P12 0.98 0.95 0.99 0.97 0.99 0.98 
10 P13 0.94 0.94 0.94 0.68 0.97 0.95 
11 P14 0.89 0.82 0.98 0.94 0.98 0.98 
12 P15 0.90 0.65 0.99 0.75 0.94 0.92 
13 P16 0.98 0.93 0.97 0.84 0.97 0.96 
14 P17 0.97 0.92 0.96 0.98 0.99 0.98 
15 P18 0.97 0.92 0.97 0.93 1.00 1.00 
16 P19 0.99 0.98 0.99 1.00 0.99 0.99 
17 P20 0.95 0.64 0.98 0.98 0.97 0.96 
18 P21 0.96 0.94 1.00 1.00 0.98 0.97 
19 P22 0.97 0.95 0.85 0.86 1.00 1.00 
20 P23 0.95 0.94 0.98 0.98 0.98 0.97 
21 P24 0.96 0.85 0.98 0.95 0.95 0.91 
22 P25 0.95 0.91 0.93 0.93 0.98 0.94 
23 P26 0.84 0.22 0.87 0.80 0.96 0.94 
24 P27 0.85 0.95 0.91 0.85 0.98 0.98 
 Mean 0.89 0.81 0.94 0.89 0.97 0.95 

 SD 0.17 0.29 0.04 0.13 0.04 0.07 
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Table 3: Control participant joint angular velocity and power correlations at the 

hip, knee and ankle 

  Hip Knee Ankle 

Participant 

Number 

Participant 

Code  

Angular 

Velocity 
Power 

Angular 

Velocity 
Power 

Angular 

Velocity 
Power 

1 P40 0.79 0.94 0.87 -0.36 0.98 0.98 

2 P41 0.97 0.97 0.92 0.97 0.99 0.98 

3 P43 0.95 0.88 0.96 0.98 0.99 0.99 

4 P44 0.96 0.93 0.92 0.82 0.99 0.97 

5 P45 0.95 0.84 0.87 0.78 0.99 1.00 

6 P46 0.88 0.84 0.91 0.48 0.98 0.99 

 Mean 0.92 0.90 0.91 0.61 0.99 0.99 

 SD 0.07 0.06 0.03 0.51 0.00 0.01 

 

4.3 Logistic Regression 

The logistic regression that included only knee power classified 23 of 24 controls 

as controls and one as an ACLR. Five of 6 participants in the ACLR group were also 

classified as controls, the remaining ACLR was classified as an ACLR. The results of the 

logistic regression were non-significant (p=0.112). 
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Table 4: Coefficients of the model predicting whether a participant was control or 

ACLR [95% BCa bootstrap confidence intervals based on 1000 samples] 

 b 95% CI for Odds Ratio 

  Lower Odds Upper 

Included      

Constant 1.55 

[-5.79,11.95] 

   

Intervention -3.66 

[-16.67,4.38] 

0.00 0.026 2.35 

Note. R2= .143 (Hosmer & Lemeshow) .133 (Cox & Snell) .211 (Nagelkerke). Model 

𝜒𝜒2(1) = 4.29, p=.112.  

 

4.4 Case 1: Participant 40, Classified as an ACLR 

 Participant 40, an ACLR participant, was classified as an ACLR by the logistic 

regression based on a knee power correlation that was -0.359, this was also the only 

negative correlation for the ACLR participants. Participant 40 also had the lowest 

correlation of all of the ACLR participants for hip velocity, knee velocity and ankle 

velocity, which were 0.789, 0.867 and 0.982 respectively. Figure 5 shows hip, knee and 

ankle power throughout the take-off phase of the hop of both the involved and 

uninvolved leg.  

 Participant 40 also had the worst LSI of all the ACLRs, 94.11%, although this is 

still less than a 10% difference between legs and would be considered an acceptable 

score. This participant was 34.6 months post-surgery with a petellar tendon graft, scored 

67.4%  on the ACL-QOL questionnaire and had a score of 9 on both of the pre-injury, 

and post-reconstruction Tegner Activity Level.  
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4.5 Case 2: Participant 10, Classified as an ACLR 

 Participant 10 was the only control participant classified by the regression as an 

ACLR, due to the low knee power correlation, 0.392. The knee velocity correlation had a 

moderate relationship, 0.590, which was the lowest of all the control participants. 

Participant 10 also had the lowest correlations of all controls for ankle velocity, 0.794, 

hip power, 0.392, and ankle power, 0.973 as well as the second lowest correlation for hip 

velocity which was 0.392. Figure 6 shows hip, knee and ankle power throughout the take-

off, while Figure 7 shows hip, knee and ankle angular velocity across the take-off, see 

Appendix F for additional plots. 

 Participant 10 achieved a LSI score of 98.77%, and scored themselves as a 7 on 

the Tegner Activity Level. 
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Figure 5: Participant 40 hip, knee and ankle power, involved and uninvolved leg 

(black solid line= uninvolved leg, grey dashed line= involved leg) 
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4.6 Case 3: Participant 46, Low Knee Correlation 

  Participant 46 was not classified as an ACLR, but had a lower knee power 

correlation, 0.48, compared to the other ACL participants classified as controls. Despite 
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Figure 6: Participant 10 hip, knee and ankle power, non-dominant and dominant leg 

(black solid line= dominant leg, grey dashed line= non-dominant leg) 

Figure 7: Participant 10 hip, knee and ankle angular velocity, non-dominant and 

dominant leg (black solid line= dominant leg, grey dashed line= non-dominant leg) 
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the lower knee power correlation, knee velocity correlation was high, 0.908. The hip 

power correlation was the lowest of all ACLR participants at 0.835, but nothing else 

stood out in terms of hip velocity or ankle velocities and powers. Figure 8 shows hip, 

knee and ankle power throughout the take-off phase of the hop of both the involved and 

uninvolved leg, see Appendix F for additional plots.  

 The LSI for their jump distance was 99.99% indicating that distance jumped of 

the involved and uninvolved legs were identical. This participant was the most recent out 

of surgery at 10.7 months with a hamstring graft. Tegner Activity level scores did 

decrease following reconstruction, from a 9 pre-injury to a 7. Their ACL-QOL was 

73.14%. 
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Figure 8: Participant 46 hip, knee and ankle power, involved and uninvolved leg 

(black solid line= uninvolved leg, grey dashed line= involved leg) 



 

 

37 

 

Chapter 5 

Discussion 

The purpose of the study was to determine if there were measures other than LSI 

that could be added to the single-leg hop for distance test to better differentiate those 

individuals who should be cleared to return to sport following ACL reconstruction and 

those who should continue with rehabilitation.  

 Hop tests including the single-leg hop, are considered to be clinically normal if 

the LSI is ≥ 90% (Augustsson et al., 2004; Gustavsson et al., 2006; Thomée et al., 2011; 

Thomée et al., 2012; van Melick et al., 2016). Based on this we might assume that the 

way in which both limbs achieve this ≥ 90% hop distance LSI are similar. The results 

indicated that even though all ACLR participants achieved the 90% LSI, the way in 

which that LSI was achieved could differ, as indicated by the low knee power 

correlations of -0.359 and 0.480 for two participants. This pattern has been seen in the 

literature. Orishimo et al. (2010), saw differences in hip, knee and ankle ROM between 

limbs and that peak knee power and peak knee extension of the involved limb was less 

than that of the uninvolved limb at take-off, although in their case a LSI of ≥85% was 

used. Trigsted, Bell and Post (2017) also noted differences in limb kinetics and 

kinematics during the landing of the single leg hop test this time using a LSI of ≥90%. 

Their participants were up to 4 years post-surgery and had less knee and hip flexion in the 

involved limbs compared to the uninvolved limbs.  

 Differences between limbs still exist even once patients have achieved a clinically 

normal LSI for hop distance. This may suggest that a cut-off of 90% LSI may not be 
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enough. This would not be the first time that the standard has changed. Originally, it was 

determined that an LSI of 85% would be satisfactory because 93% of healthy participants 

were able to reach an 85% LSI in hop tests (Barber, Noyes, Mangine, McCloskey, & 

Hartman, 1990). Although at the time Barber et al. (1990) suggested that a 90% LSI may 

be advantageous even though only 81% of the healthy population was able to achieve that 

level of symmetry. So perhaps raising the LSI to a 95% cut-off would be able to better 

discriminate those who are ready to return to sport. This would mean that one ACLR 

participant with <95% LSI would not have passed the criteria, this is also the participant 

that had a low knee power correlation, -0.34. A 95% may be a good choice for cut-off 

because it was found that patients who successfully returned to sport following ACL 

reconstruction had a mean hop test score of 95% (Fitzgerald et al., 2000). 

 While differences were observed in the kinetics even though participants were 

considered clinically normal based on LSI scores, these differences did not present when 

looking at the joint angular velocity correlations. The ACLR participants who had the 

lowest knee power correlations -0.359 and 0.480 had knee angular velocity correlations 

that were much higher 0.867 and 0.908 respectively (Figure 9 and Figure 10). This 

asymmetry in kinetics while symmetrical kinematics is one that has been noted in an 

amputee population during a cycling task (Childers & Kogler, 2014). When adjusting the 

crank length of the pedal, therefore producing kinematic movement that was symmetrical 

the kinetic differences that were seen between limbs prior to this adjustment were still 

present. Another example of this relationship is found in ACL patients who had passed a 

return to sport criteria which included a quadriceps strength index, four hop tests at 90% 
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LSI and 2 questionnaires, where asymmetries were present in knee kinetics but not knee 

kinematics in gait (Di Stasi, Logerstedt, Gardiner & Snyder-Mackler, 2013). In this same 

study those who did not meet the full return to sport criteria had asymmetries in both 

kinetics and kinematics.  

 

Figure 9: Participant 40, knee joint power and joint angular velocity of the involved 

and uninvolved limb (black solid line = uninvolved leg, grey dashed line = involved 

leg) 
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Figure 10: Participant 46, knee joint power and joint angular velocity of the 

involved and uninvolved limb (black solid line = uninvolved leg, grey dashed line = 

involved leg)  
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of 85%, although LSI’s ranged from 87-99%. Their participants were anywhere from 4-

12 months post-surgery when they were released and in our study only one participant 

was under a year post-op. The participant who was less than a year out from their 
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decreased ROM and peak extension moment at the knee on their involved compared to 

their uninvolved sides during take-off. Gokeler et al. (2010) looked participants who were 

6 months post-reconstruction surgery.  They found kinematic differences between the 

limbs in terms of knee ROM during the take-off phase of the hop, where the ACLR 

participants in the current study did not show differences in kinematics at the knee, 

although it was a different we did not measure ROM but angular velocity. Therefore, the 

time since surgery for the current participants may explain why more differences are not 

seen between limb kinematics and kinetics.  

There is also evidence that time since surgery might not be a factor in some 

deficits following ACL reconstruction. Tengman et al. (2015) tested participants on 

average 23 years post-reconstruction. These participants still exhibited reduce max knee 

flexion and ROM just before take-off as well as reduced knee ROM in landing. Due to 

the time since surgery the participants in Tengman et al. (2015) were a mean age of 45.6 

years and had a median Tegner of 4, which is different from the ACLR population in the 

current study that had a mean age of 21.5 years and a median Tegner of 6.5 which could 

account for why differences in the correlation of kinematics were not seen. 

 Based on the time since surgery we might expect participant 40, who was the 

furthest out from surgery at 34.6 months, to have the best symmetry scores because 

deficits following surgery diminish with time (Urhausen et al., 2016), but they did not, 

their knee power correlation was -0.36. This may be due to the graft type used for this 

participant, BPTB. Research suggests that there are some differences that exist between 

those with a BPTB and hamstring graft, even 2-3 years following surgery. Webster et al. 
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(2016) noted extension deficits still existed in those with a BPTB graft 3 years post-

reconstruction, and Heijne, Hagstromer, and Werner (2015) found that participants with a 

BTPT graft had lower LSI scores at 2 years than those with hamstring grafts. 

 The time since surgery for participant 40 may also suggest that this participant has the 

least risk for a second ACL injury when compared to the other ACLRs in this study, 

because the riskiest time for sustaining a second injury is in the first year after surgery, 

although an elevated risk does remain until 5 years after surgery (Salmon et al., 2005). 

Other factors that increase the risk of a second injury include return to competitive sport 

that includes side-stepping, pivoting or jumping (Salmon et al., 2005) and young age 

(Schlumberger et al., 2017). Participant 40, did return to a high level of sport, as 

determined by the current Tegner score, and was young at the time of the initial ACL 

surgery, these risk factors as well as the low LSI score in comparison to the other ACLR 

participants and low knee power correlation could mean that this participant is more 

likely to sustain a second injury despite being almost 3 years post-reconstruction.

 Participant 46 on the other hand had one of the best LSI scores for all the ACLR 

participants, 99.99%, despite being only out of surgery for 10.7 months. This means that 

this participant would be at an increased risk of a second injury to the graft or 

contralateral ACL, because they are less than 1 year post-reconstruction (Paterno et al., 

2012). Participant 46 is also young (<25), which is another risk factor for a second ACL 

injury (Schlumberger et al., 2017), although unlike participant 40 they are not 

participating in as high a level of sport as they were prior to their injury as evidenced by 

their decreased Tegner Activity Level Score from 9 preinjury to 7 post-surgery. These 
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factors along with the moderate knee power correlation during take-off for this 

participant may put them at increased risk for a second injury.  

 Another potential measurement while using the single-leg hop is dynamic 

stability, which is how the joint remains stable during activity when it is exposed to 

changing loads (Williams, Chmielewski, Rudolph, Buchnan & Snyder-Mackler, 2001). 

This may be an important measure because the loss of the ACL results in an unstable 

knee (Keays et al., 2003) and a goal of reconstruction is to restore stability (Barber-

Westin & Noyes, 2011). Dynamic stability can be measured using proprioception, 

postural control or kinematic and kinetic measures (Wilkstrom, Tillman, Chmielewski & 

Borsa, 2006). Evidence of decreased dynamic stability in ACL deficient (ACLD) 

participants was seen in a study by Oberlander, Bruggean, Hoher and Karamanidis 

(2012). They found that ACLD patients increased trunk flexion before landing and 

reduced their knee moment by partially transferring it to their ankle and hip, which 

caused the COM to be shifted anteriorly. Evidence that dynamic stability can remain 

altered in the long-term, which may have been detected in the current population if it had 

been tested. Grip, Tengman and Hager (2015) found that ACL patients on average 23 

years post-surgery had reduced dynamic stability compared to controls, and reduced 

dynamic stability on their involved leg compared to their uninvolved leg. 

5.1 Limitations  

 A limitation to this study is the sample size of the ACLR group. The small sample 

size may be a reason than the logistic regression was non-significant. A larger sample of 
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ACLR participants may be more representative of those who have had ACL 

reconstruction surgery. 

 Another limitation was the kinetic variable chosen for analysis.  Other kinetic 

measures could have been included such as joint moments and forces, but we limited the 

analysis to joint power. It is possible that these other measures could have given more 

information differentiating the ACLRs from the controls. 

 Upper body measurements were not taken and therefore we cannot know what 

effect that arm swing may have had on the lower extremity joint powers.  

5.2 Recommendations for Future Research 

 It is important to test individuals as they are released to return to sport. More 

thorough testing at release might show limb differences in joint power and angular 

velocity not revealed by the LSI from a hop test. It may be that at this stage there are 

differences that exist that may better differentiate those who should return to sport and 

those who should continue rehabilitation.  

 Another addition for future research would be the inclusion of EMG measures 

while measuring the single-leg hop. The addition of EMG can determine whether 

muscles are activated in difference sequences or at different amplitudes (Wilkstrom et al., 

2006). The addition of EMG can help to determine whether those with an ACL 

reconstruction activate their muscles in their involved leg in a different way during take-

off which may be indicative of compensatory neuromuscular strategies (Nyland, Wera, 

Klein & Caborn, 2014).  
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Chapter 6 

Conclusion 

All participants in the control and ACLR groups achieved the ≥90% LSI for hop 

distance. This was to be expected as all ACLR participants had been cleared for full 

activity and were more than a year out from surgery. While all participants achieved a 

≥90% LSI, not all participants were symmetrical at all of their joints for angular velocity 

or power, therefore, a good LSI does not guarantee symmetry across legs. The correlation 

at a particular joint for angular velocity and power did not always match up, some 

participant’s had a lower power correlation at a particular joint while their joint angular 

velocity correlations were still high. The only variable that may have differentiated 

between an ACLR and a control was joint power at the knee, although the logistic 

regression was not significant. Based on the results of this thesis adding joint angular 

velocity or joint power to the single-leg hop for distance test does not seem to add 

anything new to the current single-leg hop test for individuals who have been cleared to 

return to sport.  
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ACL-Quality of Life Questionnaire 

Optimal Performance Physical Therapy 
Anterior Cruciate Ligament Quality Of Life Questionnaire 

Name: Signature: Date:  
  

Symptoms and Physical Complaints: Circle the  number that best describes your problem during the 
past month? 
1a. With respect to your overall knee function. How troubled are you by giving way episodes and what is the 

severity of your giving way episodes? 
Major giving way       0 10 20 30 40 50 60 70 80 90 100    Minor giving 
way 

1b.   With respect to your overall knee function.  What is the frequency of your giving way episodes? 
Constantly giving way       0 10 20 30 40 50 60 70 80 90 100    Never giving 
way 

2. With any kind of prolonged activity (i.e., greater than half an hour) how much pain or discomfort do you get 
in your  knee? 

Severe Pain      0 10 20 30 40 50 60 70 80 90 100    No pain at all 
3. With respect to your overall knee function, how much are you troubled by stiffness or loss of motion in  your 
knee? 

Severely troubled      0 10 20 30 40 50 60 70 80 90 100    Not troubled 
at all 

4. Consider the overall function of your knee and how it relates to the strength of your muscles.  How weak is 
your knee? 

Extremely weak 0 10 20 30 40 50 60 70 80 90 100    Not weak at all 

Work-Related Concerns: The following questions are being asked with respect to your job or 
vacation during  the past month.  Consider all the types of work together (full-time student, home 
maker, or any  part time work). 
If your currently not employed for other reasons other than your knee, then place a check in this 
box. 

 
5. How much trouble do you have, because of your knee, with turning or pivoting  motions at work? 

Severely troubled      0 10 20 30 40 50 60 70 80 90 100    No trouble at 
all 

6. How much trouble do you have because of your knee with squatting motions at  work? 
 

Severely troubled 0 10 20 30 40 50 60 70 80 90 100    No trouble at 
all 

7. How much of a concern is it for you to miss days from work due to your problems or re-injury to  your  knee? 

Extremely concerned      0 10 20 30 40 50 60 70 80 90 100    No concern at 
all 

8. How much of a concern is it for you to lose time from "school" or work because of  the treatment of your 
ACL-deficient knee? 

Extremely concerned 0 10 20 30 40 50 60 70 80 90 100    No concern at 
all 
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Recreational Activities And Sports Participation: The following questions are concerned with your 
ability to function and participate in these activities as they relate to your ACL-deficient knee.   Consider 
the last month. 
9. How much limitation do you have with sudden twisting and pivoting movements or changes  in direction? 

Totally limited      0 10 20 30 40 50 60 70 80 90 100    No limitations 
10.   How much of a concern is it for you that your sporting or recreational activities may result in the status of 
your knee worsening? 

Extremely concerned      0 10 20 30 40 50 60 70 80 90 100    No concern at 
all 

11.   How does your current level of athletic or recreational performance compare with your pre-injury  level? 
Totally limited      0 10 20 30 40 50 60 70 80 90 100    No limitations 

12. With respect to the activities/sports that you currently desire to be involved with, how much have your 
expectations changed because of the status of your knee? 

Expectations totally lowered      0 10 20 30 40 50 60 70 80 90 100   Expectations 
not lowered at all 

13.   Do you have to play your recreational or sport under caution? 
Always play under caution 0 10 20 30 40 50 60 70 80 90 100    Never play 
under caution 

14.   How fearful are you of your knee giving way when playing recreation or sport? 

Extremely fearful    0 10 20 30 40 50 60 70 80 90 100    No fear at all 
 

 
 

15. Are you concerned about environmental conditions such as a wet playing field, a hard court, or the type of 
gym floor when involved in your recreation or sport. 

 Extremely concerned 0 10 20 30 40 50 60 70 80 90 100 Not concerned at 

all 
16. Do you find it frustrating to have to consider your knee with respect to your recreation or sport? 

 Extremely frustrated 0 10 20 30 40 50 60 70 80 90 100 Not frustrated at 

all 
17. How difficult is it for you to "go full out" at your recreation or sport? 

 Extremely difficult 0 10 20 30 40 50 60 70 80 90 100 Not difficult at all 

18. Are you fearful of playing contact sports?  If you do not play contact sports for reasons other than 

your knee, check this box. 

 Extremely fearful 0 10 20 30 40 50 60 70 80 90 100 No 

fear at all 

  

 

19. How limited are you in playing your most important sport or recreational activity? 

 Extremely limited 0 10 20 30 40 50 60 70 80 90 100 Not limited at all 

20. How limited are you in playing your second most important sport or recreational activity? 
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 Extremely limited 0 10 20 30 40 50 60 70 80 90 100 Not limited at all 

                 Life Style:     The following questions are concerned with your life style in general and should be 
considered outside of your work and recreational or sport activities as they relate to your ACL deficient 
knee.  Consider the last month. 
21. Do you have to concern yourself with general safety issues (i.e., carrying small children, working 

in the yard) with respect to your ACL-deficient knee? 
 Extremely concerned 0 10 20 30 40 50 60 70 80 90 100 No concern at all 

22. How much has your ability to exercise and maintain fitness been limited by your knee problem? 

 Totally limited 0 10 20 30 40 50 60 70 80 90 100 Not limited at all 

23. How much has your enjoyment of life been limited by your knee problem? 

 Totally limited 0 10 20 30 40 50 60 70 80 90 100 Not limited at all 

24. How often are you aware of your knee problem? 

 All the time 0 10 20 30 40 50 60 70 80 90 100 None of the time 

25. Are you concerned about your knee with respect to life style activities that you and your family do together? 

 Extremely concerned 0 10 20 30 40 50 60 70 80 90 100 No concern at all 

 
26. Have you modified your life style to avoid potentially damaging activities to your knee? 

 Totally modified 0 10 20 30 40 50 60 70 80 90 100 No modifications 

 
                                     Social And Emotional:    The following questions are about your attitudes and feelings 
as they relate to your ACL-deficient knee.  Consider the last month. 

27. Does it concern you that your competitive needs are no longer being met because of your knee problem? 

 Extremely concerned 0 10 20 30 40 50 60 70 80 90 100 Not concerned at 

all 
28. Have you had difficulty being able to psychologically "come to grips" with your knee problem? 

 Extremely difficult 0 10 20 30 40 50 60 70 80 90 100 Not difficult at all 

29. How often are you apprehensive about your knee? 

 All the time 0 10 20 30 40 50 60 70 80 90 100 None of the time 

30. How much are you troubled with lack of confidence in your knee? 

 Severely troubled 0 10 20 30 40 50 60 70 80 90 100 No trouble at all 
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31. How fearful are you of re-injuring your knee? 

 Extremely fearful 0 10 20 30 40 50 60 70 80 90 100 No fear at all 
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Tegner Activity Level Questionnaire 
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Residual Analysis for Cut-Off Frequency for Filtering 

 

 

Figure 11: Residual analysis for determination of cut-off frequency for filtering 
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ACLR Participant Information 

 

Table 5: ACLR participant information 

Participant 
Code Age  Gender Involved 

Leg 
Graft 
Type  

Time 
since 

Surgery 
(months) 

ACL-
QOL 
Score 

Tegner 
Score 

(Current) 

P40 20 F R BPTB 34.6 67.43 9 

P41 21 M R Hamstring 14.9 84.86 9 

P43 20 M R Hamstring 13.4 62.57 5 

P44 24 F R hamstring 14.5 48.29 5 

P45 25 F L BPTB 18.7 65.14 6 

P46 19 F R hamstring 10.7 73.14 7 
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ACLR Participant Uninvolved versus Involved Leg Powers   
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Figure 12: Uninvolved versus involved leg hip power 

Figure 13: Uninvolved versus involved leg knee power 
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Figure 14: Uninvolved versus involved leg ankle power 
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