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Abstract 

Aberrant landing biomechanics increase the risk of anterior cruciate ligament (ACL) injury 

and are a focus of rehabilitation after ACL reconstruction. The purpose of the present thesis 

was to develop and evaluate methods of assessing landing mechanics and investigate the 

effects of different rehabilitation strategies after ACL reconstruction. Three studies were 

conducted. The first study used a Delphi process to develop the content of a Clinician-Rated 

Drop Vertical Jump Scale to evaluate jump landing mechanics during rehabilitation after ACL 

reconstruction. Twenty experts participated in four rounds of questioning, resulting in 92% 

agreement for knee valgus collapse, lateral trunk lean, insufficient trunk and/or knee flexion, 

and asymmetry as undesirable movements included on the Scale. An instruction booklet to 

accompany the Scale was also developed and presented in the thesis.  

The second study evaluated the reliability and sensitivity to change of several biomechanical 

parameters during a drop vertical jump measured using a motion capture system, completed 

by 46 patients after ACL reconstruction. Intraclass correlation coefficients ranged from 0.58-

0.90 for peak knee flexion and abduction moments, 0.45-0.85 for knee flexion and abduction 

angles, 0.61-0.93 for forces and loading rate, and 0.42-0.61 for hip impulse. The standardized 

response mean for knee flexion angles were 0.38 (peak) and 0.35 (displacement), while other 

biomechanical measures on the drop vertical jump were ≤0.27. The present results support the 

interpretation of various landing biomechanics assessed during repeated assessments of 

patients undergoing rehabilitation after ACL reconstruction. A technical note on the 

determination of optimal filtering frequency of biomechanical analysis of jump landing was 

also completed to complement study two and is also presented in the thesis. Residual analysis 

resulted in a filtering frequency of 14 Hz for markers and 50 Hz for forces.  

The third study was a randomized clinical trial comparing biomechanics of functional outcome 

measures in patients undergoing staged (home-based and in-clinic) rehabilitation after ACL 

reconstruction versus usual care. 125 patients completed a drop vertical jump at 6 and 12 

months after ACL reconstruction. Results suggested the staged rehabilitation program can be 

effective for patients who have the motivation and resources to complete their exercises at 

home, when detailed instruction by a qualified therapist is provided beforehand.  
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Overall, the findings from this thesis provide an assessment tool to help guide rehabilitation 

after ACL reconstruction, describe the measurement properties of biomechanical measures in 

patients undergoing rehabilitation after ACL reconstruction, and supports the implementation 

of a novel Staged physiotherapy program.   

Keywords 

Anterior cruciate ligament, knee abduction moment, rehabilitation, drop vertical jump, 

dynamic knee valgus collapse, biomechanics 
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Summary for Lay Audience 

Anterior cruciate ligament (ACL) reconstruction knee surgery is a commonly used procedure 

to replace a torn ACL and regain stability and function in the knee. An assessment tool for 

evaluation of jump landing performance during the ACL rehabilitation process was developed 

by mimicking typical sporting maneuvers where ACL injuries frequently occur.  This new tool 

can help clinicians identify and address faulty movements that increase the risk of ACL injury. 

The measurement properties of the biomechanical motion analysis assessment of jump landing 

were subsequently evaluated to ensure concise evaluation methods were possible and 

reproducible. Finally, a novel strategy for rehabilitation after ACL reconstruction that shifts 

focus to later rather than earlier phases of recovery was tested. Biomechanical and functional 

outcomes were assessed to compare a combined home followed by clinic rehabilitation 

strategy (Staged) to Usual Care. A series of biomechanical tests, including jump landing, over 

a 12-month period following surgery were carried out to evaluate stability, strength and 

function of the reconstructed knee. Biomechanical and functional outcomes between these two 

groups were similar, supporting the implementation of a Staged rehabilitation process. The 

information contained in this thesis will help improve rehabilitation strategies and optimize the 

care received.  
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Chapter 1  

1 Introduction: Background and Rationale 

The purpose of this chapter is to provide the background and rationale of the thesis 

objectives. The consequence and long-term ramifications of anterior cruciate ligament 

(ACL) injury are considered, and objective means to evaluate risk for ACL injury. Finally, 

a brief description of Chapters 2-5 is presented. 

1.1 Consequence of Anterior Cruciate Ligament Injury 

It has been largely documented that a tear or rupture of the ACL is the most common and 

serious knee injury, with a reported 200,000 injuries annually in the United States alone8,22, 

and rising54. Of these, over 175,000 reconstructions are performed per year, at a cost of 

approximately 11,500$ per ACL reconstruction, resulting in a cost exceeding 2 billion 

annually17,54. Notwithstanding, ACL injuries are costly, and the long-term prognosis is less 

than adequate. It is now being recognized that the rate of return to participation is less than 

initially reputed1,13, and of greater concern are the alarming statistics on the development 

of osteoarthritis (OA) as a result of ACL injury11,44,52. 

Using magnetic resonance imaging, Culvenor et al11 found that 31% of patients that had 

had ACL reconstruction, developed OA already at 1-year post-ACL reconstruction. There 

is also a high incidence of OA documented at 10-15 years post ACLR where Øiestad et 

al44 found that 71% of patients had developed OA in the ACL reconstructed limb. A review 

by Simon et al52 also reported that as many as 80% of ACL injured knees developed OA 

between 5-15 years post injury. 

This incidence of OA following ACL injury is alarming, yet it is even more detrimental 

when we consider the age of the initial ACL injury. Many injuries occur in young 

populations, particularly young adolescent females21. Furthermore, a study by Gianotti et 

al16 reported that in New Zealand, the highest rate of ACL injury in males and females 

occurred between the age brackets of 15 to 34 years of age. Meanwhile, Shea et al51 and 

Paterno et al46 reported that the highest incidence of ACL injury occurs at a mean age of 
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16 years, and Barber-Westin and Noyes2,3 reported that the majority of patients with ACL 

injury that have ACL reconstruction are under 25 years of age.  These individuals will 

unfortunately most likely develop premature knee OA, which can be debilitating. These 

are unfortunate lifelong and costly consequences for many victims of ACL injury and 

subsequent ACL reconstruction. 

1.2 Treatment of ACL Injury 

After ACL injury, there are two courses of treatment and intervention: surgery to 

reconstruct the ACL or conservative management. Most patients, especially active 

individuals, are advised to have ACL reconstruction31. In the United States, 90% of patients 

with ACL injury will eventually have ACL reconstruction30,48. Surgery aims to replace the 

torn ACL with a new graft ACL usually using either an autograft or allograft. An autograft 

is tissue from taken from the patient’s own body, such as a hamstrings autograft typically 

harvested from the gracilis or semitendinosus tendons, or a bone-patella-bone graft. An 

allograft is tissue taken from a cadaveric human donor, or a synthetic substitute. 

Conservative management is non-surgical treatment including exercise such as strength 

and balance training, ice, mobilization, and electrical muscle stimulation34. Both treatments 

require rehabilitation to help individuals safely return to their regular activities, including 

activities of daily living, recreative or competitive sport, maintain quality of life, and delay 

the onset of OA. The objective of both treatment options is to regain stability and function 

in the knee and reduce pain34. With ACL reconstruction stability is regained by replacing 

the torn ACL with a graft. With conservative treatment, stability is regained by training the 

musculature to support the knee as a substitute for the missing ligament34. 

Regardless of intervention strategy, both options require rehabilitation for successful return 

to cutting and jumping activities. Rehabilitation after ACL injury typically is divided into 

early and later postoperative phases23,42. Pain management, reducing inflammation and 

recovery of range of motion (ROM) and strength in the affected limb are the primary 

objectives of the early phase. A shift in focus to regaining dynamic stability of the limb 

and preparing the patient for return to high level function, including pre-injury level of 

sport are the main objectives of the later phase23,42. The later phase involves placing 

progressively increasing loads on the ACL affected limb, with the goal of attaining optimal 
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dynamic stability safely returning the patient to pre-injury levels of function and 

performance. 

Despite the course of surgical or conservative intervention after ACL injury, the success of 

current treatment and rehabilitation strategies is discouraging and there is a paucity of 

objective criteria for determining readiness for return to activity. Furthermore, during the 

return-to-sport phase, ACL graft failure and injury to the contralateral limb20 are greatly 

elevated42,43. Re-injury rates are alarmingly high, especially within the first year of return 

to sport (RTS) where injury risk is reportedly 15 times greater after ACL reconstruction 

than in healthy controls46,48. Paterno et al48 reported that within the first year after ACL 

reconstruction, over 25% of athletes succumbed a contralateral or ipsilateral ACL injury. 

Meanwhile, a follow-up of 24 months by Paterno et al46 reported a failure rate as high as 

29.5%, and an injury risk 6 times greater than healthy controls. A study by Leys et al29 

reported that at 15 years post-ACL reconstruction, there is an ACL rupture rate of around 

30% (29% for hamstrings and 32% for bone-patella-bone autograft). The highest rate of 

re-injury occurred within the first 3 years following ACL reconstruction. According to 

these studies, approximately 1 in 3 patients will go on to a subsequent ACL injury in either 

the ipsi- or contralateral limb. 

In secondary ACL injury, it seems most injuries occur to the contralateral limb. In the study 

by Paterno et al48, of the patients that succumbed a second ACL injury within 24 months 

of ACL reconstruction, 69.6% were to the contralateral limb. Leys et al29 reported that of 

the 56 ruptures seen in the 15-year follow-up, 34 (60.7%) were contralateral and 15 were 

ipsilateral graft ruptures. Following ACL reconstruction, both limbs are at higher risk for 

secondary ACL injury. 

1.3 Rehabilitation Strategies 

Typically, ACL rehabilitation occurs in a clinical setting over a long period of time. 

However, for many patients, there are barriers to attending in-clinic rehabilitation for 

prolonged periods. Previous studies6,10,14,18,19,25,50 have investigated alternative ACL 

rehabilitation strategies, such as variations in home vs. supervised in-clinic rehabilitation 

programs. All these studies have concluded that there are little-to-no differences in a 
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variety of measures such as ROM, Lysholm, ACL Quality of Life, laxity etc., and at various 

time points including 3, 6, 12 and 24 months post-operatively. Although promising, the 

ability of alternative rehabilitation to achieve the same biomechanical and functional 

outcomes that are the focus of later-stage physiotherapy remains unknown. 

1.4 Return to Sport 

The primary reasons for ACL reconstruction are to prevent re-injury and RTS; or more 

precisely, return to pre-injury level of competition2,3. While the rate of re-injury is 

alarmingly high, the rate of RTS is also troubling. While reports vary widely, in general, 

82% of ACL patients RTS, of which only 63% return to pre-injury level of play, and 44% 

to competitive sport by 3 years1. At 1-year post-ACL reconstruction, only 33% of patients 

return to competitive sport1. Kvist et al28 reported that only 53% of patients returned to 

their pre-injury level of sport 3-4 years post-ACL reconstruction. Similarly, a review by 

Kvist27 reported that only 56% of ACL reconstruction patients returned to pre-injury 

activity levels. Unfortunately, patient satisfaction is also reported to be less than adequate. 

Ingelsrud et al26 reported that only 66% of ACL reconstruction patients from the 

Norwegian Knee Ligament Registry found the outcome of their ACL reconstruction as 

‘acceptable’ at 12 – 24 months post-operatively, while 12% felt the treatment had failed. 

The most commonly used criteria for release to sport is time since surgery, however time 

is not necessarily indicative of a patients’ readiness to return2,9. Few studies report 

objective criteria when determining readiness for RTS2,9. Impairment criterion such as 

pain, effusion, ligament stability, thigh circumference and ROM are reported, though 

infrequently, as is subjective evaluation, such as patient reported outcomes2,9. Some studies 

have reported the use of measures such as muscle strength. A review by Barber-Westin and 

Noyes2 on RTS found that only 9% of the RTS studies included in their review (25 of 264 

studies) reported muscle strength as a RTS criteria. Of these, a range of criteria from 80 – 

90% of the contralateral limb was required for quadriceps or hamstrings isokinetic strength. 

A more recent review on RTS by Burgi et al9 reported 41% of the RTS studies included in 

their review included muscle strength as a RTS criteria, yet only about 20% of these studies 

required a limb symmetry index (LSI) of at least 85% to allow RTS. The inclusion of 

functional performance measures is also sometimes considered. Barber-Westin and Noyes2 



 

5 

 

reported that 4% of the studies in their RTS review evaluated the single leg hop test, and 

one study required four hop tests. This has improved as Burgi et al9, reported that 14% of 

the studies in their review required at least one hop test for RTS. The minimum required 

LSI was either not reported or ranged from 85 - 90%. There is clearly a lack of consensus 

on safe RTS criteria following ACL reconstruction. With the reported high rate of re-injury 

and dismal return to pre-injury activity levels, there is an obvious need to reconsider 

objective and functional performance measures to improve patient satisfaction and long-

term outcomes after ACL injury. 

1.5 Dynamic Knee Valgus Collapse and Drop Vertical Jump 

Noncontact ACL tears are the most common and often involve dynamic knee valgus 

collapse3,7. A dynamic knee valgus collapse pattern involves hip adduction, hip internal 

rotation, knee abduction and ankle eversion38,49. There is a resultant external knee 

abduction moment directing the distal tibia away from the midline, as illustrated in Figure 

1.1. 

 

Figure 1.1: Pattern of dynamic knee valgus collapse with a resultant external knee 

abduction moment. 

The drop vertical jump (DVJ) specifically evaluates dynamic knee valgus collapse and can 

help identify neuromuscular deficits within the movement pattern, especially at the knee 

and hip21,49. The DVJ involves having a subject drop off a box ~ 31 cm high with both feet, 
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land, and immediately perform a maximum vertical jump15,21. Using motion analysis, a 

thorough evaluation of movement properties, including kinetics, kinematics and force 

attenuation and production can be completed on the performance of the DVJ.  

Work, such as that by Myer et al42, Paterno et al49, and Di Stasi et al55 have indicated that 

neuromuscular control in landing should be a major focus in rehabilitation following ACL 

injury or reconstruction. Various publications have recommended exercises to include in 

ACL rehabilitation, and ACL injury prevention programs, to develop good neuromuscular 

control in the knee and hip and promote good biomechanics to help reduce the risk for 

reinjury3,35,36,41,42,55,56. The effect of these types of rehabilitation protocols can be evaluated 

via the DVJ and help evaluate change of risky biomechanics. Particularly, since 

neuromuscular deficits are the only currently known modifiable risk-factors for secondary 

ACL injury49,55, it is imperative that these are included and monitored in rehabilitation 

protocols following ACL reconstruction.  

Performance on the DVJ can be used to predict those at risk for ACL injury4,5,12,21,40,49, to 

detect neuromuscular deficiencies following ACL reconstruction, and after RTS47,49. 

Regular evaluation of quality of movement when performing the DVJ is suggested as an 

important objective task to be implemented in the later phase of ACL reconstruction 

rehabilitation to evaluate progress and determine readiness for safe RTS42,47,55. Movement 

patterns of jump landing mechanics evaluated using three-dimensional (3D) motion 

analysis provides an important tool for rehabilitation specialists as it can help identify 

compensatory movements that increase the risk for injury. This can help guide the 

rehabilitation process and monitor patient progress. 

Important movement patterns that have been indicated as predictors of primary ACL injury 

risk are greater dynamic knee valgus and higher abduction loads at the knee21,37,39. 

Predictive risk factors for secondary ACL injury, in addition to the primary ACL injury 

risk factors, include a net hip internal rotator moment of the contralateral limb, asymmetry 

in sagittal plane knee moment at initial contact, and postural stability deficits24,49. 

Furthermore, asymmetry in vertical ground reaction forces (VGRF) and loading rate during 

the landing and take-off phases during the DVJ are observed 2 years post ACL 
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reconstruction47. This can increase the risk for secondary ACL injury in the contralateral 

limb47. Identification of these neuromuscular deficits and modifiable risk factors are 

possible with the DVJ and are important considerations when evaluating readiness for safe 

RTS and reducing injury risk following ACL reconstruction. 

Whether the DVJ can be reliably used in the ACL deficient population, and whether it can 

be used to measure change over time, requires test-retest data to be determined within this 

population. Reliability measures for within- and between-sessions evaluating landing 

mechanics during the DVJ using motion analysis in a young, healthy population are 

available15. Sufficient reliability was also demonstrated in healthy elite female athletes 

completing the DVJ33. However, since the DVJ is highly implicated in evaluating risk 

factors for subsequent ACL injury, and it is suggested as an objective tool to evaluate 

rehabilitation progress and readiness for RTS, longitudinal validity and reliability data on 

the DVJ task in the ACL reconstructed population is also required.  

While complete analysis of the biomechanics of performance on the DVJ in rehabilitation 

would be ideal, access to costly motion capture equipment and time for analysis is not often 

possible. A means for clinicians to subjectively, quickly and confidently evaluate 

performance on the DVJ and evaluate risk factors in clinic, without the use of motion 

capture, would be beneficial to help guide therapy, provide immediate patient feedback, 

and assist in determining readiness for RTS. Currently a few evaluative methods have been 

proposed for the DVJ12,32, and for a Landing Error Scoring System (LESS) on a jump 

landing task similar to the DVJ45,53,  although all require video recording and evaluation of 

the video at a later time.  

Ekegren et al12 found substantial intra- and interrater agreement evaluating frontal plane 

knee motion in healthy young competitive soccer female athletes using 2D-video analysis, 

however they lacked sensitivity. They believed better sensitivity may have been achieved 

if raters could have viewed patient performance live as opposed to on video. Mizner et al32 

evaluated 2D frontal plane projection angle and knee-to-ankle separation ratio analyzed by 

one evaluator vs. 3D motion analysis of knee abduction moment and valgus in healthy 

female collegiate athletes. They determined that knee-to-ankle separation may be a 
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technique applied to evaluate ACL injury risk as a surrogate for 3D motion analysis. The 

LESS was found to have good-to-excellent intra- and inter-rater reliability on a jump 

landing task similar to the DVJ when evaluating military academic varsity/collegiate 

athletes45, however it was not able to predict ACL injury in high school and college 

athletes53. All three tests require the use of 2D video analysis, and the latter requires 

specialized image-processing software. The development of a clinician-rated tool for use 

in clinic, providing immediate feedback with the ability to monitor progress or change over 

time within a rehabilitation program, and without further processing required, would be 

advantageous. 

1.6 Thesis Outline 

The overall purpose of this thesis was to examine rehabilitation strategies after ACL 

reconstruction and provide tools for evaluating patient progress and reducing secondary 

ACL injury risk.  The thesis consists of three studies, an instruction booklet and a technical 

note. All studies were completed in the Wolf Orthopaedic Biomechanics Laboratory 

(WOBL) and Fowler Kennedy Sport Medicine Clinic (FKSMC) at Western University. 

1.6.1 Chapter 2: Study 1 

Biomechanical parameters measured during a DVJ task are risk factors for ACL injury and 

are targeted during rehabilitation after ACL reconstruction. A clinically feasible tool that 

quantifies observed performance on the DVJ would help inform treatment efforts. The 

objective of this study was to establish consensus on the content and scoring of a Clinician-

Rated Drop Vertical Jump Scale (DVJS) for use during rehabilitation after ACL 

reconstruction, using a Delphi process. Results from this study lead to a Beta version of a 

DVJS where expert consensus was achieved on its content and scoring to support further 

clinical testing of the scale. 

1.6.2 Chapter 2 Supplement: Instruction Booklet and Clinician-Rated 

DVJS 

An instruction booklet was written to accompany the Clinician Rated DVJS (Study 1) to 

provide instructions for its’ use. It includes examples of what to observe when using the 
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scale, and provides instructions, a brief rationale and potential interpretation for each 

component. A summary of the instructions also appears on the back of the scale, included 

in the instruction booklet.  

1.6.3 Chapter 3: Study 2 

Joint biomechanics at the hip and knee assessed during a DVJ can be used to evaluate 

individual patient performance during ACL rehabilitation. Information about measurement 

properties of the DVJ assessed via motion analysis is beneficial for clinicians and 

researchers. The objective of this study was to estimate the test-retest reliability, standard 

errors of measurement, minimal detectable change and longitudinal validity of several 

biomechanical measures assessed during a DVJ completed by patients undergoing 

rehabilitation after ACL reconstruction. Results from this study revealed test-retest 

reliability of VGRFs, knee kinetics and kinematics during the DVJ test vary from poor-to-

excellent depending on the point of landing assessed.  

1.6.4 Chapter 3 Supplement: Technical Report 

Three-dimensional motion analysis techniques are used to evaluate biomechanics in 

jumping analysis. The collected raw data has inherent error that must be filtered, often 

using a Butterworth filter. Residual analysis is an objective means to determine filtering 

cut-off frequency. This technical report provides results from a residual analysis that was 

completed for jumping analysis in this cohort of ACL reconstructed patients. A filtering 

cut-off frequency of 14 Hz for movement and 50 Hz for forces was acceptable to ensure 

physiological data is kept in the filtered signal. 

1.6.5 Chapter 4: Study 3 

Late-stage rehabilitation after ACL reconstruction is crucial for neuromuscular training and 

injury prevention. However, supervised physiotherapy is costly, and many patients are 

unable to continue. An alternative approach to ACL rehabilitation to facilitate patient 

adherence to late-stage physiotherapy is therefore warranted. The objective of this study 

was to evaluate whether a staged physiotherapy program (e.g. home-based rehabilitation 

followed by late supervised physiotherapy) leads to similar functional measures, including 
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biomechanical measures of DVJ, hop testing, and strength, as a usual care physiotherapy 

protocol in patients following primary unilateral autograft ACL reconstruction. The results 

of this study revealed that completing home-based physiotherapy in the early-stages of 

rehabilitation, followed by supervised in-clinic therapy, can be effectively implemented. 

1.6.6 Chapter 5 

This final chapter provides a general discussion of the findings of these studies. 
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Chapter 2  

2 Development of a Clinician-Rated Drop Vertical Jump Scale 

for patients undergoing rehabilitation after anterior cruciate 

ligament reconstruction: A Delphi approach 

2.1 Summary 

The objective of this study was to establish consensus on the content and scoring on a 

Clinician-Rated Drop Vertical Jump Scale (DVJS) for use during rehabilitation after 

anterior cruciate ligament (ACL) reconstruction. Biomechanical parameters measured 

during a drop vertical jump task are risk factors for ACL injury and are targeted during 

rehabilitation after ACL reconstruction. A clinically feasible tool that quantifies observed 

performance on the drop vertical jump would help inform treatment efforts. The content 

and scoring of such a tool should be deliberated upon by a group of experts throughout its 

development. Using a modified Delphi process, experts (researchers and/or clinicians) on 

the risk factors, prevention, treatment and/or biomechanics of ACL injury anonymously 

critiqued versions of a DVJS that were developed iteratively based on the feedback from 

the panel, using Likert-like scale responses to questions and by providing written 

comments. Three-to-five rounds were planned a priori with the requirement of 75% 

agreement on included items after the final round. Twenty of the 31 invited experts (65%) 

participated. Approximately, 92% agreement was achieved after the fourth round. Final 

items on the scale included the rating of knee valgus collapse (No collapse to Extreme 

collapse) and the presence of the following other undesirable movements: lateral trunk 

lean, insufficient trunk flexion, insufficient knee flexion and limb-to-limb asymmetry. The 

Delphi process resulted in a Beta version of a DVJS. Expert consensus was achieved on its 

content and scoring to support further clinical testing of the scale. 
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2.2 Introduction 

Anterior cruciate ligament (ACL) injury is the most common serious knee injury resulting 

in compromised function, increased risk for knee osteoarthritis and large economic burden, 

including substantial resources expended on rehabilitation14,25,50. The reported level of 

sport participation after injury1,10,13,16 and the rate of re-injury15,16,18,23,40,46, suggest 

improvements in commonly used rehabilitation strategies after ACL injury would be 

advantageous.  

Knee, hip and trunk motions observed during a drop vertical jump (DVJ) have proven to 

be important factors that contribute to the biomechanical mechanisms involved in ACL 

injury21,22,33,34,49. In particular, dynamic knee valgus is a predictive risk factor for primary 

ACL injury17, and re-injury after ACL reconstruction18,40. The rate of subsequent ACL 

injury is high with approximately 1 in 4 to 1 in 618,23,40,46 injuries in young athletes. 

Furthermore, modifiable risk factors, such as dynamic knee valgus and its associated 

movement patterns are more highly implicated with a second ACL injury18,40. Accordingly, 

the DVJ is suggested as a functional task relevant to ACL injury that may help guide ACL 

rehabilitation efforts18,29,50. If implemented as an objective tool to be used during ACL 

rehabilitation, the DVJ may help therapists quantify a patient’s landing mechanics that 

should be targeted with therapy, and evaluate change in those mechanics with treatment.  

Performance on the DVJ is most commonly measured using three-dimensional (3D) 

motion analysis laboratories capable of quantifying joint angles and moments. 

Unfortunately, the use of 3D motion analysis systems in clinical settings is typically not 

feasible due to the costs associated with the equipment and the time required to collect and 

process data. Therefore, an alternative means to quantify performance during the DVJ may 

prove to be advantageous. Specifically, a clinician-rated tool designed to quantify 

performance during the DVJ may facilitate the evaluation of progress through 

rehabilitation efforts aimed at improving DVJ mechanics after ACL reconstruction. 

Previous investigators have shown that clinicians can use alternative methods to observe 

and rate landing mechanics3,11,26,30,36. These studies have typically used two-dimensional 

video analysis to screen for individuals at risk for ACL injury in healthy individuals.  
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While clinicians involved in the care of patients after ACL reconstruction have expertise 

in observing suggested undesirable movement patterns during functional activities and 

performance tests, and frequently use various outcome measures to evaluate patient 

progress, there is a need for greater standardized and objective criteria to evaluate an 

athlete’s progress through rehabilitation following ACL reconstruction3,4,31. With respect 

to the DVJ, the literature suggests that it is essential to detect undesirable movement 

patterns that lead to dynamic knee valgus and address those mechanisms during 

rehabilitation17,18,29. Accordingly, to enable clinicians to confidently quantify the jump 

landing biomechanics in a clinical environment, a clinician-rated tool must include the 

most important movement patterns, yet also be standardized and feasible to use. It would 

be advantageous to have minimal-to-no equipment requirements, be easy to score, and 

enable prompt quantitative feedback. Additionally, it would be useful if the tool could be 

scored in a way that enabled sound measurement properties that supported its use in 

evaluating change during rehabilitation and in the statistical analyses carried out in clinical 

studies. Ideally, such a clinician-rated tool should be deliberated upon by a group of experts 

throughout its development. Therefore, the objective of this study was to establish 

consensus on the content and scoring of a Clinician-Rated DVJ scale (DVJS). 

2.3 Methods 

2.3.1 Study Design 

A Delphi method was used to establish consensus from a panel of experts on the content 

and scoring of the DVJS. A scale development group, the study authors, created an initial 

version of the scale, drawing from selected studies from the DVJ literature17,39,40 including 

studies that relied primarily on clinician observation8,11,26,30,35,36. The initial version was 

subsequently sent to the panel of experts who anonymously provided Likert-like scale 

responses to questions and written comments. The scale development group then revised 

and redistributed the scale based on the responses received after each round of the Delphi. 

Experts were invited to participate by email and provided their input through electronic 

fillable forms and/or online survey tools (SurveyMonkey Inc., California, USA). 

Completion of Round 1 of the survey indicated consent to participate, included in the letter 
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of information. All participants that responded to Round 1 were subsequently contacted for 

each of the following rounds. A specific cut-point of ‘consensus’ for Delphi studies is not 

reported in the literature and varies between studies42,51. Terms such as most, implied 42, or 

“majority of view”51 can be applied, or a criterion of 51%44 can be used to determine 

consensus in a Delphi. Alternatively, a criterion for consensus in the Delphi process can be 

a Kappa statistic of > 0.61, or 61% termed substantial agreement20. We decided a priori to 

require ≥ 66% agreement (i.e. two thirds of the respondents) to represent adequate 

consensus in Rounds 1 and 2. As responses in a Delphi tend to converge towards consensus 

as rounds progress41, we opted to inflate our agreement criteria for consensus in Rounds 3 

or greater to be ≥ 75% (i.e. “Agree” and “Somewhat Agree” on the Likert scale used). With 

each subsequent round and survey, participants were first provided with a summary of the 

results and modifications made to the DVJS from the previous round of review. All experts 

remained anonymous to each other. Participants’ responses were coded to avoid bias and 

to blind the scale development group. Only the study coordinator in contact with the Delphi 

participants was not blinded. The University of Western Ontario Research Ethics Board 

for Health Sciences Research Involving Human Subjects granted ethical approval. Our 

Delphi process is summarized in Figure 2.1. The survey questions for each round 

(Appendix D), the final (Beta) version of the scale (Chapter 2 Supplement; Figure 2.10) 

and its instruction booklet (Chapter 2 Supplement) are available online in the supplemental 

material. 

2.3.2 Expert Participants 

We used purposive sampling to invite 31 potential participants on a Delphi panel consisting 

of experts in the prevention, treatment and/or biomechanics of ACL injuries. Invited 

clinicians (n=18) included physical therapists (n=3), certified athletic therapists (n=3) and 

orthopaedic surgeons (n=12) (i.e. three types of health care providers governed by 

professional bodies in Canada most commonly involved in rehabilitation after ACL 

reconstruction) who currently treat patients with ACL injuries on a regular basis. Invited 

researchers (n=10) included those who publish frequently on topics related to ACL 

rehabilitation, with particular focus on risk factors for ACL tears, the DVJ and/or outcome 
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measure (scale) development. Additionally, we invited combined clinician-researchers 

(n=3) who were both physical therapists and researchers. We also sought expert 

representation from different geographical locations, including Canada (n=18), The United 

States of America (n=11), Europe (n=2), the United Kingdom (n=1) and Australia (n=1). 

Delphi panel sizes can vary in sizes (i.e. 10 – 168542,45,51), however a panel size of 15 – 30 

for a heterogenous group and 5 – 10 for a homogenous group is generally appropriate9. We 

invited 31 experts with the aim of recruiting at least 20 participants9, with an approximately 

equal number of researchers and clinicians, and approximately equal number of 

physical/athletic therapists and surgeons. Specific inclusion criteria required: a minimum 

of five years of experience working in the field of ACL injuries and rehabilitation; self-

declared expertise in mechanisms of ACL injury, risks, and rehabilitation; and availability 

to review three-to-five versions of a questionnaire and provide feedback on multiple 

occasions. 

 

Figure 2.1: Delphi process and study flow. 



 

Reproduced with permission from Gagnon SS, et al. Development of a clinician-rated drop vertical jump 

scale for patients undergoing rehabilitation after anterior cruciate ligament reconstruction: A Delphi 

approach. J Orthop Sports Phys Ther. 2017;47(8):557-564. doi:10.2519/jospt.2017.7183. Copyright 

©Journal of Orthopaedic & Sports Physical Therapy®, Inc. 

24 

 

2.3.3 Round 1 

The pilot DVJS was developed with the intention to help clinicians identify and quantify 

specific movement patterns during performance of a DVJ that are related to ACL injury 

risk. The scale was designed to be administered by physical and athletic therapists during 

ACL rehabilitation. Check boxes and explanations for varying degrees of dynamic knee 

valgus collapse and identification of relevant undesirable movements, along with a 

quantitative scoring scale were included on the DVJS. An area to include additional 

descriptive information on DVJ performance was also provided.  

Delphi participants were provided with the pilot version of the DVJS and asked to rate the 

importance of its proposed items. The DVJS included seven undesirable movements (i.e. 

joint positions or compensatory movements that were deemed important to observe during 

the DVJ (Table 2.1). The level of importance of each movement was rated using four-point 

Likert-type scales (more important, agree, less important, should not be included). 

Participants were also asked to select the most important movement to observe during 

landing. The percentage agreement in ratings between experts for each undesirable 

movement was determined. Participants were also invited to provide suggestions for other 

undesirable movements they felt should be included in the DVJS, and to provide any 

comments that would aid in the development of the DVJS. 

2.3.4 Round 2 

Participants who responded to the initial Delphi survey were provided with his/her 

individual response to each question from Round 1, as well as the distribution of all 

responses rated by the panel. Participants were asked to re-evaluate their initial response 

and either keep their original response, or change it based on the collective results of Round 

1. In this way, undesirable movements that did not reach agreement in Round 1 could be 

“rescued” if they reached consensus after re-evaluation in Round 2. Participants were again 

encouraged to provide explanations and any additional comments. A summary of the 

comments received in Round 1 that would be considered in the modification of the DVJS 



 

Reproduced with permission from Gagnon SS, et al. Development of a clinician-rated drop vertical jump 

scale for patients undergoing rehabilitation after anterior cruciate ligament reconstruction: A Delphi 

approach. J Orthop Sports Phys Ther. 2017;47(8):557-564. doi:10.2519/jospt.2017.7183. Copyright 

©Journal of Orthopaedic & Sports Physical Therapy®, Inc. 

25 

 

was provided to the Delphi panel participants, with further opportunity to comment or 

provide feedback.   

Table 2.1: Preliminary items included in the initial Clinician-Rated Drop Vertical Jump 

Scale (DVJS) survey for Round 1. 

Item Detail to be Evaluated by Experts 

Introduction Description of Intended use of DVJS 

 

Drop Vertical Jump Protocol Description of Protocol 

 

Knee Valgus Rating Categories Safe to None 

Some: a little ‘wiggle’ with correction* 

Moderate: obvious valgus with correction 

Extreme: obvious valgus, no correction 

 

Undesirable Movements (UM) Excessive Lateral Trunk Lean 

Excessive Trunk Flexion 

Pelvic Rotation (Anterior or Posterior) 

Insufficient Knee Flexion 

Tibial Internal Rotation 

Foot Over Pronation 

 

Vertical Scale that combines Valgus and  

UM Rating 

No Knee Valgus, 0 UMs 

No Knee Valgus, 1 UM 

No Knee Valgus, ≥ 2 UMs 

Some Knee Valgus, 0 UMs 

Some Knee Valgus, 1 UM 

Some Knee Valgus, ≥ 2 UMs 

Moderate Knee Valgus, 0 UMs 

Moderate Knee Valgus, 1 UM 

Moderate Knee Valgus, ≥ 2 UMs 

Extreme Knee Valgus 

Abbreviations: UM, undesirable movement; DVJS, Clinician-Rated Drop Vertical Jump Scale. 

* Correction: patient goes into some degree of valgus collapse upon landing but is able to ‘correct’ 

themselves into a neutral alignment. 

2.3.5 Round 3 

Participants were provided with a revised DVJS that only included the undesirable 

movements reaching the desired level of agreement, and amendments based on comments 

received from Rounds 1 and 2. Participants were asked to evaluate each component of the 

revised DVJS by completing new five-point Likert scales (agree, somewhat agree, neutral, 

somewhat disagree, disagree). Comment boxes were also added to evaluate whether we 
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addressed the concerns brought forth in Round 2, and whether the revised DVJS was 

concise and representative of what it was supposed to measure.  

2.3.6 Round 4 

Participants were provided with a revised DVJS that incorporated the results and feedback 

from Round 3. This included the development of an instruction booklet to accompany the 

scale. This final round included a short set of three questions and additional comments to 

confirm that the opinions of the participants in the expert Delphi panel were captured, 

whether or not the DVJS likely measures what it is intended to measure, and whether it can 

be implemented and tested as a clinical tool. 

2.4 Results 

The study flow, responses and scale modifications are summarized in Figure 2.1. Table 2.2 

shows the number of experts invited and the response rate for each round. Participants were 

from Canada (13), The United States (6) and Australia (1). Table 2.3 describes the 

participants’ characteristics. 

Table 2.2: Response rate by Delphi round stratified by category of expert. 

Experts 

Experts 

invited 

Round 1  Round 2  Round 3  Round 4 

No (%)  No  (%)  No  (%)  No  (%) 

Clinicians 18 9 50  6 67  9 100  6 67 

 PT/AT 6 4 67  3 75  4 100  4 100 

 Orthopædist† 12 5 42  3 60  5 100  2 40 

Researchers† 10 9 90  4 44  6 67  6 67 

Combined †‡ 3 2 67  1 50  2 100  2 100 

Total 31 20 65  11 55  17 85  14 70 

Abbreviations: PT, Physical Therapist; AT, Athletic Therapist; No, Number; (%), Response Rate in 

percentage.  

† Includes participants with expertise in scale development. 

‡ Participants who described themselves as both Clinician and Researcher. 

2.4.1 Round 1 

In Round 1, the experts agreed on the inclusion of three of the seven undesirable 

movements on the initial DVJS, three other undesirable movements were suggested to be 

included or replaced, and 41 comments were received to improve the DVJS. The comments 

were summarized into common categories that included: other important undesirable 
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movements, other suggestions necessary for safe return-to-sport after ACL reconstruction, 

and other considerations to include within the DVJS. 

Table 2.3: Delphi expert panel characteristics. 

Experts (n = 20) Median (Range) 

Years of experience 15 years - 20 years (5 years - 10 years, > 20 years) 

Confidence in ability to evaluate DVJ 
Very Confident (Somewhat Confident, Extremely 

Confident) 

Skills compared to peers Above Average (Average, Superior) 

Clinicians (n = 11 †)  

 
Frequency working with patients after 

ACL reconstruction 
Daily (Yearly 2x - 3x per year, Daily) 

 
Familiarity with current ACL rehab 

protocols  
Extremely Familiar (Mostly Familiar, Extremely Familiar) 

Researchers (n = 11 †)  

 Proportion of research ACL work 61% - 80% (< 20%, > 81%) 

 Familiarity with ACL risk factors Extremely Familiar (Mostly Familiar, Extremely Familiar) 

Abbreviations: DVJ, drop vertical jump; ACL, anterior cruciate ligament. 

Expert characteristic data were collected using 5-point Likert scales. Possible responses were as follows: 

Years of experience: > 20 years, 15 years - 20 years, 10 years - 15 years, 5 years - 10 years, < 5 years; Level 

of confidence: Extremely confident, Very confident, Confident, Somewhat confident, Not confident; Skills 

compared to peers: Superior, Above average, Average, Below average, Inferior; Frequency working with 

ACL patients: Daily, Weekly (2x - 3x per week), Monthly (2x - 3x per month), Yearly (2x - 3x per year), 

Never; Proportion of research: > 81%, 61% - 80%, 41% - 60%, 21% - 40%, < 20%; Familiarity with ACL 

rehab/risk factors: Extremely familiar, Mostly familiar, Moderately familiar, Kind of familiar, Not familiar. 

† Two participants self-declared themselves as both Clinician and Researcher. 

2.4.2 Round 2 

Consensus from the participants resulted in four undesirable movements being retained and 

three removed (see Table 2.4). One of the undesirable movements, tibial internal rotation, 

did not meet agreement in Round 1. However, it was “rescued” after Round 2. In addition 

to the Likert scale results, an additional 23 comments were returned in Round 2. Based on 

this input, we made the following major revisions to the DVJS: a brief rationale and 

instructions for use were added; “knee valgus” was replaced with “knee valgus collapse 

movement pattern” with an operational definition included; a scoring system for each limb 

was added to address concerns of limb-to-limb asymmetry; and, the list of undesirable 

movements was limited to only those with agreement ≥ 66%. The undesirable movement 

“tibial internal rotation” was modified to “excessive tibial rotation” to reflect the opinion 

of the participants and concerns with the ability to observe tibial internal rotation 

appropriately. 
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Table 2.4: Percent agreement for undesirable movements after Rounds 1 and 2. Those 

carried forward to Round 3 of the Delphi had ≥ 66.7% of experts respond that the 

undesirable movement was “as important or more important” than exhibited on the initial 

DVJS, after Round 2. 

 Agreement (%)   

Undesirable Movement Round 1 Round 2  Keep/Remove 

Excessive Lateral Trunk Lean 73.7 78.9  Keep 

Excessive Trunk Flexion 52.6* 47.4*  Remove 

Pelvic Rotation (Anterior or Posterior) 36.8* 31.6*  Remove 

Insufficient Knee Flexion 88.9 89.5  Keep 

Knee Valgus 94.4 94.4  Keep 

Tibial Internal Rotation † 63.2* 68.4  Keep 

Foot Over Pronation 47.4* 47.4*  Remove 

* Did not meet 66.7% agreement inclusion criteria.  

† The term for tibial internal rotation was changed to “excessive tibial rotation” for following rounds to 

reflect the concerns brought forth from the Delphi panel regarding the ability of a clinician to adequately 

observe this undesirable movement pattern. 

2.4.3 Round 3 

Agreement (≥ 75%) was achieved on all components of the scale, with the exception of 

whether the DVJS had an appropriate rating of undesirable movements (68.8% agreement). 

There was a lack of consensus about whether or not to add an additional quantitative 

measure of asymmetry; 43.8% agreed, 18.8% were neutral, and 37.5% did not believe an 

additional quantitative measure of asymmetry was required. In Round 3, 35 comments 

were received. Based on the agreement results and comments received in Round 3, we 

made the following adjustments to the DVJS: limb-to-limb asymmetry was incorporated 

as one of the undesirable movements with an operational definition on how it should be 

evaluated; insufficient trunk flexion was added as an undesirable movement; and, an 

instruction booklet describing the DVJ and how to use the scale, was developed to 

accompany the DVJS. The booklet also includes brief rationale and interpretation of 

movements observed, and supporting references. We hoped that this added information 

would aid the clinician in using the scale and improve reliability and validity. Another 

common suggestion from Round 3 was to include pictures. Images of good mechanics as 

well as various degrees of dynamic knee valgus collapse and undesirable movements were 

incorporated into the booklet. 



 

Reproduced with permission from Gagnon SS, et al. Development of a clinician-rated drop vertical jump 

scale for patients undergoing rehabilitation after anterior cruciate ligament reconstruction: A Delphi 

approach. J Orthop Sports Phys Ther. 2017;47(8):557-564. doi:10.2519/jospt.2017.7183. Copyright 

©Journal of Orthopaedic & Sports Physical Therapy®, Inc. 

29 

 

2.4.4 Round 4 

In the final round of the Delphi, the number and nature of comments decreased to 19, of 

which half were positive suggesting the scale “looks good” and was “ready to go”. The 

overall consensus was that the scale was adequate to be implemented as a clinical tool (≥ 

92.9% Agree). 100% of experts agreed that the scale adequately evaluates other 

undesirable movements including lateral trunk lean, insufficient trunk flexion, insufficient 

knee flexion, and asymmetry. Agreement was 92.9% for the addition of the accompanying 

instruction booklet. Furthermore, written feedback indicated that the addition of the 

instruction booklet was beneficial, and provided further details on the undesirable 

movements evaluated by the DVJS. Round 4 resulted in a Beta version of the DVJS for 

preliminary clinical use to test its measurement properties (see Chapter 2 Supplement, 

Figure 2.10). 

2.5 Discussion 

Through a four-round consensus building process involving clinicians and researchers who 

are experts in ACL injury and rehabilitation, we established consensus on the content and 

scoring on a DVJS for use during rehabilitation after ACL reconstruction. This Beta 

version of the DVJS consists of a rating for the extent of knee valgus collapse and the 

presence of other undesirable movements, including evidence of lateral trunk lean, 

insufficient trunk flexion, insufficient knee flexion, and limb-to-limb asymmetry. A scale 

from 0 (No knee valgus collapse and no undesirable movements) to 9 (Extreme knee valgus 

collapse ± undesirable movements) is included for rating each leg during the performance 

of the DVJ. Its intended use is to quantify performance of the DVJ, facilitating clinicians 

to focus on landing biomechanics, correct movement patterns when possible, and therefore 

inform rehabilitation after ACL reconstruction. The scale and its instruction booklet are 

included in Chapter 2 Supplement (Figure 1.10). 

Previous researchers have identified the need for methods to evaluate jump landing 

performance11,30,35,36. The majority of studies have focused on primary ACL injury risk 

screening. Of these, one35 used a scale that does not require video recording and showed 
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promising results for the reliability of the landing error scoring system-real time (LESS-

RT) in young, healthy military cadets. To the best of our knowledge, there have been no 

previous studies conducted to establish consensus on the content and scoring of a clinician-

rated drop landing scale with intended clinical use during rehabilitation. 

Throughout all Delphi rounds, the knee valgus collapse movement pattern was consistently 

identified by participants to be the most important item. This clearly reflects the translation 

of knowledge that has accumulated from biomechanical studies completed over the past 

decade. The following movements are involved when dynamic knee valgus collapse 

occurs: hip adduction and internal rotation, knee abduction, and ankle eversion28,39. These 

movements have a resultant external knee abduction moment directing the distal tibia away 

from the midline and collectively contribute to increased strain on the ACL, as has been 

evidenced in a cadaveric model12,24. The dynamic knee valgus collapse pattern can indicate 

a ligament dominant (rather than a muscular dominant) landing technique that produces a 

large external knee abduction moment about the knee and a large load on the ACL28,32. 

Accordingly, recent findings for risk factors of ACL tears19,29 and a second ACL injury39 

make it essential to include dynamic knee valgus collapse on the DVJS. All (100%) of our 

Delphi expert panel agreed that the DVJS denoted knee valgus collapse as the most 

important factor in jump landing performance for ACL injury risk.  

While dynamic knee valgus collapse is of primary concern during the DVJ, other 

undesirable movements are also important11,36,48. The participants in the Delphi expert 

panel agreed that the following undesirable movements should be included on the DVJS: 

excessive lateral trunk lean, insufficient forward trunk flexion, insufficient knee flexion, 

and asymmetry. These movements have all been shown to contribute to dynamic knee 

valgus collapse and ACL injury. These other undesirable movements included in the DVJS 

are intended to help identify contributing injurious motions, which can identify hip 

weakness, sagittal plane knee movement discrepancies and limb-to-limb asymmetries, all 

of which are reported to be modifiable risk factors for subsequent ACL injury39.  

The panel agreed (78.9%) that excessive lateral trunk lean should be included on the DVJS. 

Evidence of excessive lateral trunk lean may be an indicator of hip abductor weakness43, 
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and possibly weak core proprioception18, both modifiable risk factors that have been 

associated with subsequent ACL injury39. Furthermore, a lateral shift of the trunk over a 

weaker limb could result in an increase in dynamic knee valgus collapse ipsilaterally.  

The panel also recommended including insufficient trunk flexion in the DVJS. This was 

consistent with the suggestion that insufficient forward trunk flexion can be an indicator of 

moments acting at the hip and knee43. Greater loads at the knee5,6,43,47 are observed when 

landing in a more erect position, while trunk flexion during landing can reduce the loads at 

the knee, promoting hip and knee flexion5,6,47, and potentially reducing strain on the ACL. 

Frequently, the knee is reported to be in a position close to full extension7 at the time of 

ACL injury (i.e. insufficient knee flexion). Within a range of 0°-45° of knee flexion, 

contraction of the quadriceps increases strain on the ACL2,37. Meanwhile, the hamstrings, 

which can assist in reducing anterior tibial translation and therefore strain on the ACL, 

cannot adequately protect the ACL in a low knee flexion range27,28,37. A flat-footed straight-

leg landing, often accompanied by loud contact noise32, can indicate a landing technique 

with insufficient knee flexion and suggests quadriceps dominance, or poor hamstring 

strength and recruitment28,32. This can be addressed within rehabilitation and promote safer 

landing techniques. Substantial agreement (89.5%) by the panel demonstrated insufficient 

knee flexion as an important component on the DVJS.  

An imbalance between limbs in landing and jumping forces (i.e. asymmetry) have been 

observed for as long as 2 years after ACL reconstructive surgery and can remain after return 

to sport38. Paterno et al39 reported limb-to-limb asymmetries in transverse plane net 

moment hip impulse and sagittal plane knee moment at initial contact to be modifiable risk 

factors strongly associated to subsequent ACL injury. Hewett et al19 also reported 

asymmetries in lower extremity biomechanics to be risk factors for primary ACL injury. 

Any lingering asymmetries can put an individual at risk for ipsi- and contralateral ACL 

(re)injury38,48. The panel considered how to incorporate asymmetry into the DVJS over all 

four Delphi rounds, eventually agreeing to incorporate it into undesirable movements. The 

panel suggested that asymmetry can present itself in various forms and that any observed 

asymmetry should be recorded and described on the DVJS. 
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Limitations in the present study include those inherent in Delphi studies and must be 

acknowledged9,42,51. Although the response rate following round 2 was 55%, we suspect 

that this was because the round requested participants to re-evaluate the exact same survey 

from Round 1, with the opportunity to alter prior responses after viewing the full panel’s 

responses. Nonresponders may have simply felt their original response was adequate and 

did not feel it was necessary to respond. Importantly, the secondary round did result in an 

item being “rescued’ and the response rates for rounds 3 and 4 returned to 85% and 70%, 

respectively. Additionally, although the number of experts on the present panel was 

consistent with suggestions for Delphi studies9, the experts were primarily from North 

America. The number of experts in this topic is large internationally and it is unclear if 

additional participants or additional representation from other geographic regions would 

alter the present results. It is also important to emphasize that the DVJS is intended to 

measure landing mechanics to guide rehabilitation efforts, and it is not intended to replace 

criteria used to determine risk of injury or readiness to return-to-sport. The preliminary 

nature of the DVJS must also be emphasized. Future research is required to validate this 

Beta version of the scale for clinical use on patients undergoing ACL rehabilitation. Further 

testing of its measurement properties are especially required. 

2.6 Conclusions 

This Delphi process assisted in the development and refinement of a DVJS intended to 

quantify and monitor change in jump landing performance throughout rehabilitation after 

ACL reconstruction. A Beta version of this scale has been developed based on expert 

feedback. It requires further research before implementation into clinical practice. 

2.7 Key Points 

2.7.1 Findings 

Expert consensus was achieved on content and scoring for the development of a Beta 

version of the Clinician-Rated Drop Vertical Jump Scale to evaluate and quantify landing 

performance during rehabilitation after ACL reconstruction. 
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2.7.2 Implications 

Further development of the DVJS may assist clinicians to identify desirable and 

undesirable landing mechanics to guide rehabilitation efforts, monitor change in landing 

performance, and participate in clinical research studies on the topic. 

2.7.3 Caution 

The scale requires further research before widespread clinical implementation outside of 

research studies can be recommended. The scale is not intended to be used to determine 

return-to-sport.  
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2.9 Chapter 2 Supplement: Clinician-Rated Drop Vertical Jump 

Scale Instruction Booklet 

2.10 Supplement Summary 

The purpose of this booklet is to provide instructions for how to use the Clinician-Rated 

Drop Vertical Jump Scale (see Figure 2.10, end of Supplement Chapter for the scale). A 

summary of the instructions also appears on the back of the scale. This booklet includes 

examples of what to observe when using the scale, and provides instructions, a brief 

rationale and potential interpretation for each component. 

2.11 Supplement Introduction 

The drop vertical jump (DVJ) is a functional task relevant to anterior cruciate ligament 

(ACL) injury and rehabilitation. The DVJ is similar to rebounding a basketball, blocking 

in volleyball or jumping in soccer, among other sporting movements. When quantified in 

a biomechanics lab with motion analysis equipment, it is an indicator of ACL injury risk, 

especially in young females when greater dynamic knee valgus motion, knee abduction 

loads and limb-to-limb asymmetry are observed7. The present scale is intended to help 

clinicians quantify performance on the DVJ, without requiring motion analysis equipment, 

and evaluate change following therapy.   

2.12 Overall Instructions 

The clinician should observe at least three (more if required) repeated DVJ’s while 

standing in different positions so as to observe movements in all three planes (frontal, 

sagittal and transverse), looking for joint positions and possible compensatory movements. 

Based on the repeated jumps, the clinician should check the appropriate boxes on the scale 

for i) Knee Valgus Collapse, and ii) Other Undesirable Movements, for both the left and 

right limbs, then circle the corresponding scale numbers to determine the overall 

performance for each limb. Even if a joint position or compensatory movement is observed 

only once, it should be recorded. 
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2.13 Drop Vertical Jump Protocol 

The patient is instructed to stand on a box of approximately 30 cm in height (e.g. a small 

plyo-box), with feet shoulder-width apart (~35 cm), with the ball of each foot on the edge 

of the box (e.g. toes overhanging edge). The patient then drops off the box with both feet 

at the same time, lands on both feet, and then performs a maximum vertical jump as quickly 

as possible (similar to jumping for a basketball), landing in the same approximate spot as 

the initial landing5. The extent of dynamic knee valgus collapse and other undesirable 

movements should be evaluated from initial contact through to the deepest point during 

the initial landing, prior to the maximal jump. An illustration of the sequence of phases in 

the DVJ is presented in Figure 2.2. 

 

Figure 2.2: Example DVJ. Sequences include: (A) Start position; (B) Drop; (C) Deepest 

point during initial landing; (D) Maximal jump; and (E) Second landing and completion of 

jump. 
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2.14 Knee Valgus Collapse 

2.14.1 Instruction 

The dynamic knee valgus collapse pattern includes the following movements: hip 

adduction and internal rotation, knee abduction, and ankle eversion11,14. These movements 

have a resultant external knee abduction moment directing the distal tibia away from the 

midline (Figure 2.3). 

 

Figure 2.3: Example of the dynamic knee valgus collapse pattern including hip adduction 

and internal rotation, knee abduction, and ankle eversion. This pattern produces an external 

knee abduction moment. 

The Clinician Rated DVJ Scale has clinicians distinguish between four levels of dynamic 

knee valgus collapse. These include: NO (none); SOME (slight valgus collapse (“wiggle”) 

with correction); MODERATE (obvious valgus collapse with correction); and EXTREME 

(obvious valgus collapse with NO correction). The term “correction” refers to a knee 

valgus collapse pattern that returns to neutral alignment. Figure 2.4 illustrates these four 

categories of valgus collapse. 
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2.14.2 Rationale 

The dynamic knee valgus collapse pattern is suggested to indicate a ligament dominant 

(rather than a muscular dominant) landing technique that produces a large external knee 

abduction moment about the knee and a large load on the ACL10,11. 

2.14.3 Interpretation 

When this pattern is observed, a suggested rehabilitation goal is to decrease medial knee 

motion to promote a muscle dominant landing technique and decrease risk for ACL 

(re)injury11. 

 

Figure 2.4: Example images of the categories of knee valgus collapse included in the scale. 

(A) NO (none); (B) SOME; (C) MODERATE; and (D) EXTREME knee valgus collapse. 

2.15 Undesirable Movements 

While dynamic knee valgus collapse is of primary concern during the DVJ, other 

undesirable movements are suggested to be important17. Therefore, the clinician should 

also evaluate excessive lateral trunk lean, insufficient forward trunk flexion, insufficient 

knee flexion and asymmetry using the Clinician Rated DVJ Scale. 

A DCB
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2.15.1 Lateral Trunk Lean 

2.15.1.1 Instruction 

When evaluating whether a patient exhibits lateral trunk lean, the clinician should observe 

performance in the frontal plane and whether the patient is in a neutral alignment (Figure 

2.5A) or is shifting the trunk over one limb (Figure 2.5B). 

2.15.1.2 Rationale 

Studies suggest that at the time of ACL injury, the trunk is frequently erect4,6,15 and 

displaced laterally15, which results in less flexion in the lower extremity (esp. hip and 

knee)2,3,16. The consequences are increased load on the ACL and increased risk for injury. 

2.15.1.3 Interpretation 

Lateral trunk lean is more easily observed with single leg performance; however, it is 

important to consider in any landing, as it can be an indicator of hip abductor weakness15 

and possibly weak core proprioception8. These should therefore be considered as targets of 

rehabilitation intervention. Note that shifting the trunk over a weaker limb could result in 

an increase in dynamic knee valgus collapse ipsilaterally.  

 

Figure 2.5: Example of (A) neutral trunk and (B) lateral trunk lean to the patients’ right 

side during the DVJ. Note that in image (B) the participant is shifting weight over the right 

hip (right shoulder and hip dropped) and is also demonstrating a dynamic valgus collapse. 

A B
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2.15.2 Insufficient Trunk Flexion 

2.15.2.1 Instruction 

The clinician should evaluate performance for insufficient trunk flexion in the sagittal 

plane. When observing decreased trunk flexion during the DVJ, the clinician should also 

check for accompanying decreased knee and hip flexion, as often when landing with an 

erect trunk (Figure 2.6A), the patient will also exhibit less knee and hip flexion, in 

comparison to a more flexed trunk2,3,16 (Figure 2.6B). 

2.15.2.2 Rationale 

Hip and knee moments are influenced by sagittal plane trunk motion15. A more erect 

position (Figure 3.5A) results in greater loads at the knee2,3,15,16, while landing with the 

trunk in a more flexed position (Figure 3.5B) reduces loads at the knee and potentially ACL 

strain, while increasing hip and knee flexion angles during landing2,3,16. 

2.15.2.3 Interpretation 

If a patient is landing in a trunk erect position, technique training to increase trunk flexion 

is recommended. 

 

Figure 2.6: Examples of sagittal plane trunk positions during the DVJ: (A) erect trunk 

position with hip and knee joints demonstrating only slight flexion; and (B) greater trunk 

flexion accompanied by greater hip and knee flexion. 

A B
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2.15.3 Insufficient Knee Flexion 

2.15.3.1 Instruction 

The clinician should evaluate performance for insufficient knee flexion in the sagittal 

plane. Cues to look for when observing insufficient knee flexion are a flat-footed straight-

leg landing, usually with an associated loud contact noise11. Figure 2.7 portrays an example 

of straight-leg landing (A) and a more flexed landing (B). 

2.15.3.2 Rationale 

At the time of ACL injury, the knee is frequently reported to be in a position close to full 

extension4, a position at which contraction of the quadriceps increases strain on the ACL1 

and the hamstrings cannot adequately protect the ACL9,11,12. 

2.15.3.3 Interpretation 

Insufficient knee flexion may suggest quadriceps dominance or poor hamstring strength 

and recruitment10,11, which should therefore be a focus of rehabilitation. 

 

Figure 2.7: Example images of knee flexion observed in the sagittal plane, (A) flat-footed, 

straight-leg landing depicting insufficient knee flexion; and (B) a more flexed position 

allowing the hamstrings to activate and reduce anterior tibial translation and strain on the 

ACL. 

A B
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2.15.4 Asymmetry 

2.15.4.1 Instruction 

When observing performance of the DVJ for asymmetry, the clinician should be watchful 

for patients leaving the box with one limb prior to the other and/or landing with one limb 

prior to the other (Figure 2.8). Another cue is a foot placement with one foot posterior to 

the other (the posterior limb is suggested to be the stronger limb)11 (Figure 2.9). 

2.15.4.2 Rationale 

Limb-to-limb asymmetries are also risk factors for ACL injury7. Asymmetries in landing 

and jumping forces following return to sport after ACL reconstruction exist as long as 2 

years after surgery13. Lingering asymmetries can increase the risk for re-injury of the 

reconstructed ACL and to the contralateral limb13,17. 

2.15.4.3 Interpretation 

Lower limb asymmetry is suggested to indicate that the patient is exhibiting leg dominance, 

or residual injury deficits10, and a focus of rehabilitation should therefore be on correcting 

the observed imbalance between limbs. 
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Figure 2.8: Example images of asymmetry: The subject is leading the jump with the right 

foot by unweighting it first as seen in (A) frontal, and (B) sagittal views; Subject will likely 

land, or make initial contact with the right foot first as seen in (C) frontal, and (D) sagittal 

views. 

 

Figure 2.9: Example images of asymmetry demonstrated by staggered foot placement, 

with the right foot placed posteriorly to the left, suggesting a weaker left limb. (A) Frontal 

plane and, (B) sagittal plane views. Staggered foot placement is more easily observed from 

the sagittal view. 

A DCB

A B
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2.16 Supplement Conclusion 

This instruction booklet provides guidance to clinicians using the Clinician Rated DVJS 

for the evaluation of dynamic knee valgus collapse and other undesirable movements 

including lateral trunk lean, insufficient trunk flexion, insufficient knee flexion and 

asymmetry between limbs during the performance of a DVJ. Its’ intended purpose is to 

assist the clinician to consistently and quantitatively evaluate potentially risky maneuvers 

that put the ACL at risk for injury. It would typically be used at various time points 

throughout the rehabilitation process following ACL injury and/or reconstruction and 

allow the clinician to assess patient progress and readiness for return-to-sport.  
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2.17 Clinician-Rated Drop Vertical Jump Scale 
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Figure 2.10: Clinician-Rated Drop Vertical Jump Scale: Beta Version 
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Chapter 3  

3 Test-retest reliability and longitudinal validity of drop 

vertical jump biomechanics during rehabilitation after ACL 

reconstruction 

3.1 Summary 

The objective of this study was to estimate the test-retest reliability and explore the 

longitudinal validity of selected lower limb biomechanics assessed during a drop vertical 

jump (DVJ) completed by patients undergoing rehabilitation after ACL reconstruction. 

Joint biomechanics at the hip and knee measured during a DVJ are used to help assess 

patients undergoing rehabilitation after ACL reconstruction. If used as an outcome measure 

to evaluate the effectiveness of treatments and measure change in an individual patient’s 

performance, further information about test-retest reliability and longitudinal validity is 

required. Forty-six patients (age: 21.7±5.2y) were tested on two separate days within 1 

week at approximately 6 months after primary ACL reconstruction surgery, and again at 

12 months after surgery (n=36). Isokinetic knee extension and flexion strength and patient-

reported global ratings of change (GRC) were also assessed at 6 and 12 months. Knee 

angles and moments, hip impulse, and vertical ground reaction forces (VGRF) in the 

operative (19 left, 27 right) and nonoperative limbs, were calculated. Values at initial 

contact (IC) and peak (highest) were analyzed. An asymmetry index was calculated for 

peak knee abduction moment, knee flexion moment at IC and VGRF. We evaluated 

reliability using intraclass correlation coefficients (2,1) (95% confidence intervals) 

(ICC2,1), standard errors of measurement (SEM) and minimum detectable change (90% 

confidence level) (MDC90). We evaluated longitudinal validity using standardized 

response means (SRM) and Pearson correlations between changes in landing biomechanics 

and changes in knee extension and flexion strength and with GRC values. Intraclass 

correlation coefficients ranged from 0.58 to 0.90 for peak knee flexion and abduction 

moments, from 0.45 to 0.85 for knee flexion and abduction angles, from 0.61 to 0.93 for 

VGRFs and loading rate, and from 0.42 to 0.61 for hip impulse in the operative and 

nonoperative limbs. The SRM for knee flexion angles were 0.38 (peak) and 0.35 
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(displacement), while other biomechanical measures on the drop vertical jump were ≤0.27. 

The SRM for strength measures in the operative limb were 0.48 (knee extension) and 0.42 

(knee flexion). Knee moments at IC were less reliable, with ICC<0.48. Peak knee flexion 

moments, knee flexion angles, and VGRFs had the highest reliability (ICC > 0.80). SRMs 

ranged from 0.00 to 0.48. Correlations with strength (0.00 to 0.48) and GRC (0.03 to 0.43) 

were also low to moderate. The present results provide data to assist the interpretation of 

various landing biomechanics assessed during rehabilitation after ACL reconstruction. 
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3.2 Introduction 

Evaluation of landing biomechanics during a drop vertical jump (DVJ) has become an 

important aspect of assessing patients with or at risk for anterior cruciate ligament (ACL) 

injury1,2,6,12,17,20,21. To complete the DVJ, the patient stands on a 31 cm box, drops off the 

box, and upon landing, performs a maximal vertical jump similar to the action of 

rebounding a basketball or blocking in volleyball8,12. When quantified in 3D motion 

capture labs, landing biomechanics during the DVJ can help predict patients at risk for 

ACL injury1,2,6,12,17 and detect deficiencies following ACL reconstruction and after return-

to-sport20,21. The DVJ is also suggested as an objective task to be implemented in the later 

phase of ACL reconstruction rehabilitation to help evaluate progress and determine 

readiness for safe return-to-sport18,20.  

Greater dynamic valgus and higher abduction loads in the knee during the DVJ task are 

risk factors for initial ACL injury12,16. The DVJ can also identify modifiable risk factors 

associated with a second ACL injury, including dynamic knee valgus collapse, 

contralateral transverse plane hip net moment impulse, asymmetry in sagittal plane knee 

moment at initial contact21, and side-to-side asymmetries in vertical ground reaction force 

(VGRF) during both the landing and takeoff phase of the DVJ20, including loading rate and 

VGRFs in the uninvolved limb.  

There are encouraging data from healthy participants indicating landing biomechanics 

during the DVJ are reliable within and between test sessions8. Ford et al8 reported intraclass 

correlation coefficients of 0.616 and 0.855 for knee flexion and abduction angles 

(measured in degrees), 0.843 and 0.870 for knee flexion and abduction moments (measured 

in Nm.kg-1), and 0.655 for hip internal rotation moment (Nm.kg-1), respectively. However, 

to our knowledge there is no published research investigating the measurement properties 

of DVJ landing biomechanics in patients after ACL reconstruction. This is particularly 

important to help interpret DVJ measures used to evaluate change in patients during 

rehabilitation. Therefore, the objectives of this study were to 1) estimate the test-retest 

reliability, and 2) explore longitudinal validity of selected lower limb biomechanics 

assessed during a DVJ completed by patients undergoing rehabilitation after ACL 

reconstruction. 
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3.3 Methods 

3.3.1 Participants 

We recruited patients undergoing rehabilitation at a sport medicine clinic after primary 

unilateral ACL reconstruction. The institution’s Research Ethics Board for Health Sciences 

Research Involving Human Participants provided approval for the study. Participants 

provided informed written consent. Forty-six patients between the ages of 15 and 39 

participated (Table 3.1).  

Table 3.1: Baseline characteristics (mean ± standard deviation is reported unless stated 

otherwise). 

 Total 

Sample size (n) 46 

Sex (female/male) 15 / 31 

Operative limb (left/right) 19 / 27 

Age (y) 21.7 ± 5.2 

Height (cm) 175.97 ± 8.19 

Mass (kg) 78.0 ± 16.2 

Body Mass Index (kg.m-2) 24.5 ± 5.5 

Isokinetic Strength (Nm)  

 Operative knee extension peak torque 133.25 ± 47.80 

 Nonoperative knee extension peak torque 168.70 ± 43.43 

 Operative knee flexion peak torque 65.37 ± 23.76 

 Nonoperative knee flexion peak torque 84.71 ± 22.71 

3.3.2 Study Design 

The DVJ was performed in a biomechanics lab on two separate days at least 24 hours apart 

and within 1 week at approximately 6 months after surgery, and again 12 months after 

surgery (Figure 3.1). Testing sessions at 6 months were used to estimate test-retest 

reliability (n=46). Isokinetic knee extension and flexion strength and patient-reported 

global ratings of change (GRC) (Figure 3.2) were also assessed at 6 and 12 months and 

used to help evaluate longitudinal validity (n=36). Sample size was based on objective 1 

and the ability to estimate an ICC of approximately >0.80 with 95% confidence interval 

(CI) width of 0.2 5. 
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Figure 3.1: Measurement timeline and tasks required. Abbreviations: ACLR, Anterior 

cruciate ligament reconstruction; DVJ, Drop vertical jump; GRC, Global rating of change; 

hrs, hours. 

 

Figure 3.2: Global rating of change scale. 



 

61 

 

3.3.3 DVJ Landing Biomechanics 

We used a modified Helen Hayes marker set13, with extra markers placed bilaterally over 

the medial knee joint line and medial malleolus for an initial standing static trial to 

determine positions of joint centers of rotation for the knee and ankle. Medial markers were 

removed for subsequent dynamic trials (22 passive-reflective markers for the DVJ). Each 

participant performed four DVJ trials. The DVJ task had the participant stand on a box 31 

cm in height with the feet ~ 35 cm apart and toes slightly overhanging the edge. Participants 

were instructed to drop off of the box with both feet at the same time, and immediately 

perform a maximum vertical jump, consistent with instructions described in previous 

studies8,9,12. An overhead target was used to help align subjects to jump vertically and 

motivate them to jump maximally. The initial landing on the force plates was used for 

analysis in three successful trials.  

Three-dimensional marker and force plate data were collected using commercially 

available software (Cortex-64 2.6.5, Motion Analysis Corporation, Santa Rosa, CA) and 

ten high-speed digital cameras (8 Eagle Cameras, 2 Hawk Cameras, Motion Analysis 

Corporation, Santa Rosa, CA) at a sampling frequency of 200 Hz, synchronized with two 

force plates (Advanced Mechanical Technology Inc., Watertown, MA) positioned 8 cm 

apart and sampled at 1200 Hz. The system was calibrated using a static calibration frame 

to orient the cameras to the laboratory coordinate system, followed by a dynamic wand 

calibration, prior to data collection. 

Data reduction of the DVJ was completed using the motion analysis software, and exported 

to Microsoft Excel, where data were filtered using a low-pass fourth-order Butterworth 

filter. A residual analysis of data was completed resulting in marker data filtered at 14 Hz 

and force plate data at 50 Hz. The marker and force data from each trial were combined 

and used to calculate knee abduction, knee flexion and hip rotation moments using inverse 

dynamics (Cortex-64 4.0.0, Motion Analysis Corporation, Santa Rosa, CA). Joint angles 

(kinematics) were determined using the XYZ Euler Rotation Sequence with Z as the bone 

axis, and net external moments relative to the tibial anatomical frame of reference are 

described (Cortex-64 4.0.0, Motion Analysis Corporation, Santa Rosa, CA). 
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Vertical ground reaction forces were used to determine initial contact (IC) and takeoff 

during the DVJ. Initial contact was defined as a VGRF > 10 N, while takeoff was the instant 

VGRF was < 10 N (stance phase)1,2,8,21. The landing phase was defined as IC to the lowest 

point of the participants’ center of mass (CoM)1,2,21. The takeoff phase was from the lowest 

point of the participants’ CoM to takeoff (VGRF <10 N). The following variables for both 

the operative and nonoperative limbs (n = 92 limbs) for knee frontal and sagittal plane and 

hip transverse plane angles and moments were evaluated during the landing phase: knee 

abduction angle (KAA) (degrees) at IC and peak, frontal plane displacement (KAA disp), 

knee flexion angle (KFA) (degrees) at peak and sagittal plane displacement (KFA disp), 

knee abduction moment (KAM) (Nm, Nm.kg-1) at peak and asymmetry at peak, knee 

flexion moment (KFM) (Nm, Nm.kg-1) at peak and asymmetry at IC, and transverse plane 

net hip moment impulse in the first 10% of the landing phase. By convention, knee 

adduction, knee flexion and hip internal rotation were represented as positive. Maximum 

VGRF (xBW) during the landing (LP) and takeoff (TO) phases and loading rate (xBW.s-1) 

during the landing phase were measured. Loading rate was calculated as peak VGRF over 

time to peak (e.g. time from IC to peak VGRF). Angular displacements were calculated as 

the difference between values at peak and IC. The peak of the CoM during the flight phase 

of the maximal vertical jump was used as an indicator of peak height of the jump. 

Asymmetry was calculated using the Symmetry Angle (SA)28 (Equation 3.1).  

  SA = (45˚ - arctan(Xaffected/Xunaffected))/90˚ * 100%   (3.1) 

3.3.4 Strength Testing 

Strength testing was completed using an isokinetic dynamometer (Biodex System3, Biodex 

Medical Systems, NY) with participants seated with the hips and knees at 90˚ and the lower 

limb affixed to the dynamometer arm. Testing of the nonoperative limb occurred prior to 

that of the operative limb. The participants completed 1 set of 3 maximal effort repetitions 

of knee extension and flexion at 90˚/s. They were instructed to “kick and pull” the leg as 

fast and forcefully as possible. For familiarization of the task, the participants performed 3 

submaximal (50 – 60%) repetitions prior to the maximal effort repetitions for each limb. 

Testers provided encouragement of maximal effort verbally, in addition to visual feedback 

of the torque output. If the error in between repetitions was greater than 10%, the set was 
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repeated to ensure maximal effort. The sampling frequency of the Biodex was 1000 Hz, 

and peak torque (Nm) for each trial was determined from the highest value of each 

repetition. The mean of three repetitions for knee extension peak torque and knee flexion 

peak torque were recorded for each limb.   

3.3.5 Reliability 

For each participant, the mean of three trials in the operative (27 right, 19 left, N = 46) and 

nonoperative limbs on each test session were used to examine between-session test-retest 

reliability at 6 months. Differences between test and retest were evaluated using paired t-

tests. Intraclass correlation coefficients (ICC2,1) with 95% CI were calculated. The standard 

errors of measurement (SEM) were calculated and reported in the variables’ original 

units26. The point estimate of the SEM was used to calculate minimal detectable change at 

the 90% confidence level (MDC90)
25.  

3.3.6 Longitudinal Validity 

Change scores were calculated as the difference between scores obtained at 12mo and the 

mean of 6mo and 6mo2 (n=36). Changes were compared using paired t-tests. The 

correlations between changes in biomechanics variables and the GRC and change in 

strength (PT quad, PT hams) were determined using Pearson correlation coefficients (r) 

with 95% CI. The standardized response mean (SRM) was calculated as mean change from 

6 months to 12 months over the standard deviation of the change (mean Δ / SDchange). 

Statistical analyses were completed using SPSS (IBM SPSS Statistics 25, Chicago, IL) for 

Windows.  

3.4 Results 

3.4.1 Reliability 

Test-retest reliability statistics are reported in Table 3.2. The mean (SD) time between tests 

was 3.9 ± 2.1 days. There were no statistically significant differences between test-retest 

sessions at 6 months, with the exception of KFM and KFA at IC. The peak of the CoM 

during the flight phase of the maximal vertical jump had excellent reliability with an ICC 

of 0.94. For knee moments, the ICC for peak KAM ranged from 0.58 to 0.75 and can be 
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described as moderate-to-good (Koo & Li 2016). The ICC for peak KFM ranged from 0.73 

to 0.90 (moderate-to-excellent); however, asymmetry measures for knee moments were 

poor (ICC <0.50). For knee angles, the ICC for KAA ranged from 0.45 to 0.78 (poor-to-

good), while KFAs were between 0.83 and 0.85 (good). Reliability for VGRFs at LP and 

TO were from 0.82 to 0.93 (good-to-excellent). Reliability for asymmetry in VGRFs at LP 

and TO were moderate-to-good. Loading rate of VGRFs was lower with ICC of 0.71, 0.61, 

and 0.41 (poor-to-moderate) for operative, nonoperative, and asymmetry, respectively. 

Transverse net hip moment impulse in the nonoperative limb was moderate at 0.61. The 

SEM for absolute reliability and MDC at the 90% confidence level are presented in Table 

3.2. 

3.4.2 Longitudinal Validity 

Longitudinal validity statistics are reported in Tables 3.3 and 3.4. Statistically significant 

changes from 6 to 12 months were observed for KFA measures of peak and displacement, 

and in strength measures. The SRMs were very low-to-moderate. The SRM of the knee 

extension and flexion strength in the operative limb were 0.48 and 0.42, respectively. The 

SRM of all other variables were < 0.39. The GRC was most highly correlated to change in 

the operative limb’s KAM at IC (r = 0.37, p = 0.045, and r = 0.43, p = 0.019, for Nm.kg-1 

and Nm, respectively). The change in the operative limb’s knee extension strength was 

most highly correlated with change in the operative limb’s peak KAM (r = 0.38). Change 

in knee flexion strength was most highly correlated with KAMs (r = 0.48, 0.45, 0.38 for 

KAM at IC in Nm.kg-1, Nm, and peak KAM in Nm, respectively). 
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Table 3.2: Descriptive statistics (mean ±SD) and test-retest reliability statistics for Drop Vertical Jump biomechanics (n=46). Intraclass 

correlation coefficients (ICC) with 95% confidence intervals (CI) in parentheses, standard errors of measurement (SEM) and minimal 

detectable changes (MDC) estimated using the z value for 90% confidence (1.64) are shown. 

Test Time 1 (±SD) Time 2 (±SD) Diff T2-T1 (±SD) ICC  SEM MDC90 

Peak CoM height (m) 1.742±0.119 1.738±0.115 -0.004±0.040 0.94 (0.90, 0.97) ±28.37 ±65.81 

Knee Abduction Moment 

IC Op (Nm/kg) -0.10±0.11 -0.05±0.11 0.05±0.13 0.31 (0.03, 0.54) ±0.09 ±0.22 

 NoOp (Nm/kg) -0.04±0.08 -0.06±0.11 -0.03±0.11 0.29 (0.01, 0.52) ±0.08 ±0.18 

 Op (Nm) -7.47±8.21 -3.99±8.25 3.48±8.90 0.33 (0.06, 0.56) ±7.11 ±16.50 

 NoOp (Nm/kg) -2.84±6.07 -4.39±7.82 -1.55±7.71 0.28 (0.01, 0.52) ±6.08 ±14.10 

PEAK Op (Nm/kg) -0.37±0.23 -0.32±0.26 0.04±0.17 0.75 (0.59, 0.86) ±0.12 ±0.28 

NoOp (Nm/kg) -0.30±0.25 -0.31±0.25 -0.01±0.23 0.58 (0.35, 0.75) ±0.16 ±0.38 

Op (Nm) -27.90±16. 14 -25.32±21.08 2.58±13.48 0.71 (0.54, 0.83) ±9.54 ±22.11 

NoOp (Nm) -22.78±20.44 -24.33±21.08 -1.56±18.55 0.61 (0.38, 0.76) ±13.05 ±30.26 

Asymm (%) -3.7±31.0 9.6±45.9 13.3±52.9 0.08 (-0.20, 0.36) ±36.79 ±85.32 

Knee Flexion Moment 

IC Op (Nm/kg) -0.15±0.18 -0.11±0.17 -0.13±0.14 0.48 (0.23, 0.68) ±0.14 ±0.34 

NoOp (Nm/kg) -0.10±0.17 -0.15±0.15 -0.12±0.14* 0.33 (0.05, 0.56) ±0.11 ±0.26 

Op (Nm) -11.53±14.96 -7.89±13.00 -9.7±11.29 0.45 (0.19, 0.65) ±11.75 ±27.26 

NoOp (Nm) -6.97±13.37 -11.19±11.29 -9.08±10.60* 0.29 (0.01, 0.53) ±9.17 ±21.27 

Asymm (%) 25.6±56.1 30.0±53.4 4.5±72.6 0.12 (-0.18, 0.40) ±51.28 ±118.93 

PEAK Op (Nm/kg) -0.99±0.34 -0.98±0.34 0.01±0.25 0.73 (0.56, 0.84) ±0.18 ±0.41 

NoOp (Nm/kg) -1.22±0.38 -1.26±0.42 -0.04±0.25 0.81 (0.68, 0.89) ±0.18 ±0.41 

Op (Nm) -77.40±29.59 -76.19±29.44 1.22±18.93 0.80 (0.66, 0.88) ±13.30 ±30.85 

NoOp (Nm) -94.83±36.79 -98.18±40.41 -3.34±17.52 0.90 (0.82, 0.94) ±12.45 ±28.87 

Knee Abduction Angle (degrees) 

IC Op  -4.83±4.96 -5.29±5.31 -0.45±4.55 0.61 (0.39, 0.76) ±3.20 ±7.42 

NoOp -4.23±4.23 -4.08±4.87 0.16±3.04 0.78 (0.64, 0.87) ±2.12 ±4.93 

PEAK Op -17.92±9.29 -16.62±8.02 1.29±9.08 0.45 (0.19, 0.65) ±6.40 ±14.85 

NoOp -17.53±6.36 -16.78±7.15 0.75±6.39 0.56 (0.32, 0.73) ±4.50 ±10.44 

DISPL Op -13.08±7.22 -11.34±6.03 1.75±6.32 0.54 (0.30, 0.71) ±451 ±10.46 

NoOp -13.30±4.50 -12.71±5.70 0.59±4.54 0.61 (0.39, 0.76) ±3.18 ±7.38 
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Knee Flexion Angle (degrees) 

IC Op 16.73±7.27 17.38±6.88 0.65±5.75 0.67 (0.48, 0.80) ±4.06 ±9.41 

 NoOp 13.56±5.88 15.76±7.71 2.20±5.87* 0.61 (0.38, 0.76) ±4.26 ±9.89 

PEAK Op 77.44±13.97 78.44±16.50 1.00±8.87 0.84 (0.73, 0.91) ±6.23 ±14.45 

NoOp 78.83±13.97 80.08±15.22 1.25±8.37 0.84 (0.72, 0.91) ±5.91 ±13.71 

DISPL Op 60.72±14.25 61.06±14.88 0.35±8.58 0.83 (0.71, 0.90) ±6.01 ±13.93 

NoOp 65.27±14.68 64.32±14.78 -0.95±8.18 0.85 (0.74, 0.91) ±5.76 ±13.36 

Peak Vertical Ground Reaction Force (xBW) 

LP Op 1.41±0.32 1.42±0.30 0.01±0.15 0.89 (0.81, 0.94) ±0.10 ±0.24 

NoOp 1.59±0.31 1.62±0.30 0.03±0.18 0.82 (0.70, 0.90) ±0.13 ±0.30 

Asymm (%) 3.8±5.9 4.2±4.9 0.4±3.9 0.74 (0.57, 0.85) ±2.76 ±6.41 

TO Op 1.12±0.22 1.13±0.22 0.01±0.10 0.90 (0.83, 0.95) ±0.07 ±0.16 

NoOp 1.23±0.28 1.22±0.26 -0.00±0.10 0.93 (0.87, 0.96) ±0.07 ±0.17 

Asymm (%) 2.8±3.1 2.4±3.1 -0.4±2.0 0.78 (0.63, 0.87) ±1.44 ±3.35 

Loading Rate (xBW/s) 

 

Op 16.32±6.50 16.79±5.20 0.47±4.50 0.71 (0.53, 0.83) ±3.16 ±7.32 

NoOp 18.57±5.40 19.94±6.47 1.38±5.21 0.61 (0.39, 0.76) ±3.72 ±8.64 

Asymm (%) 5.1±12.3 5.0±8.9 -0.0±11.7 0.41 (0.13, 0.63) ±8.16 ±18.92 

Transverse Plane Net Hip Moment Impulse (Nms/kg) 

 Op -0.1x10-3±0.001 -0.3x10-3±0.001 -0.2x10-3±0.001 0.42 (0.15, 0.63) ±0.001 ±0.002 

 NoOp 0.2x10-3±0.001 -0.2x10-3±0.002 -0.4x10-3±0.001 0.61 (0.39, 0.76) ±0.001 ±0.002 

* p < 0.05 

Abbreviations: Time 1, first testing session at 6 months postoperatively; Time 2, second testing session at 6 months postoperatively +1 – 7 days from Time 1; Diff 

T2-T1, Difference between Time 2 and Time 1; ICC, Intraclass correlation coefficient; SEM, Standard error of measurement; MDC90, Minimal detectable change 

with 90% confidence; Peak CoM height, peak height of the center of mass during the maximal vertical jump flight phase; Op, Operative limb; NoOp, Nonoperative 

limb; Asymm, Asymmetry index; IC, initial contact; DISPL, displacement; LP, Landing phase; TO, Toe off.  
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Table 3.3: Changes in drop vertical jump measures (n=36). Mean ± standard deviation 

(SD), isokinetic strength measures, global rating of change (GRC), and standardized 

response mean (SRM). 

Test 6mo (±SD) 12mo (±SD) Change (±SD) SRM 

GRC   3.1±2.0  

Peak CoM height (m) 1.731±0.113 1.702±0.173 -0.030±0.155 -0.19 

Knee Abduction Moment 

IC Op (Nm/kg) -0.08±0.09 -0.05±0.13 0.03±0.12 0.27 

 Op (Nm) -5.89±7.13 -3.44±10.93 2.45±9.99 0.25 

PEAK Op (Nm/kg) -0.37±0.23 -0.31±0.21 0.06±0.27 0.22 

Op (Nm) -27.83±15.82 -25.03±23.22 2.80±20.71 0.14 

Knee Flexion Moment 

IC Op (Nm/kg) -0.14±0.15 -0.14±0.20 0.01±0.24 0.02 

 Op (Nm) -10.57±12.15 -10.57±16.12 0.00±18.02 0.00 

PEAK Op (Nm/kg) -1.03±0.30 -1.15±0.40 -0.13±0.47 -0.27 

Op (Nm) -79.54±28.61 -87.40±33.63 -7.85±36.49 -0.22 

Knee Abduction Angle (degrees) 

IC Op  -4.95±4.65 -4.21±4.43 0.74±4.27 0.17 

PEAK Op -16.92±7.74 -15.59±7.49 1.33±7.71 0.17 

DISPL Op -11.98±6.27 -11.39±5.80 0.59±5.47 0.11 

Knee Flexion Angle (degrees) 

IC Op 17.62±7.04 18.26±7.95 0.64±8.13 0.08 

PEAK Op 78.60±14.86 83.70±15.10  5.10±13.38* 0.38 

DISPL Op 60.98±13.22 65.44±15.33 4.46±12.86* 0.35 

Peak Vertical Ground Reaction Force (xBW) 

LP Op 1.40±0.26 1.38±0.29 -0.01±0.22 -0.06 

TO Op 1.11±0.18 1.16±0.22 0.04±0.19 0.22 

Loading Rate (xBW/s) 

 Op 15.99±5.33 15.20±5.27 -0.79±4.01 -0.20 

Transverse Plane Net Hip Moment Impulse (Nms/kg) 

 NoOp -0.1x10-3±0.0014 -0.1x10-3±0.0016 0.0x10-3±0.0015 -0.02 

Strength (Nm) 

Extension Op 135.47±50.98  148.04±41.74 12.58±26.47* 0.48 

Flexion Op 66.15±25.29  71.46±21.92 5.31±12.81* 0.42 

* p<0.05 
** p<0.001 
Abbreviations: 6mo, mean of testing sessions 1 and 2 at 6 months postoperatively; 12mo, testing session 3 at 

12 months postoperatively; SRM, Standardized response mean; GRC, Global rating of change; Peak CoM 

height, peak height of the center of mass during the maximal vertical jump flight phase; Op, Operative limb; 

NoOp, Nonoperative limb; IC, initial contact; DISPL, displacement; LP, Landing phase; TO, Toe off; 

Extension, knee extension; Flexion, knee flexion. 
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Table 3.4: Pearson correlations (r) between change in drop vertical jump measures (scores 

from time 3 vs. the mean score from times 1 and 2), the global rating of change (GRC), and 

change in strength. 

 Variable GRC (n=30) 
 Strength (n=36) 

Knee Extension Knee Flexion 

Peak CoM height (m) -0.20 0.06 0.17 

Knee Abduction Moment 

IC Op (Nm/kg) 0.37* 0.29 0.48** 

Op (Nm) 0.43* 0.26 0.45** 

PEAK Op (Nm/kg) -0.04 0.27 0.26 

 Op (Nm) 0.05 0.38* 0.38* 

Knee Flexion Moment 

IC Op (Nm/kg) 0.33 0.13 0.41* 

 Op (Nm) 0.35 0.21 0.45* 

PEAK Op (Nm/kg) 0.29 -0.02 0.22 

 Op (Nm) 0.29 -0.07 0.17 

Knee Abduction Angle (degrees) 

IC Op  0.05 -0.05 -0.17 

PEAK Op 0.06 -0.04 -0.14 

DISPL Op 0.05 -0.01 -0.06 

Knee Flexion Angle (degrees) 

IC Op 0.03 -0.20 -0.35* 

PEAK Op -0.11 0.06 -0.01 

DISPL Op -0.15 0.19 0.21 

Peak Vertical Ground Reaction Force (xBW) 

LP Op 0.27 0.21 0.13 

TO Op 0.18 0.05 -0.05 

Loading Rate (xBW/s) 

 Op 0.06 0.16 -0.00 

Transverse Plane Net Hip Moment Impulse (Nms/kg) 

 NoOp 0.20 0.18 0.32 

* p < 0.05 

** p < 0.01 

Abbreviations: , Change; GRC, Global rating of change; Peak CoM height, peak height of the center of 

mass during the maximal vertical jump flight phase; IC, initial contact; DISPL, displacement; LP, Landing 

phase; TO, Toe off; Op, operative limb; NoOp, nonoperative limb. 

3.5 Discussion 

This study provides reliability and longitudinal validity data for key biomechanical 

variables (movement patterns) evaluated during a DVJ that are risk factors for ACL injury 

and targets of rehabilitation after ACL reconstruction. The study was completed at a time 

postoperatively where ACL reconstruction patients typically aim to return-to-sport27 and 

exercises to improve dynamic knee stability are a focus of rehabilation18. Reliability 

coefficients ranged from poor-to-excellent. Knee moments at IC had the lowest reliability 

(< 0.48), while VGRFs and peak KFM had the highest reliability (0.73 - 0.93). Longitudinal 

validity, as indicated by the SRM, suggest small to moderate changes for the majority of 
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the variables analyzed. Improved strength measures over time were associated with a 

reduction in peak KAM and greater KFM at IC showing improved landing biomechanics. 

Previous investigators have evaluated the reliability of the DVJ performed by young 

healthy participants. Ford et al8 reported good-to-excellent reliability of kinematic and 

kinetic variables during the DVJ in a sample (n=11) of healthy young basketball and soccer 

athletes. Mok et al15 also reported also reported good-to-excellent reliabilty in a sample 

(n=41) of healthy elite female handball and soccer athletes. To our knowledge, the present 

study is the first to evaluate the reliability of DVJ parameters in patients undergoing 

rehabilitation after ACL reconstruction.  

The present ICCs for KAM and KFM variables ranged from 0.58 to 0.80 (Table 3.2) and 

were slightly lower than those reported by Ford et al8 (0.87 and 0.84 for peak KAM and 

KFM, respectively) and Mok et al15 (0.69 and 0.85 for KAM and KFM, respectively). The 

present KAAs were also generally lower (ranged from 0.45 - 0.78) than those reported by 

Ford et al8 (0.80 - 0.86) and Mok et al15 (0.75 - 0.81), whereas KFAs were generally higher 

(KFA at IC 0.67 and 0.61, and 0.83 - 0.85 for peak and displacement) than those reported 

by Ford et al8 (0.40 - 0.62) and Mok et al15 (0.74 - 0.79). Greater variability in DVJ 

biomechanics in patients 6 months after ACL reconstruction versus healthy participants is 

not surprising and this finding should be considered when evaluating the DVJ in patients 

undergoing postoperative rehabilitation. Also, there are a number of factors that may affect 

the reliability of optical motion capture data, including marker placement7,14, skin 

artefacts3,8,22, single vs. multiple trial averages8, and filtering frequency8,22. It is possible 

that differences in these testing methods also contributed to differences between the present 

and previously published studies. 

Although an increased knee abduction moment during a DVJ is a predictor of initial ACL 

injury12,21, less is known about its association with subsequent ACL injuries. Paterno et al21 

evaluated the association of modifiable risk factors for subsequent ACL injuries and 

identified the transverse plane net hip moment impulse as the strongest predictor. 

Specifically, participants who went on to retear had a net hip internal rotator moment in 

the uninvolved limb, while those who did not retear had an external rotator moment. In the 
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present study, there was considerable variability between test sessions for the transverse 

plane net hip moment impulse and it did not change significantly from 6 to 12 months. This 

finding may suggest that strategies to more directly target weakened hip musculature with 

rehabilitation are required. As the gluteus maximus is the most powerful hip extensor and 

hip external rotator19, exercises such as lunges, tuck jumps, lateral jumps and single limb 

exercises21,24 that target the gluteals and other hip external rotators should be incorporated 

into the ACL rehabilitation process. Weaker gluteus maximus and medius strength has 

been found in individuals with patellar femoral pain23. These same individuals also had a 

net internal rotation moment of the hip during a drop jump task. 

Asymmetry in landing mechanics during the DVJ is also associated with future ACL 

(re)injury21 and is a focus during rehabilitation after ACL reconstruction10. We calculated 

the Symmetry Angle (see Equation 3.1) because it is suggested to be a robust indicator of 

inter-limb asymmetry percentage that is immune to inflated scores and the necessity to 

identify a reference limb4,11,28. Although the ICCs for asymmetry in force data including 

VGRFs at LP and TO were good (0.74 and 0.78, respectively), and loading rate was 0.41, 

asymmetry in knee moments were poor (peak KAM = 0.08 and KFM at IC = 0.12). As the 

ICC measured for asymmetry in peak KAM and KFM at IC were so poor, the reliability of 

the Symmetry Angle measure on motion analysis data is uncertain and should likely be 

reconsidered. 

As the ICC provides a measure of relative reliability, an indication of how well a variable 

can distinguish between patients, the present ICCs suggest many of the tested variables are 

suitable when comparing groups of ACL reconstructed patients in research studies (Table 

3.2). Alternatively, the SEM is a measure of absolute reliability, which can be used to 

estimate the measurement error in an individual patient’s performance. For example, the 

SEM of 9.54 Nm for the operative limb’s KAM at peak suggests considerable measurement 

error exists and should be considered when evaluating an individual patient’s DVJ KAM 

value. The large MDC (±22.11 Nm) also suggests this parameter is less useful for assessing 

potential change in a patients DVJ KAM with rehabilitation.   
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KFA peak and displacement values, and knee extension and flexion strength changed 

significantly from 6 to 12 months, and SRMs were mostly small-to-moderate (Table 3.3). 

An increase in KFA for peak and displacement is promising as increased KFA in landing 

reduces risk for ACL injury. Concurrent increases in knee extension and flexion strength 

may have contributed to the increased KFA.  

The KAM at IC was moderately positively correlated to the GRC and to isokinetic knee 

flexion peak torque (i.e. strength). The peak KAM was also moderately positively 

correlated to knee flexion and extension (Table 3.4). Thus, larger increases in strength were 

associated with smaller KAMs, thereby demonstrating greater control in landing. A 

perceived and self-reported improved performance (GRC) was also correlated with a 

reduction in KAM at IC. Furthermore, increased knee flexion strength was moderately 

positively correlated with KFM at IC. This increased hamstring strength is likely associated 

with improved landing biomechanics (i.e. greater flexion moment). The negative 

correlation of knee flexion strength with KFA at IC shows that patients who landed in a 

more extended knee position (i.e. less knee flexion) also had reduced knee flexion 

(hamstring) strength.  

There are limitations in this study. We evaluated the DVJ at 6 and 12 months after ACL 

reconstruction as the timing coincides with rehabilitation that focuses on jumping and 

sport-specific exercises. However, some participants may still have been hesitant to 

provide their maximal efforts during the DVJ at these time points. We encouraged maximal 

effort and included an overhead target during testing to standardize performance, and the 

repeatability of peak height of the CoM (i.e. maximal jump height) was the same between 

testing days 1 and 2 (ICC = 0.94), so we can safely assume that patients jumped in a similar 

manner on both days. Although the same testers completed the assessments during the test 

and re-test within 1 week at the 6-months postoperative visits, different testers may have 

run the testing at 12 months post-operative. That may have introduced measurement error 

that contributed to the relatively small changes observed and the generally low-to-moderate 

associations between change scores. Other measures such as knee-specific patient-reported 

outcomes and kinesiophobia may influence the reliability and longitudinal validity of the 

DVJ measures and were not assessed in this study.  
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3.6 Conclusion 

The present ICCs observed in patients undergoing rehabilitation after ACL reconstruction 

suggest test-retest reliability of knee flexion and abduction angles and moments, 

asymmetries and VGRFs during the DVJ test vary from poor-to-excellent depending on 

the point of landing assessed. The measures with greatest reliability (ICC> 0.75) were the 

peak KAM in the operative limb, peak KFMs, KFAs, and VGRFs in both operative and 

nonoperative limbs. The present SEMs and MDCs suggest caution is required when 

evaluating change in an individual patient's specific DVJ parameters during rehabilitation 

after ACL reconstruction. Increased knee flexion and extension strength shows an 

improvement in landing mechanics as peak KAM is reduced and KFM and KFA at IC is 

increased. 

3.7 Key Points 

3.7.1 Findings 

In patients undergoing rehabilitation after ACL reconstruction, reliability of biomechanical 

variables assessed during a DVJ ranged from poor to excellent. Changes in DVJ variables 

from 6 to 12 months postoperatively were associated with changes in strength. 

3.7.2 Implications 

Vertical ground reaction forces, peak knee abduction and flexion moments, and knee 

flexion angles can be evaluated with good reliability in patients as early as 6 months after 

ACL reconstruction. Changes in strength affects landing mechanics, particularly an 

improvement in strength increases knee flexion and reduces the knee abduction moment 

during the DVJ.  

3.7.3 Caution 

Measurement error should be considered when evaluating change in an individual patient’s 

DVJ parameters during rehabilitation after ACL reconstruction. 
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3.9 Chapter 3 Supplement: Technical Note 

Determination of filtering frequency for jumping analysis: Implications for anterior 

cruciate ligament rehabilitation injury prevention. 

3.10 Supplement Summary 

Biomechanical motion analysis of movement properties during jumping performance can 

provide valuable information when evaluating injury risk and readiness for return-to-sport 

in patients rehabilitating from anterior cruciate ligament (ACL) reconstruction. Motion 

analysis data has inherent error included in the collected raw data that must be filtered. 

Residual analysis is an objective means to determine filtering cut-off frequency. A digital 

filter is then applied to the raw data using the filtering cut-off frequency as determined 

using residual analysis. In biomechanics, a common filtering technique is the Butterworth 

filter. The process does however require trial-and-error and subjective judgement on the 

part of the researcher. For jumping analysis in ACL reconstructed patients, it was 

determined that a filtering cut-off frequency of 14 Hz for movement and 50 Hz for forces 

was acceptable to ensure physiological data is kept in the filtered signal for this cohort. A 

separate residual analysis is recommended for each cohort prior to analysis of motion 

analysis data. 
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3.11 Supplement Introduction 

Anterior cruciate ligament injuries are devasting, and highly prevalent among athletes. 

Accompanying ACL injury is the financial burden of the injury through rehabilitation and 

often reconstructive surgery. The rate of return to activity after injury is less than desired, 

and the long-term effects, including osteoarthritis, are not favourable. Biomechanical 

analysis of human movement can provide important information with regards to human 

movement properties. Three-dimensional motion analysis techniques and force production 

allow the evaluation of kinematics and kinetics. Kinematics describe movement, 

irrespective of the forces that cause the movement, while kinetics describes the forces that 

cause the movement. Motion analysis has been used to evaluate landing mechanics to 

assess differences between healthy individuals and those who have suffered an ACL injury 

and reconstruction4,6,7,9,23. A useful and popular measure to analyze landing mechanics is 

the drop vertical jump (DVJ), which has been used in predicting risk for primary2,14,21 and 

secondary24 ACL injury. This provides researchers and practitioners information such as 

who may be predisposed to ACL injury, how patients recover after ACL reconstruction, or 

help identify those more likely to re-injure their ACL. 

Collecting motion analysis data involves transformation from an analog to a digital signal. 

Unfortunately, this process introduces noise to the true signal, and therefore the raw data 

(noise + true signal) must be filtered before it can be analyzed and subsequently interpreted. 

Sources of noise, which is considered additional signal that was not attributed to the actual 

process itself (e.g. walking or jumping), can include electronic noise, spatial processing 

and human error28. Furthermore, marker placement10,15, skin artefacts3,11,26, vibrations in 

foot-to-ground contact26, single vs. multiple trial averages11, and filtering frequency11,26 can 

all individually, or collectively, affect the final signal. Even with careful experimental 

procedures to minimize sources of noise, some will remain5. Therefore, raw kinetics and 

kinematics data need to be filtered to remove these artefacts so we can evaluate the 

movement signal. 
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3.12 Butterworth Filter 

A widely used filtering technique in the field of biomechanics for kinetic and kinematic 

analyses is the zero-lag low-pass fourth-order Butterworth digital filter29,30. It was 

introduced for use in gait analysis by Winter et al29, and later Pezzack et al25 confirmed it 

was the best choice of several methods to attenuate noise in kinematic signals. While some 

methods such as finite difference differentiation left obvious artefacts in the signal, 

polynomial curve fitting tended to smooth the signal too much25. In a perfect world, we 

would filter out all the noise or artefacts from the raw data and keep only the true signal. 

This, however, is not possible. Filtering to ensure removal of all noise may result in a 

smooth signal that would look more visually appealing; however, we would lose important 

physiological data for the sake of removing all artefacts28. Over-filtering is therefore not 

appropriate. 

Digital filtering using a Butterworth filter attenuates noise in kinematic and kinetic signals 

in biomechanics. It is based on frequency differences between signal and noise28. 

Frequency of human movement tends to be low-frequency or band-limited5. Noise is 

assumed to be primarily white noise with a flat power spectrum5, which is largely high-

frequency signal. Low-pass filtering will improve the signal-to-noise ratio by removing 

high-frequencies from the signal. The Butterworth filter can be defined by the following 

equation [see Equation 3.2]8, which is a second-order, recursive filter: 

yn = a0(xn + 2xn-1 + xn-2) + b1yn-1 + b2yn-2  (3.2) 

where yn is the filtered signal, xn is the raw data, a and b are coefficient constants of the 

filter determined by cut-off frequency and the number of passes1,8. Sample rate and cut-off 

frequency define the constants1,5. This recursive equation involves dependence on previous 

outputs to determine current output5 and running the filter to smooth data therefore results 

in a phase lag or phase distortion28. To rectify this phase shift, the filter is run a second 

time, this time in the reverse direction1,5,8,28,29, returning the filtered signal to be back in 

phase with the original data. This doubles the order of the filter and the result is a dual-pass 

(e.g. filtered in both forward and backward directions) fourth-order zero-lag digital filter. 

This low-pass filter is allowing low-frequency movement data to pass through within the 
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defined band limit (i.e. below the cut-off frequency) and removing most of the high-

frequency noise from the filtered signal. However, determining the optimal cut-off 

frequency remains challenging and an ongoing debate in the literature.  

3.13 Optimal Cut-Off Filtering Frequency 

An optimal cut-off frequency will provide us with the best approximation of our true 

movement signal, with the smallest amount of noise remaining. With walking or gait 

analysis, it has been well established that a cut-off frequency of 6 Hz28,29 is typically 

appropriate to attenuate noise using a low-pass filter, while maintaining the mostly true 

signal. However, there is no established ideal filtering frequency of more dynamic, fast and 

high-load movements such as jumping or cutting, often seen in sports. This poses a problem 

when evaluating jumping or cutting performance with motion analysis. Moreover, it is 

often during one of these dynamic movements during a sporting session that ACL injuries 

occur. It is therefore imperative that we be able to accurately evaluate the loads that occur 

at the knee, and on the ACL itself. 

Jumping frequency occurs at a frequency of 1 to 4 hz17. There is fast acceleration of limb 

segments and large impact ground reaction forces26. Typically, marker data from motion 

analysis are filtered at < 20Hz26. Meanwhile, with ground reaction forces (GRF), especially 

in jumping and cutting maneuvers, there is a high-impact peak that is observed. This 

involves large forces that are transmitted through the foot that need to be attenuated by the 

body, including muscles, bones, ligaments and tendons26. There is some debate regarding 

the appropriate cut-off frequency of GRFs and whether it should be the same as marker 

filtering frequency (e.g. Kristanslund et al16), or if this would result in inappropriate loss 

of important physiological information26. Roewer et al26 therefore suggest different 

filtering frequencies should be applied to marker and GRF signals in jumping analysis, 

especially when injury prediction or prevention is involved. In fact, Hewett et al14 

demonstrated that applying different filtering cut-off frequencies for marker (9 Hz) and 

GRF (50 HZ) in the analysis of peak knee abduction moment (KAM) during the DVJ 

maneuver predicted ACL injury in female athletes with high sensitivity and specificity. 

Regardless, determination of optimal filtering cut-off frequency for the movement in 
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question should be determined via residual analysis28. This can be done for both marker 

and GRF data separately. 

3.14 Residual Analysis 

Residual analysis is a means to assist in the decision-making process for optimal filtering 

cut-off frequency. It evaluates the differences between the raw and filtered signals over a 

range of cut-off frequencies22,27,28. The residual is the signal that remains after the filtered 

signal is removed from the raw signal27. The residual is determined using the following 

equation [see Equation 3.3]28: 

𝑅(𝑓𝑐) = √
1

𝑁
∑ (X𝑖 − 𝑋̂ 𝑖)2
𝑁
𝑖=1    (3.3) 

where R is the residual, fc is the cut-off frequency of the dual-pass fourth-order zero-lag 

Butterworth filter, N is the sample points of the signal in time, Xi is raw data at the ith 

sample, and X̂i is the filtered data at the ith sample using the aforementioned filter28 (p.70). 

These residuals can then be plot as a function of the range of filtering frequencies chosen 

(see Figure 3.3). A sharp rise in the residual at lower frequencies is signal distortion that is 

taking place28. It is at this inflection point that the optimal frequency (a) for displacement 

data occurs28. Optimal frequency is at a point where the signal distortion is equal to residual 

noise28.  
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Figure 3.3: Plot of the residual analysis of ground reaction forces during the landing phase 

of the drop vertical jump for a selected subject (Subject A). The sum of squares of the 

residual (y-axis) are plot over a range of filtering cut-off frequencies (x-axis). A line is 

drawn through the flat part of the curve (Noise Residual) through to the y-intercept. A 

horizontal line (Intercept) is drawn from the y-intercept. The intersection of the Residual 

curve and the horizontal line (a) identifies the ideal cut-off frequency (f’). 

The plot of residual vs frequency gives us an objective tool to assist in the determination 

of the desired cut-off frequency. In Figure 3.3, is an example of a plot of the residual. The 

sum of squares of the residual are plot over a wide range of cut-off frequencies 

(“Residual”). The curve will drop and then flatten. It is at this abrupt change that the 

optimal cut-off frequency (f’) occurs. The process nonetheless requires trial-and-error to 

come to a decision where the filtered curve passes reasonably through the “middle” of the 

raw data25. For example, in Figure 3.4 we have the residual analysis of frontal plane knee 

kinematics during the landing phase of a DVJ. The f’ is slightly greater than 11 Hz. Figure 

3.5 shows the curves of raw data filtered data at a variety of cut-off frequencies for this 
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same trial. This provides a visual representation of which cut-off frequency should be 

considered for analysis, and trial-and-error or best judgement is applied. 

 

Figure 3.4: Residual analysis of frontal plane knee kinematics during the landing phase of 

a drop vertical jump for a representative subject (Subject A). Based on this analysis, the 

optimal cut-off frequency (f’) was determined to be almost 12 Hz for this trial.  
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Figure 3.5: Filtered and raw data for frontal plane knee kinematics during the landing 

phase of the drop vertical jump of a representative subject (Subject A). Sampling rate was 

200 Hz. The optimal filtering frequency (f’) was determined via residual analysis to be 12 

Hz (see Figure 2). The curve in the upper left quadrant is filtered at 12 Hz. Top right used 

a filtering cut-off of 6 Hz, and it is evident that the filtered curve does not follow a trajectory 

“through the middle” of the raw data and some physiological information is lost. In the 

bottom left quadrant, data was filtered at 20 Hz. The filtered data here tends to follow the 

raw data too closely. In the bottom right quadrant, a filtering cut-off of 14 Hz was 

implemented, which is similar to the 12 Hz cut-off. 
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The representative data portrayed in Figures 3.3 and 3.4 is representative of DVJ 

performance for one variable, during one trial, on one limb, for a single subject. It is a 

tedious, time consuming process. If we look at the performance of a different subject, for 

the same variable, the results will differ, as illustrated in the residual analysis graph in 

Figure 3.6. Completing this process for each trial, for each limb, for each subject, for each 

time point in a larger scale study, is very time consuming. An alternative approach is to 

complete a residual analysis on a subject within the cohort that has demonstrated good 

performance on the DVJ, along with a residual analysis on a subject that demonstrates 

obvious undesirable movement in the landing of their DVJ performance. Undesirable 

movement identified in the DVJ can include a dynamic knee valgus collapse, and other 

movements such as lateral trunk lean, insufficient trunk flexion, insufficient knee flexion, 

and limb-to-limb asymmetry12. From this process, it is the judgement call of the respected 

researcher to determine the appropriate cut-off frequency to implement in their analyses 

for their respective subject cohort. 

3.15 Decision of Filtering Cut-Off Frequency 

This process, while objective, is nonetheless subjective to the judgement of the researcher. 

Residual analysis provides an objective starting point in determining appropriate cut-off 

frequency. Additionally, the researcher should reflect on the literature and the cut-off 

frequencies implemented by previous researchers in similar settings. With the DVJ, a 

variety of cut-off frequencies have been applied by various research groups. Hewett et al14 

filtered their kinematics and kinetics at 9 Hz and forces at 50 Hz. Paterno et al24, Ford et 

al11, and Myer et al20 all filtered their motion and force data at 12 Hz. Myer et al21 reported 

a filtering frequency of 12 Hz for kinematics but did not report the filtering frequency for 

forces. Bates et al2 filtered their kinematics and kinetics at 12 Hz, and their forces at 100 

Hz. Finally, a reliability study on drop jump landing in elite athletes filtered marker 

trajectories and forces at 15 Hz19, while another reliability study on stop jump landings18 

filtered their kinematics at 6 Hz and ground reaction forces at 60 Hz. Meanwhile, some 

studies do not report the filtering cut-off frequency they applied4,6,7,23. Evidently, there is 

no clearly defined optimal filtering frequency that can be applied for jump landing analysis 

across laboratories and populations. 
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Figure 3.6: Residual analysis of frontal plane knee kinematics in a different subject during 

the landing phase of the drop vertical jump of a representative subject (Subject B). Optimal 

cut-off filtering frequency (f’) is 13 Hz for this trial. 

To further complicate the issue, a few studies have attempted to address the filtering cut-

off frequencies for movement and force data, particularly for injury prevention. 

Kristianslund et al16 completed motion analysis evaluation of a side-step cutting movement 

in elite handball players using same and different filtering cut-off frequencies for 

movement and force: 10-10, 15-15, 10-50, and 15-50 for movement and forces, 

respectively. They reported that force and movement data should be processed with the 

same low filtering frequency, and even recommended that previously reported jump 

landing studies with different filtering frequencies should be interpreted with caution. 

However, a study by Roewer et al26 specifically evaluating the DVJ, responded to the study 

suggesting Kristianslund et al16 may have “over-extended” their results by comparing 

filtering frequencies of side-stop movement to jump landing. Roewer et al26 evaluated the 

DVJ at a variety of same (10, 12, and 15 Hz) and different (10-50, 12-50, and 15-50 Hz for 
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movement and forces, respectively) filtering frequencies. In particular, Roewer et al26 

evaluated the difference in peak knee abduction moment (KAM) as a result of changes in 

filtering frequency. Peak KAM has been identified as an important predictor of primary 

ACL injury14. A peak KAM that exceeds a threshold of 25.25 Nm21 indicates ‘high risk’ 

for ACL injury. In their analyses, Roewer et al26 identified 17 of 22 subjects of being at 

risk for ACL injury when different filtering frequencies were applied to movement (10 Hz) 

and forces (50 Hz), yet three of these subjects were no longer considered ‘at risk’ when 

data was filtered using same low cut-off filtering frequencies. Applying same low cut-off 

filtering frequency may therefore prove too aggressive, filtering out vital physiological 

information. When an increased injury risk is identified, appropriate prevention strategies 

such as neuromuscular training specifically developed to reduce ACL injury risk13 can be 

initiated to reduce this risk. Arguably, it is more ethical to intervene and work to reduce 

injury risk, than filter more aggressively and potentially miss patients that may be at high 

risk for ACL injury. 

Further to the debate on using low cut-off filtering frequencies in biomechanics, computer 

simulation of the countermovement jump (CMJ) has been implemented to evaluate whether 

completing residual analysis to determine optimal cut-off frequency is appropriate22. A 

noise-free kinematic computer simulation of a CMJ was created. Random white noise was 

then added to distort the signal and add typical error that is seen with in vivo biomechanical 

analyses. A residual analysis was then performed to determine the optimal filtering 

frequency (f’) and a fourth-order zero-lag Butterworth digital filter was thereafter applied 

to filter the computer simulated CMJ data. It was found that through residual analysis the 

f’ was underestimated, potentially resulting in information loss from the kinematic signal. 

Nagano et al22 concluded that when possible, the f’ should be determined by analyzing 

error-free kinematics. While this process may not be feasible for all situations, an 

alternative approach could be to determine an approximate f’ for the subject population, 

and applying a conservative approach, choose a filtering frequency that is slightly greater 

than that identified with the residual analysis. This would inherently reduce the possibility 

of over-filtering and information loss. 
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For the purposes of determining the f’ for a large-scale research project evaluating the 

effectiveness of two different rehabilitation strategies in a subject population with patients 

completing rehabilitation following ACL reconstruction, a residual analysis was carried 

out. Two subjects were chosen, one that was identified as having ‘good’ performance on 

the DVJ, and one that demonstrated ‘risky movement patterns’, three trials were evaluated 

on each limb, per subject for frontal plane knee motion (12 residual plots analyzed) and for 

ground reaction forces (12 residual plots analyzed). Frontal plane knee motion was used 

for the residual analysis as it has been shown to be highly relevant in identifying ACL 

injury risk14,24. An example of residual analysis results for f’ for movement data are shown 

in Table 3.5. Figures 3.3, 3.5 and 3.6 show an example of the plot of the residual analysis 

for representative Subject A for forces (Figure 3.3) and frontal plane movement (Figure 

3.4), and for Subject B frontal plane movement (Figure 3.6). Based on the residual analyses 

and visual inspection, a conservative approach was adopted to minimize information loss, 

and an f’ was selected at a cut-off filtering frequency of 14 Hz for movement and 50 Hz 

for forces. 

Table 3.5: Example of residual analysis for frontal plane movement for two representative 

subjects completing the drop vertical jump. Three trials were evaluated for each subject, in 

each limb. The right limb was the ACL reconstructed limb for both subjects. The optimal 

filtering frequency (f’) is displayed. Visual inspection for each trial was also completed for 

each trial at varying frequencies around the identified f’. Results of the researchers’ visual 

inspection for ideal smoothing is reported. An example of the visual inspection of curves 

through raw data can be seen in Figure 3.5.  

Subject Trial Limb f’ Visual 

A 1 R 11-12 12-14 

  L 9 14 

 2 R 7 12-14 

  L 11-12 14-16 

 3 R 10 12 

  L 14-15 14 

     

B 1 R 13 14-16 

  L 12-13 14-16 

 2 R 14-15 16 

  L 12 14-16 

 3 R 13 12 

  L 11-12 14-16 
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3.16 Supplement Conclusion 

A decision process guided by residual analysis provides an objective means to decide on 

filtering cut-off frequency in biomechanics research. The process should be completed for 

each subject cohort prior to evaluating movement properties of biomechanical data. 

Residual analysis tends to underestimate the cut-off frequency. It is important to consider 

the risks of removing more noise at the sake of losing physiological data, especially when 

predicting or evaluating injury risk. The residual analysis process implemented for 

analyzing movement properties during a DVJ for this cohort of subjects that have 

undergone recent ACL reconstruction resulted in a filtering cut-off frequency of 14 Hz for 

kinematics and kinetics, and 50 Hz for GRFs. This may differ from other subject cohorts, 

and in other research settings. A separate residual analysis should be performed prior to 

analysis of biomechanical movement properties for each study. 
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Chapter 4  

4 A randomized trial of a staged home-based and in-clinic 

rehabilitation programs after anterior cruciate ligament 

reconstruction: biomechanical and functional outcomes 

4.1 Summary 

The objective of this study was to compare biomechanical and functional outcome 

measures in patients undergoing staged (home-based and in-clinic) rehabilitation after 

anterior cruciate ligament (ACL) reconstruction versus usual care. Rehabilitation after 

ACL reconstruction lasts several months and includes a focus on neuromuscular exercises 

and sport-specific training to achieve optimal biomechanical and functional outcomes. 

There can be substantial barriers to attending in-clinic rehabilitation for prolonged periods. 

We randomized patients undergoing ACL reconstruction to staged postoperative 

rehabilitation (n = 62) or usual care (n = 63). Staged rehabilitation included remote, home-

based physical therapy for the first 12 postoperative weeks followed by in-clinic supervised 

physical therapy for the following 12 weeks. Usual care consisted of typical in-clinic 

supervised physical therapy for 24 weeks. Landing biomechanics during a drop vertical 

jump (DVJ), forward hop for distance and isokinetic knee extension and flexion strength 

were compared 6 and 12 months postoperatively. No group differences for primary and 

secondary functional outcomes measures were observed between rehabilitation groups at 

6 months. The staged group had significantly greater operative limb peak knee abduction 

moment (-20.70 Nm ± 12.39 for usual care vs. -26.89 Nm ± 19.21 for staged; p = 0.03) and 

limb-to-limb symmetry for peak knee abduction moment (2.38 Nm ± 17.10 for usual care 

vs. -7.55 ± 18.91 for staged; p = 0.00) at the 12 month follow-up. Both groups had 

significant within-group limb asymmetry at both 6- and 12-months for vertical ground 

reaction forces, loading rate and knee flexion moments. No differences in hop nor strength 

testing were observed between groups. Completing home-based physiotherapy in the early-

stages of rehabilitation can be an effective measure for patients who have the motivation 

and resources to complete their rehabilitation exercises at home, when detailed instruction 

by a qualified therapist is provided beforehand. Future consideration of neuromuscular 
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function and the long-term success of rehabilitation programs is an ongoing problem that 

is necessary to investigate.  
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4.2 Introduction 

Rehabilitation after anterior cruciate ligament (ACL) reconstruction focuses on enabling 

patients to pursue an active lifestyle after surgery, including return to high risk activities 

such as jumping and cutting. ACL rehabilitation typically lasts several months and is 

generally divided into early and later postoperative phases22,30. The early phase focuses 

primarily on managing pain and swelling and recovering range of motion and strength in 

the operative limb. The later phase focuses on dynamic stability of the limb, aiming to 

prepare the patient for return to high level functioning, including pre-injury level of 

sport22,30. The possibility for failure of ACL graft, and an increased chance for injury to the 

contralateral limb20 are greatly elevated during return-to-sport30,31. Modern ACL 

rehabilitation protocols progressively place increased demands on the operative limb 

during the later phase, with the goal of attaining optimal dynamic stability of the limb and 

safely returning the patient to pre-injury levels of function and performance.  

Unfortunately, there are substantial barriers to attending in-clinic rehabilitation for 

prolonged periods of time. Although current safety concerns related to COVID-19 

highlight the importance of being able to deliver care remotely, there are other important 

barriers that can hinder attendance to in-clinic ACL rehabilitation. Many insurance 

companies cover only a portion of the costs associated with physiotherapy. If these funds 

are depleted in the early postoperative rehabilitation phase, patients may be unable to 

continue with the late-phase, sport-specific rehabilitation that is thought to be crucial for 

neuromuscular training and injury prevention. An alternative approach to ACL 

rehabilitation to facilitate patient adherence to late-stage in-clinic physiotherapy is 

therefore warranted. Home-based rehabilitation programs following ACL reconstruction 

may be promising, however, evidence-based approaches evaluating functional outcomes 

of known predictors of secondary ACL injury has yet to be conducted. Moreover, to date, 

only one published study investigating effectiveness of a home-based ACL rehabilitation 

program presented adequate statistical power19. The study reported that the home-based 

group had significantly greater knee flexion and extension ROM, but no differences in any 

other measures (ROM during walking, knee laxity, and strength) at 3 months 

postoperatively. Furthermore, the evaluation of functional outcomes, such as the drop 
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vertical jump, has yet to be examined, and provide critical insight on patient rehabilitation 

success.  

Previous studies12,18,19,23,37 have investigated alternative ACL rehabilitation strategies, and 

suggest that with the right type of patient (i.e. motivated, adequate resources and support 

at home) and sufficiently detailed instruction, completing home-based ACL rehabilitation 

can be accomplished. However, although promising, the ability of alternative rehabilitation 

to achieve the same biomechanical and functional outcomes that are the focus of later-stage 

physiotherapy remains unknown. Importantly approximately 65-75% of patients return to 

their pre-injury level of sport after ACL reconstruction5, and of those that return, as many 

as one in four sustain a second knee injury22. Risk factors for ACL injury include aberrant 

landing biomechanics observed during a drop vertical jump (DVJ), such as greater knee 

abduction moment21,35. Moreover, risk factors for secondary ACL injuries have been 

identified and  include side-to-side asymmetries and the hip rotation impulse of the 

uninvolved limb in the early phase of the DVJ22,35. These are modifiable motor function 

and neuromuscular patterns that can be addressed with preventative rehabilitation 

protocols. Such prevention programs have shown promise for prevention of primary ACL 

injury10,31. A shift of focus from early-guided physiotherapy to a later-stage, sport-specific 

guided physiotherapy may prove beneficial for patients in preventing secondary knee 

injuries. 

The objective of this study was to evaluate whether a staged physiotherapy program (e.g. 

home-based rehabilitation followed by late supervised physiotherapy) leads to similar 

functional measures, including biomechanical measures of drop vertical jump, hop testing, 

and strength, as usual care physiotherapy (early supervised) in patients following primary 

unilateral autograft ACL reconstruction.  

4.3 Methods 

4.3.1 Trial Design 

This study was completed at the Wolf Orthopaedic Biomechanics Lab, Fowler Kennedy 

Sport Medicine Clinic, University of Western Ontario, Canada. The study was a 

randomized trial with two parallel groups and a primary endpoint of 12 months after ACL 
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reconstruction. Primary biomechanical DVJ measures were assessed at 6- and 12-months, 

secondary functional measures of hop and strength testing were assessed at baseline (pre-

surgery) and at 6- and 12-months, and secondary descriptive measures of range of motion 

and IKDC were assessed at baseline. Sixty patients per group were recruited based on 80% 

power to detect a moderate effect size with alpha set at 0.058. 

4.3.2 Participants 

Patients were randomized to either a Usual Care physiotherapy or a Staged Physiotherapy 

intervention following primary unilateral ACL reconstructive surgery. Eligibility 

requirements are listed in Table 4.1. Patients were recruited at the Fowler Kennedy Sport 

Medicine Clinic where they were seeing an orthopaedic surgeon for their injury. Five 

orthopaedic surgeons were involved in the study. All participants underwent unilateral 

hamstring autograft ACL reconstruction, which eliminated the influence of graft choice on 

the rehabilitation intervention. 

4.3.3 Randomization 

Patients were randomized on a 1:1 basis to one of two groups, 1) Usual Care (UC), and 2) 

Staged Physiotherapy (SP). Randomization occurred after surgery assuming the patient 

still met eligibility criteria. Randomization was in permuted mixed block sizes and 

stratified by surgeon, presence or absence of meniscal repair, and whether they attend the 

Fowler Kennedy Clinic for their physiotherapy. 

Two researchers recruited patients to the study. One researcher was responsible for 

randomization of patients after their surgery. This was completed in EmPower (empower 

health research inc. 2009). The researcher then informed subjects of their group allocation 

and provided direction on their intervention and rehabilitation process. 
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Table 4.1: Study inclusion and exclusion criteria. 

Inclusion: 

(1) Between 15 and 40 years of age 

(2) Unilateral ACLR 

(3) Hamstring autograft ACLR 

(4) Available for post-operative rehabilitation at specified time periods: before surgery, 2-weeks, 

6-weeks, 12-weeks, 6-months, 12-months, and 24-months 

Exclusion: 

(1) Previous or concomitant ACLR on either knee 

(2) Requires repair or reconstruction of posterior cruciate or medial cruciate ligament 

(3) Past/present history of metabolic bone, collagen, crystalline, degenerative joint or neoplastic 

disease 

(4) Chondral defect requiring treatment 

(5) Femoral, tibial or patellar fracture (other than Segond fractures) 

(6) Patient does not speak/understand English language 

(7) Patient has cognitive impairment or psychiatric illness that precludes informed consent or 

renders the patient unable to complete questionnaires 

(8) Patient has no fixed address and no means of contact 

(9) Patient has a major medical illness where life expectancy is less than two years 

4.3.4 Blinding 

The researcher who was primarily responsible for collecting and analyzing the DVJ and 

strength measures was blinded to subject group allocation throughout the study. Treating 

orthopaedic surgeons were blinded to group allocation throughout the study. 

4.3.5 Interventions 

Patients randomized to UC group attended their first consultation with a physiotherapist of 

their choice (Fowler Kennedy or Community clinics) at approximately 2 weeks post-

surgery and continued with in-clinic physical therapy as per the usual practice of their 

respective therapist. The physiotherapist was provided the ACL Protocol (currently 

provided to all patients who have undergone an ACL reconstruction). The ACL Protocol 

is included in Appendix G. Both physiotherapy programs (UC, SP) were designed by 

physiotherapists at the Fowler Kennedy clinic who have more than 10 years of experience 

with providing therapy for patients who have undergone an ACL reconstruction. 

Patients randomized to the SP group attended one appointment with a physiotherapist at 2 

weeks post-surgery, and their second appointment at 6 weeks. The patients allocated to SP 

completed the first 12 weeks of their protocol at home with the guidance one of two 

physiotherapists from the Fowler Kennedy Clinic. These two physiotherapists oversaw SP 

patients for their home-based rehabilitation program. Patients received a copy of the home-
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based program and reviewed the first half of the program with the physiotherapist. The 

home-based program of the SP group is included in Appendix F. The home-based portion 

of the SP program was 12-weeks in duration. At six weeks, SP patients returned to the 

clinic to meet with their respective physiotherapist to review the second half of the home-

based SP program. Patients then returned at 12 weeks post-surgery and received a copy of 

the ACL Protocol (same as UC group). Patients attended in-clinic physiotherapy regularly 

from 12 – 24 weeks with a physiotherapist of their choice. The surgeon’s instructions to 

the physiotherapist was to start sport-specific rehabilitation under supervision according to 

the provided ACL Protocol. 

4.3.6 Both Groups 

Both groups were seen by their orthopaedic surgeon at 6- and 12-weeks post-surgery. At 6 

weeks, the surgeon evaluated patient progress by answering yes or no to the following 

questions: Does the patient demonstrate; 1) an inability to bend their knee at least 80° (knee 

flexion), 2) an inability to straighten their knee by greater than 10° (knee extension), 3) an 

inability to contract and hold their quadriceps muscle, 4) an inability to perform a straight 

leg raise, and 5) a quads avoidance gait pattern? If the surgeon answered ‘yes’ to any of 

these questions the patient was instructed to increase their visits to a physiotherapist until 

all required criteria were met, after which, they continued treatment according to their 

respective groups.  

At 12 weeks, the treating orthopaedic surgeon evaluated patient progress by answering yes 

or no to the following questions: Does the patient demonstrate; 1) an inability to bend their 

knee at least 90° (knee flexion), 2) an inability to fully straighten their own knee (active 

and passive knee extension), and 3) a quads avoidance gait pattern? If the surgeon answers 

‘yes’ to any of these questions the patient was asked to increase their visits to a 

physiotherapist. 

4.3.7 Outcome Measures 

We selected two primary outcome measures assessed during a DVJ at 12-months post ACL 

reconstruction: the peak knee abduction moment (peak KAM); and the transverse plane net 

hip moment impulse. The DVJ has previously been shown to identify primary21 and 
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secondary35 risk factors for ACL injury in females. Peak knee abduction moment during 

landing has been identified as a key predictor of primary ACL injury21. Paterno et al35 

reported that transverse plane net hip moment impulse in the uninvolved limb was the 

strongest predictive risk factor for secondary ACL injury. The DVJ was assessed at 6- and 

12-months post-operatively. 

Secondary outcome measures of functional performance in the DVJ were also collected, 

including side-to-side differences in lower extremity biomechanics, and vertical ground 

reaction forces (VGRF). Additionally, hop testing and strength measures were evaluated. 

Secondary measures of hop testing and strength were assessed at baseline, 6-months and 

12-months post-operatively. These have previously been reported to provide valuable 

information on the rehabilitation of the ACL reconstructed limb, and on safety in returning 

to sport. Range of motion (ROM) of the knee joint and the International Knee 

Documentation Committee (IKDC) Subjective questionnaire were administered at baseline 

to help describe the patient population. 

4.3.8 Drop Vertical Jump 

The DVJ protocol has been described in detail previously13,15,16,21. Briefly, subjects were 

instrumented with 22 passive-reflective markers for the DVJ using a modified Helen Hayes 

marker set. Each subject performed four successful DVJ trials. The DVJ task had the 

subject stand on a box 31 cm in height with the feet ~ 35 cm apart and toes slightly 

overhanging the edge. Subjects were instructed to drop off the box with both feet at the 

same time, and immediately perform a maximum vertical jump, consistent with 

instructions described in previous studies13,15,21. The initial landing on the force plates was 

used for analysis in three successful trials.  

Three-dimensional marker and force plate data were collected using commercially 

available software (Cortex-64 2.6.5, Motion Analysis Corporation, Santa Rosa, CA) and 

ten high-speed digital cameras (Motion Analysis Corporation, Santa Rosa, CA) at a 

sampling frequency of 200 Hz, synchronized with two force plates (Advanced Mechanical 

Technology Inc., Watertown, MA) positioned 8 cm apart and sampled at 1200 Hz. The 
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system was calibrated using a static calibration frame to orient the cameras to the laboratory 

coordinate system, followed by a dynamic wand calibration, prior to data collection. 

4.3.9 Drop Vertical Jump Data Analysis 

These data analysis techniques have been previously described in detail by Gagnon et al16. 

Data reduction of the DVJ was completed using Cortex, and exported to Microsoft Excel, 

where data were filtered using a low-pass fourth-order Butterworth filter. Joint angles 

(kinematics) were determined using the XYZ Euler Rotation Sequence with Z as the bone 

axis (Cortex-64 4.0.0, Motion Analysis Corporation, Santa Rosa, CA). The marker and 

force data from each trial were combined and used to calculate knee abduction, knee 

flexion and hip rotation moments using principles of inverse dynamics, and net external 

moments relative to the tibial anatomical frame of reference are described (Cortex-64 4.0.0, 

Motion Analysis Corporation, Santa Rosa, CA).  

Vertical ground reaction forces were used to determine initial contact (IC) and takeoff of 

the initial landing in the DVJ. Discrete variables of kinematics and kinetics for both the 

operative and nonoperative limbs (n = 250 limbs) for knee frontal and sagittal plane at 

initial contact (IC), peak values, and displacement were evaluated during the landing phase 

of the DVJ. Transverse plane hip net moment impulse in the first 10% of landing phase16,35 

was calculated. Maximum VGRF (xBW) during the landing and takeoff phases and loading 

rate (xBW.s-1) during the landing phase were measured. Angular displacement of the knee 

in the frontal and sagittal planes was calculated as the difference between peak and IC 

abduction and flexion angles, respectively. By convention, knee adduction, knee flexion 

and hip internal rotation were represented as positive values. On each test occasion, all 

DVJ discrete variables were recorded in their respective units and calculated as the mean 

of three trials. 

4.3.10 Hop Testing 

Four hop tests (single leg hop for distance, timed 6-m hop, triple hop and crossover triple 

hop) were administered, and the resulting limb symmetry index (LSI)32 was calculated. A 

thorough explanation of these hop tests are described by Reid et al36 and Noyes et al32. 
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Overall LSI was calculated as the average LSI of the four hop tests. This instrument has 

demonstrated validity and excellent test-retest reliability36. 

4.3.11 Strength Assessment 

Strength testing was completed using an isokinetic dynamometer (Biodex System3, Biodex 

Medical Systems, NY) and has been described elsewhere16. Testing of the nonoperative 

limb occurred prior to that of the operative limb. Participants completed 1 set of 3 maximal 

effort repetitions of knee extension and flexion at 90˚/s. Peak knee extension and knee 

flexion torques (Nm) were recorded for each limb.  

4.3.12 Range of Motion 

Passive knee extension and active-assisted knee flexion were measured using a universal 

goniometer, as described by Clarkson and Gilewich9. Measurements were taken for both 

the unaffected and affected knee. 

4.3.13 Statistical Methods 

As not all subjects were available for both testing sessions for a variety of reasons including 

but not limited to, re-injury, lost to follow-up, and inability to attend, we carried out a 

multiple imputation. Multiple imputation is the preferred method to account for missing 

data17. After evaluation of patterns of missing data, it was determined that we had data 

missing completely at random (MCAR). Missing data at 12 months was correlated using 

Pearson r to baseline data and functional performance at 6 months. We used 15 passes for 

multiple imputations as there was 14.4% missing data at 12 months for jump variables. 

Pooled results are reported. 

Means, standard deviations and proportions were analyzed to provide descriptive tables of 

the characteristics of each group. Independent t-tests were used to evaluate group 

differences for primary and secondary outcomes measures at 6 and 12 months. Dependent 

t-tests were used to evaluate limb differences in primary and secondary DVJ outcome 

measures. Group differences are presented as mean difference with 95% confidence 

intervals. Chi-Square was used to evaluate group distribution differences above and below 

a pre-determined cut-off for primary outcomes. For transverse plane net hip moment 
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impulse, the cut-off was defined as 0 or whether a subject had a net internal vs external 

moment35. We used a cut-off of -25.25 Nm for peak KAM21,26,28. This cut-off for peak 

KAM has been shown to provide maximal sensitivity and specificity in the prediction of 

primary ACL injury risk during a DVJ21,26,28 and has previously been used to classify 

individuals as ‘high-risk’ or ‘low risk’26,28. Chi-Square was also used to evaluate the 

percentage of patients unable to complete hop testing at each time point. Finally, a repeated 

measures multivariate ANOVA was used to see if a trajectory of change over time existed 

for hop and strength testing. 

4.4 Results 

Flow of participants through the trial is presented in Figure 4.1. One-hundred and twenty-

five of the 162 randomized patients were available for biomechanics laboratory 

assessment. Two patients randomized to the SP group were crossovers, they were still 

included in the analyses. Loss to follow-up at 12 months was 13% and 8% for the UC and 

SP groups, respectively. Four patients in the UC group re-tore their ACL after the 

intervention but before the 12-month follow-up. One patient in the SP group re-tore their 

ACL during the intervention period (i.e. before the 6-month time point). One participant in 

the SP group moved to another province after the 6-month intervention and was unavailable 

for the 12-month follow-up. The UC group had 3 patients that we were unable to contact, 

and 1 patient that was unable or unwilling to return for the 12-month follow-up 

measurements. The SP group had 1 patient that we were unable to contact, and 2 patients 

that were unable or unwilling to return for the 12-month follow-up measurements. Fifty-

seven and 58 participants were analyzed at the end of the intervention at 6-months post 

ACL reconstruction in the UC and SP groups, respectively. Fifty-three and 55 participants 

were analyzed at 12-months post ACL reconstruction follow-up in the UC and SP groups, 

respectively.  

There were no significant differences between groups pre-surgery for age, height, body 

mass, BMI, ROM, strength or hop testing (Table 4.2). Missing data at 12 months was 

weakly correlated to baseline measures of body mass and BMI (r = -0.245 and -0.251, 

respectively, p < 0.01), peak knee extension torque in both unaffected and affected limbs, 

and the affected peak knee flexion torque (r = -0.204, -0.189, and -0.222, respectively, p < 
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0.05), active flexion ROM in the unaffected limb (r = 0.212, p < 0.05), affected limb single 

hop for distance and triple hop for distance (r = -0.229 and -0.221, p < 0.05 and to baseline 

IKDC (r = 0.244, p <0.05). In the UC group, 11 of 63 subjects (17%) and 7 of 62 subjects 

(11%) in the SP group, were missing data at 12 months. While loss to follow-up accounted 

for 13% and 8% of missing data at 12 months for UC and SP, respectively, the other 4% 

and 3% are attributed to data collection or technical issues. 

 

Figure 4.1: Flow diagram of subjects in the study. 

 

Primary DVJ outcome measure group differences are presented in Table 4.3 (6 months) 

and Table 4.4 (12 months). No differences between groups were seen at 6 months. 

Scatterplots of primary DVJ outcome measures at 6 months are shown in Figures 4.2 to 4.5 

that portray the number of patients above and below risk factor cut-offs for each respective 
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measure. No significant group differences were observed. At 12 months, there were no 

group differences in transverse plane net hip moment impulse, however peak KAM in the 

operative limb was significantly different between groups (p = 0.03), as was limb 

difference in peak KAM (p < 0.01). 

Table 4.2: Baseline (before surgery) characteristics (mean ± standard deviation are 

reported unless stated otherwise). 

Variable Usual Care N = 63 Staged Physiotherapy N = 62 

Sex (female/male) 32 / 31 23 / 39 

Operative limb (left/right) 34 / 29 24 / 38 

Age (y) 22.5 ± 6.0 23.2 ± 6.8 

Height (cm) 172.4 ± 9.1 174.3 ± 8.4 

Mass (kg) 77.3 ± 20.9 80.9 ± 20.2 

BMI (kg.m-2) 25.9 ± 6.0 26.4 ± 5.0 

IKDC 62 ± 20 57 ± 16 

Range of Motion (deg)   

 Op Extension -3 ± 3 -3 ± 3 

 NoOp Extension -4 ± 3 -4 ± 3 

 Op Flexion 137 ± 10 137 ± 10 

 NoOp Flexion 141 ± 9 142 ± 8 

Strength (Nm)   

 Op Quadriceps 120.81 ± 45.73 126.61 ± 43.76 

 NoOp Quadriceps 157.53 ± 56.40 161.49 ± 50.96 

 Op Hamstrings 63.59 ± 24.59 67.84 ± 24.73 

 NoOp Hamstrings 75.22 ± 27.76 78.77 ± 29.96 

 Op HQ Ratio (%) 54 ± 13 54 ± 10 

 NoOp HQ Ratio (%) 48 ± 7 49 ± 9 

Hop Testing: Limb Symmetry Index (%)*  (N)  (N) 

 Single leg hop 85.7 ± 18.4 (54) 84.0 ± 16.1 (43) 

 Timed hop 87.2 ± 14.7 (51) 87.2 ± 17.0 (40) 

 Triple hop 84.0 ± 13.2 (50) 85.0 ± 17.5 (41) 

 Crossover hop 84.8 ± 16.1 (47) 85.8 ± 15.2 (41) 

 Overall 85.7 ± 14.1 (47) 85.5 ± 15.2 (40) 

* Not all patients were safely able to complete all portions of the hop testing. The N is included for those 

patients that completed each individual portion of the hop test. 

Abbreviations: BMI, Body mass index; IKDC, International Knee Documentation Committee; Op, Operative 

limb; NoOp, Nonoperative limb; Extension, passive knee extension; Flexion, active knee flexion; Quadriceps, 

peak torque of the quadriceps; Hamstrings, peak torque of the hamstrings; HQ Ratio, Ratio of peak torque 

of the hamstrings to the quadriceps; Single leg hop, Single leg hop for distance; Timed hop, single leg timed 

6-m hop; Triple hop, single leg triple hop for distance; Crossover hop, single leg triple crossover hop for 

distance; Overall, mean of four hop tests. 
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Table 4.3: Comparison of imputed drop vertical jump primary functional performance 

outcome measures between groups (means ± SD) at 6 months post-surgery. 

Measure Usual Care (n=63) Staged Physio (n=62) Difference (95% CI)   p 

Transverse Plane Net Hip Moment Impulse (Nms/kg)   

 Operative -0.23x10-3 ± 0.002 -0.29x10-3 ± 0.002 0.06x10-3 (-0.0007, 0.0008) .89 

 Non-operative -0.27x10-3 ± 0.002 -0.02x10-3 ± 0.002 -0.25x10-3 (-0.0010, 0.0005) .52 

 Limb Difference 0.04x10-3 ± 0.003 -0.26x10-3 ± 0.002 0.30x10-3 (-0.0008, 0.0014) .59 

Peak Knee Abduction Moment (Nm)    

 Operative -24.80 ± 15.18 -26.36 ± 16.30 1.56 (-3.98, 7.11) .58 

 Non-operative -21.32 ± 14.98 -24.02 ± 18.94 2.69 (-3.31, 8.70) .38 

 Limb Difference -3.48 ± 20.75 -2.35 ± 20.00 -1.13 (-8.31, 6.05) .76 

Abbreviations: Operative, Operative limb; Non-operative, Nonoperative limb; Limb Difference, limb 

difference for outcome measure determined as operative – non-operative. Net external hip rotation and knee 

abduction moments are negative values. 

 

Table 4.4: Comparison of imputed drop vertical jump primary functional performance 

outcome measures between groups (means ± SD) at 12 months post-surgery.  

Measure Usual Care (n=63) Staged Physio (n=62) Difference (95% CI)   p 

Transverse Plane Net Hip Moment Impulse (Nms/kg)   

 Operative 0.22x10-3 ± 0.004 -0.20x10-3 ± 0.003 0.43x10-3 (-0.0012, 0.0021) .61 

 Non-operative -0.52x10-3 ± 0.003 -0.32x10-3 ± 0.002 -0.20x10-3 (-0.0014, 0.0010) .73 

 Limb Difference 0.74x10-3 ± 0.005 0.11x10-3 ± 0.004 0.63x10-3 (-0.0012, 0.0025) .50 

Peak Knee Abduction Moment (Nm)    

 Operative -20.70 ± 12.39 -26.89 ± 19.21 6.19 (0.52, 11.86) † .03 

 Non-operative -23.09 ± 13.23 -19.35 ± 14.96 -3.74 (-8.71, 1.23) .14 

 Limb Difference 2.38 ± 17.10 -7.55 ± 18.91* 9.93 (3.60, 16.26) † <.01 
† Significant difference between rehabilitation groups. 

*Statistically significant difference between limbs within rehabilitation group for peak knee abduction 

moment, p=0.002, for the staged physiotherapy group. 

Abbreviations: Operative, Operative limb; Non-operative, Nonoperative limb; Limb Difference, limb 

difference for outcome measure determined as operative – non-operative.  

Net external hip rotation and knee abduction moments are negative values. 
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Figure 4.2: Scatterplot of usual care physiotherapy group for operative limb peak knee 

abduction moment at 6 months post ACL reconstruction. The horizontal line identifies the 

“high-risk” cut-off of -25.25 Nm. Patients below the line (46.3%) are at greater risk. 

Original data (n = 54) was used for the graph. 

 

Figure 4.3: Scatterplot of staged physiotherapy group for operative limb peak knee 

abduction moment at 6 months post ACL reconstruction. The horizontal line identifies the 

“high-risk” cut-off of -25.25 Nm. Patients below the line (45.3%) are at greater risk. 

Original data (n = 53) was used for the graph. 

↓ Abduction 

↓ Abduction 
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Figure 4.4: Scatterplot of usual care physiotherapy group for non-operative limb 

transverse plane net hip moment impulse at 6 months post ACL reconstruction. The 

horizontal line identifies the “high-risk” cut-off of between internal and external moments. 

Patients above the line (44.4%) have a net internal moment and are at greater risk. Original 

data (n = 54) was used for the graph. 

 

Figure 4.5: Scatterplot of staged physiotherapy group for non-operative limb transverse 

plane net hip moment impulse at 6 months post ACL reconstruction. The horizontal line 

identifies the “high-risk” cut-off of between internal and external moments. Patients above 

the line (58.5%) have a net internal moment and are at greater risk. Original data (n = 53) 

was used for the graph. 

↓ External Rotation 

↓ External Rotation 
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There were no between group differences for secondary DVJ outcome measures at 6 and 

12 months. This data is presented in Table 4.5 and Table 4.6, for 6- and 12-months, 

respectively. Within each rehabilitation group, significant differences were observed 

between operative and non-operative limbs for peak KFM, peak VGRFs, and for loading 

rate at 6- and 12-months post ACL reconstruction. 

Table 4.5: Comparison of imputed drop vertical jump secondary functional performance 

outcome measures between groups (means ± SD) at 6 months post-surgery. 

Measure Usual Care (n=63) Staged Physio (n=62) Difference (95% CI) p 

Peak COM (mm) 1704.4 ± 117.0 1709.1 ± 104.1 -4.8 (-43.6, 34.1) .81 

Knee Abduction Angle (degrees)   

IC Operative -4.54 ± 4.69 -4.81 ± 4.83 0.27 (-1.42, 1.97) .75 

 Non-operative -4.49 ± 4.07 -4.46 ± 3.39 -0.03 (-1.38, 1.32) .97 

 Limb Difference -0.05 ± 4.07 -0.35 ± 4.71 0.30 (-1.30, 1.91) .71 

PEAK Operative -16.03 ± 8.24 -17.00 ± 7.92 0.97 (-1.88, 3.83) .50 

 Non-operative -17.15 ± 7.32 -16.65 ± 6.06 -0.51 (-2.89, 1.88) .68 

 Limb Difference 1.13 ± 9.61 -0.35 ± 7.17 1.48 (-1.55, 4.51) .34 

DISP Operative -11.37 ± 6.32 -12.14 ± 5.83 0.77 (-1.39, 2.93) .49 

 Non-Operative -12.64 ± 5.79 -12.19 ± 4.24 -0.45 (-2.25, 1.36) .63 

 Limb Difference 1.27 ± 7.37 0.05 ± 5.07 1.22 (-1.06, 3.50) .30 

Knee Flexion Angle (degrees)    

PEAK Operative 77.85 ± 13.94 77.83 ± 12.50 0.02 (-4.65, 4.69) .99 

 Non-operative 78.74 ± 14.40 79.30 ± 11.79 -0.56 (-5.21, 4.09) .81 

 Limb Difference -0.89 ± 4.77 -1.47 ± 4.86* 0.58 (-1.33, 2.49) .55 

Knee Flexion Moment (Nm)    

IC Operative -9.67 ± 14.60 -11.60 ± 15.41 1.94 (-3.35, 7.22) .47 

 Non-operative -8.43 ± 15.53 -9.66 ± 13.00 1.23 (-3.82, 6.29) .63 

 Limb Difference -1.23 ± 15.54 -1.94 ± 14.92 0.70 (-4.69, 6.10) .80 

PEAK Operative -74.60 ± 28.60 -76.65 ± 26.66 2.05 (-7.67, 11.77) .68 

 Non-operative -93.33 ± 28.80 -98.78 ± 44.23 5.45 (-7.64, 18.54) .41 

 Limb Difference 18.73 ± 18.84** 22.13 ± 36.03** -3.40 (-13.57, 6.76) .51 

Peak Vertical Ground Reaction Force (xBW)    

LP Operative 1.36 ± 0.30 1.40 ± 0.332 -0.04 (-0.17, 0.09) .55 

 Non-operative 1.62 ± 0.31 1.61 ± 0.34 0.01 (-0.12, 0.13) .91 

 Limb Difference -0.26 ± 0.35** -0.21 ± 0.40** -0.05 (-0.20, 0.11) .56 

TO Operative 1.11 ± 0.29 1.11 ± 0.25 0.00 (-0.11, 0.12) .96 

 Non-Operative 1.23 ± 0.32 1.21 ± 0.29 0.01 (-0.10, 0.13) .81 

 Limb Difference -0.12 ± 0.26* -0.11 ± 0.24* -0.01 (-0.13, 0.10) .84 

Loading Rate (xBW/s)     

 Operative 15.93 ± 5.67 16.53 ± 5.75 -0.60 (-2.64, 1.43) .56 

 Non-Operative 19.88 ± 5.46 19.37 ± 5.80 0.51 (-1.51, 2.54) .62 

 Limb Difference -3.95 ± 5.58** -2.84 ± 6.83* -1.12 (-3.36, 1.13) .33 

* Significant difference (p<0.05) between operative and non-operative limbs within rehabilitation group. 

** Significant difference (p<0.001) between operative and non-operative limbs within rehabilitation group. 

For the following variables: peak KAA limb difference, and displacement in KAA for the non-operative limb, 

Levene’s test for homogeneity of variance was significant, and equal variances were not assumed. 

Abbreviations: Operative, Operative limb; Non-operative, Nonoperative limb; Limb Difference, limb 

difference for outcome measure determined as operative – non-operative; Peak COM, peak height of the 

center of mass during the maximal jump; IC, initial contact; DISP, displacement; LP, landing phase; TO, 

toe off. 
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Table 4.6: Comparison of imputed drop vertical jump secondary functional performance 

outcome measures between groups (means ± SD) at 12 months post-surgery. 

Measure Usual Care (n=63) Staged Physio (n=62) Difference (95% CI) p 

Peak COM (mm) 1661.0 ± 162.2 1678.8 ± 159.4 -17.8 (-74.3, 38.6) .54 

Knee Abduction Angle (degrees)   

IC Operative -4.34 ± 4.26 -4.63 ± 3.96 0.29 (-1.20, 1.78) .70 

 Non-operative -5.41 ± 4.92 -4.75 ± 3.86 -0.66 (-2.23, 0.91) .41 

 Limb Difference 1.07 ± 4.23 0.12 ± 3.88 0.95 (-0.54, 2.44) .21 

PEAK Operative -16.09 ± 7.30 -16.52 ± 6.97 0.43 (-2.11, 2.97) .74 

 Non-operative -18.52 ± 7.40 -16.46 ± 7.26 -2.06 (-4.68, 0.55) .12 

 Limb Difference 2.42 ± 9.16* -0.07 ± 7.51 2.49 (-0.50, 5.48) .10 

DISP Operative -11.73 ± 5.84 -11.87 ± 5.92 0.14 (-1.98, 2.25) .90 

 Non-Operative -13.15 ± 6.11 -11.71 ± 6.23 -1.44 (-3.63, 0.75) .20 

 Limb Difference 1.42 ± 6.69  -0.15 ± 6.26 1.58 (-0.75, 3.90) .18 

Knee Flexion Angle (degrees)    

PEAK Operative 79.60 ± 14.74 81.15 ± 13.00 -1.56 (-6.46, 3.35) .53 

 Non-operative 79.20 ± 16.08 81.05 ± 12.59 -1.85 (-6.96, 3.25) .48 

 Limb Difference 0.40 ± 5.60 0.11 ± 4.98 0.30 (-1.72, 2.31) .77 

Knee Flexion Moment (Nm)    

IC Operative -12.05 ± 16.01 -12.18 ± 12.46 0.13 (-4.95, 5.21) .96 

 Non-operative -11.52 ± 13.46 -10.19 ± 14.82 -1.33 (-6.33, 3.67) .60 

 Limb Difference -0.53 ± 14.16 -1.99 ± 13.91 1.46 (-3.57, 6.49) .57 

PEAK Operative -79.45 ± 31.52 -79.69 ± 24.89 0.24 (-9.75, 10.23) .96 

 Non-operative -90.42 ± 29.84 -94.71 ± 34.10 4.28 (-6.98, 15.55) .46 

 Limb Difference 10.97 ± 22.54** 15.02 ± 28.49** -4.04 (-13.10, 5.01) .38 

Peak Vertical Ground Reaction Force (xBW)    

LP Operative 1.45 ± 0.36 1.35 ± 0.31 0.10 (-0.04, 0.23) .15 

 Non-operative 1.59 ± 0.34 1.54 ± 0.31 0.05 (-0.08, 0.19) .46 

 Limb Difference -0.15 ± 0.37* -0.19 ± 0.35** 0.04 (-0.12, 0.21) .60 

TO Operative 1.14 ± 0.32 1.10 ± 0.27 0.05 (-0.08, 0.17) .46 

 Non-Operative 1.21 ± 0.34 1.13 ± 0.26 0.08 (-0.04, 0.20) .20 

 Limb Difference -0.07 ± 0.31 -0.04 ± 0.25 -0.03 (-0.18, 0.11) .66 

Loading Rate (xBW/s)     

 Operative 17.47 ± 5.92 16.38 ± 4.50 1.09 (-0.77, 2.96) .25 

 Non-Operative 20.54 ± 5.97 20.09 ± 5.51 0.45 (-1.59, 2.50) .66 

 Limb Difference -3.07 ± 5.05** -3.71 ± 6.15** 0.64 (-1.40, 2.68) .54 

* Significant difference (p<0.05) between operative and non-operative limbs within rehabilitation group. 

** Significant difference (p<0.001) between operative and non-operative limbs within rehabilitation group. 

Abbreviations: Operative, Operative limb; Non-operative, Nonoperative limb; Limb Difference, limb 

difference for outcome measure determined as operative – non-operative; Peak COM, peak height of the 

center of mass during the maximal jump; IC, initial contact; DISP, displacement; LP, landing phase; TO, 

toe off. 

There was a significant within-subjects effect of time (p < 0.001), but not time by group (p 

= 0.278), in LSI for overall hop testing, knee extension and flexion strength from baseline 

to 6 months to follow-up at 12 months. Overall hop testing LSI improved from baseline to 

6 months (p = 0.001) and again from 6 to 12 months (p < 0.001). Knee extension LSI at 12 

months was significantly greater than baseline (p = 0.002) and 6 months (p < 0.001). There 

was no difference in knee extension LSI from baseline to 6 months (p = 0.678). There was 
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no difference in knee flexion LSI between baseline and 12 months (p = 0.433), but 6 months 

was significantly lower than baseline (p = 0.045) and 12 months (p = 0.012). 

There was a significant difference between rehabilitation groups for the percentage of 

patients unable to safely complete hop testing at pre-surgery for the single (p = 0.028) and 

timed (p = 0.039) LSI, but not triple, cross-over or overall LSI. In the UC group, 14% and 

19% of patients could not safely complete the single and timed hop tests on both limbs, 

compared to 31% and 36% of the SP, respectively. After surgery, both rehabilitation groups 

had similar percentages of patients that could not complete the hop testing protocol safely 

for all tests. For overall LSI, 34% of all patients could not complete the hop testing protocol 

safely by 12 months post ACL reconstruction. There were no between group differences 

for strength and hop testing outcomes at 6- or 12-months post ACL reconstruction, which 

are presented in Table 4.7 and Table 4.8. 

Table 4.7: Comparison of imputed strength and hop testing secondary functional 

performance outcome measures between groups (means ± SD) at 6 months post-surgery. 

Measure Usual Care (n=63) Staged Physio (n=62) Difference (95% CI) p 

Strength (%)   

 Op HQ Ratioa 52.84 ± 14.28 50.72 ± 10.80 2.12 (-2.33, 6.57) .35 

 NoOp HQ Ratioa 49.00 ± 6.78 50.11 ± 7.07 -1.11 (-3.56, 1.33) .37 

 Extension LSIb 78.45 ± 14.85 79.37 ± 16.43 -0.93 (-6.45, 4.59) .74 

 Flexion LSIb 82.75 ± 16.88 79.00 ± 14.60 3.75 (-1.89, 9.40) .19 

Hop Testing Limb Symmetry Index (%)    

 Singleb 87.37 ± 11.27 90.00 ± 8.86 -2.63 (-6.21, 0.95) .15 

 6m Timedc 90.55 ± 9.19 90.63 ± 8.73 -0.08 (-3.35, 3.20) .96 

 Tripleb 89.27 ± 8.65 89.93 ± 7.31 -0.67 (-3.55, 2.22) .65 

 Crossb 93.25 ± 14.36 91.68 ± 8.12 1.57 (-2.64, 5.77) .47 

 Overalld 90.67 ± 7.63 91.07 ± 6.34 -0.40 (-2.89, 2.09) .75 
a Hamstrings as a percentage of the quadriceps (i.e. hamstrings / quadriceps x 100). 
b Operative limb as a percentage of the non-operative limb (i.e. operative / non-operative x 100). 
c Non-operative limb divided by the non-operative limb (i.e. non-operative / operative x 100) 
d Overall limb symmetry index calculated as the average of the limb symmetry index of the four hop tests. 

Abbreviations: Op, Operative limb; NoOp, Nonoperative limb; HQ Ratio, Hamstrings to quadriceps ratio in 

same limb; Extension, knee extension torque; Flexion, knee flexion torque; LSI, Limb Symmetry Index. 
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Table 4.8: Comparison of imputed strength and hop testing secondary functional 

performance outcome measures between groups (means ± SD) at 12 months post-surgery. 

Measure Usual Care (n=63) Staged Physio (n=62) Difference (95% CI) p 

Strength (%)   

 Op HQ Ratioa 48.74 ± 9.69 49.10 ± 8.15 -0.36 (-3.51, 2.79) .82 

 NoOp HQ Ratioa 48.89 ± 6.70 51.10 ± 6.86 -2.21 (-4.61, 0.19) .07 

 Extension LSIb 88.88 ± 11.64 88.13 ± 13.92 0.75 (-3.81, 5.30) .75 

 Flexion LSIb 88.23 ± 13.52 84.23 ± 11.52 4.00 (-0.47, 8.47) .08 

Hop Testing Limb Symmetry Index (%)    

 Singleb 96.44 ± 6.63 94.49 ± 10.43 1.95 (-1.20, 5.10) .23 

 6m Timedc 95.94 ± 7.28 94.71 ± 7.37 1.23 (-1.40, 3.86) .36 

 Tripleb 95.37 ± 5.62 94.67 ± 5.94 0.70 (-1.37, 2.77) .51 

 Crossb 97.35 ± 5.77 96.34 ± 7.87 1.01 (-1.46, 3.49) .42 

 Overalld 96.67 ± 4.77 95.60 ± 5.87 1.06 (-0.89, 3.02) .29 
a Hamstrings as a percentage of the quadriceps (i.e. hamstrings / quadriceps x 100). 
b Operative limb as a percentage of the non-operative limb (i.e. operative / non-operative x 100). 
c Non-operative limb divided by the non-operative limb (i.e. non-operative / operative x 100) 
d Overall limb symmetry index calculated as the average of the limb symmetry index of the four hop tests. 

Abbreviations: Op, Operative limb; NoOp, Nonoperative limb; HQ Ratio, Hamstrings to quadriceps ratio in 

same limb; Extension, knee extension torque; Flexion, knee flexion torque; LSI, Limb Symmetry Index. 

4.5 Discussion 

The main objective of this study was to evaluate whether SP leads to similar functional 

outcomes as UC in patients following primary unilateral autograft ACL reconstruction via 

biomechanical measures of DVJ, hop testing and strength. The DVJ is a functional measure 

of neuromuscular performance and provides an indication of the dynamic status of the 

knee. It is a predictor of primary and secondary ACL injury, and is therefore essential to 

assess before return-to-sport after ACL injury. Based on other studies evaluating strength 

and hop testing in different rehabilitation strategies, we did not see any differences in 

functional outcomes immediately post-intervention between groups at 6 months post-ACL 

reconstruction, yet at the 12-month follow-up, group differences in peak KAM were 

observed. 

Several studies have looked at variations in home vs. supervised rehabilitation 

programs3,7,12,18,19,23,37. All these studies have concluded that there are minimal differences 

in a variety of assessment measures such as ROM, Lysholm, ACL Quality of Life, laxity 

etc., and at various time points including 3, 6, 12 and 24 months post-operatively. However, 

Grant et al19 found their home-based group had improved results for flexion and extension 

ROM at 3 months, but no differences in any other measures. Their follow-up study at 2 - 4 
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years post reported improved ACL Quality of Life scores in the home group, but no 

differences in any other measures. At 6 months post-operatively, Fischer et al12, Beard and 

Dodd3, De Carlo and Sell7, and Hohmann et al23, all showed no differences between their 

rehabilitation groups. This tendency continues to 12 months post-operative where Schenck 

et al37, Hohmann et al23, and De Carlo and Sell7 all report no differences between 

rehabilitation groups. Among the variety of measures evaluated in these studies, functional 

measures included muscular strength3,7,18,19,23, and some variation of hopping tests12,23,37. 

A more recent measure of functional performance and ACL injury prediction is the DVJ 

test. Hewett et al21 and Paterno et al35 have introduced this measure to screen for ACL 

injury risk in young athletes as it can predict primary ACL injury with high sensitivity and 

specificity21. The reliability of three-dimensional motion analysis to measure kinetics and 

kinematics of the DVJ in ACL patients has shown to be moderate-to-excellent depending 

on the variable measured16. To the best of our knowledge, we are the first group to include 

the DVJ in an RCT evaluating rehabilitation strategies following ACL reconstruction. 

None of the home vs. supervised ACL studies have examined whether performance on the 

DVJ differs between rehabilitation protocols. Performance on the DVJ is an indicator of 

risk for primary and secondary ACL injuries, yet it is not currently considered as part of 

functional testing for return to sport. 

The primary outcome measures of hip impulse and peak KAM were selected, as they are 

associated with primary and secondary ACL injury risk. No group differences were 

observed for these measures immediately after the intervention (at 6 months), thus both 

rehabilitation programs seemed to have demonstrated similar results. Importantly, when 

we evaluated the distribution of patients in each group that were identified as “higher risk” 

due to either a net hip internal impulse moment35, or a peak KAM > 25.25 Nm26,28, there 

were no group differences. However, the fact that 51% and 47% of all patients fell in the 

high-risk group for hip impulse and peak KAM, respectively, was concerning. This 

translates roughly to 1 in 2 patients at a considerably increased risk for ACL re-injury. It is 

imperative that the need for revision ACL reconstruction is minimized, as recovery after 

revision ACL reconstruction is reportedly worse than primary ACL reconstruction22 and 

may even be considered a “salvage procedure”2,22. At follow-up, the percentage of patients 
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in the high-risk group for hip impulse dropped to 44%, and for peak KAM dropped to 38%, 

of all patients. However, if we had used a high-risk cut-off of 21.74 Nm for peak KAM, as 

suggested by Myer et al27, the percentage of patients in the high-risk category at follow-up  

would have remained elevated (53%). Yet, hop testing results were considered normal with 

an Overall LSI > 90 at 6 months and > 95 at 12 months in both groups. Clearly, functional 

deficits remain, even with normal hop testing outcomes. Typically, an LSI ≥ 90 is 

recommended for hop and strength testing before return to sport after ACL 

reconstruction39. The LSI for strength at follow-up for knee extension was >88 and for knee 

flexion was >84 in both groups. Strength deficits of 15% or more at 12 months post ACL 

reconstruction are not unusual. Hohmann et al23 had similar strength LSI scores 12 months 

after ACL reconstruction. Quadriceps strength deficits upwards of 20% have been 

reported24 12 months post-operatively. Even with late-stage, sport specific, and highly 

supervised neuromuscular rehabilitation intervention, such as the SP approach, functional 

deficits following ACL reconstruction are still evident soon after surgery. Consequently, 

there is still an obvious concern for high-risk movement patterns and ACL injury, despite 

adequate strength and hop testing results.  

Previous studies7,23,37 reported no differences between rehabilitation groups at 12 months 

post ACL reconstruction. Grant and Mohtadi18 demonstrated improved ACL QOL at their 

2 - 4 year follow-up in their early home-based rehabilitation group, but no differences 

between groups for strength. While we also had no group differences for strength or hop 

testing at the 12-month follow-up, we did however find that the SP group had significantly 

greater peak KAM in their operative limb, and a greater magnitude of difference between 

limbs for peak KAM. Greater asymmetry and greater peak KAM can predict ACL injury 

risk21,35. Possible explanations could be if SP patients perhaps felt overconfident as they 

believed they had more sport-specific training in the latter phase of the intervention. 

However, upon further examination, we found fewer patients in the SP were able to 

complete the hop testing battery at baseline (n = 47 vs 40 for UC vs. SP). This is possibly 

an indication of previous deficits that contributed to the initial ACL injury. Additionally, 

the knee flexion LSI of the SP group at 12 months was lower than 85. A minimum strength 

symmetry of 85% is recommended before resuming sports participation22,39. Myer et al25 

found that female athletes who suffered ACL injury had significantly lower hamstrings 
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strength than matched female and male controls. The biceps femoris muscle of the 

hamstrings muscle group helps prevent internal rotation of the knee in single limb drop 

landing14. The hamstrings muscle group plays an important role in dynamic knee joint 

stability, and a reduction in hamstrings strength or recruitment would result in a greater 

dynamic knee valgus collapse, and subsequently increase the KAM. In fact, low 

hamstrings-to-quadriceps strength ratio is part of a clinical tool to identify high KAM in 

young females29. Finally, it can also be postulated that with a lack of intervention, these 

patients regressed without adequate physiotherapeutic supervision. Compliance to ACL 

rehabilitation programs tends to decrease over time4,39, particularly when recovery does 

not occur as quickly as expected. Nevertheless, strength and hop testing are not the only 

functional measures that should be considered when evaluating return to sport after ACL 

reconstruction.  

While performance on hop and strength testing can provide valuable information on patient 

readiness for return to sport and rehabilitation progress, more stringent assessment tools 

are warranted. Thomée et al39 reported that these muscle function tests tend not to be 

adequately sensitive to differentiate between injured and non-injured limbs. Augustsson et 

al1 demonstrated that at 12 months post-operatively, ACL reconstruction subjects who had 

a hop LSI ≥ 90 in a non-fatigued condition, two-thirds of them had unsatisfactory results 

(i.e. LSI < 90) after the quadriceps muscle was fatigued. Furthermore, Wordeman and 

Hewett41 assert that the current criteria for return to sport is not adequate for prevention of 

subsequent injury or safe return to sport. The DVJ task may provide additional information 

regarding faulty movement patterns increasing ACL injury risk that hop testing and 

strength testing are not sensitive enough to detect. Additionally, the DVJ allows evaluation 

of bilateral performance, which is imperative to evaluate for a complete profile of 

movement deficiencies or compensations that are present post-operatively6,11,22. Both limbs 

are at risk for ACL injury after ACL reconstruction, as the uninjured limb has been shown 

to overcompensate and attenuate greater forces even 2 years post-operatively34.  In our 

study, both rehabilitation groups had significant limb asymmetries for secondary 

biomechanical DVJ outcome measures and force attenuation at 6- and 12-months post ACL 

reconstruction.  
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While using a 3D motion-analysis system is not feasible in many physiotherapy clinics, 

alternative means to evaluate performance, especially for KAM during a DVJ, are possible. 

For example, Gagnon et al15 has developed a Clinician-Rated Drop Vertical Jump Scale 

that can facilitate the assessment of this high-risk functional performance measure. It also 

allows a clinician to monitor patient progress over the course of their rehabilitation and 

helps identify undesired / risky movement patterns that require attention. Similar 

evaluation tools using 2D video analysis have also been proposed, such as the Landing 

Error Scoring System33,38 and observational risk screening for dynamic knee valgus11. 

Implementing these tools in return to sport screening could prove beneficial to identify 

patients with faulty movement patterns and who are at increased risk for ACL re-injury. 

There is evidence to support home-based rehabilitation, at least in the early phase such as 

was the SP, for rehabilitation following ACL reconstruction. Most ACL patients are young, 

highly motivated and physically active individuals. It can be assumed that they are 

therefore more likely to be invested in their recovery, as suggested by Hohmann et al23. 

Nevertheless, it is highly recommended to consider the type of patient when considering 

alternative rehabilitation protocols. While the need for supervised physiotherapy may not 

be necessary, guided rehabilitation in some form is highly recommended. For example, a 

study by Treacy et al40 demonstrated noncompliance (i.e. < 2 visits over 6 months) to have 

suboptimal outcomes for Lysholm score, patient satisfaction, and return to preoperative 

activity level, yet a minimally compliant group (12 visits over 6 months) and extensive 

supervised rehabilitation group (60 visits over 6 months) fared the same in all indices.  

There were several strengths to this study. All measurements for the DVJ and strength were 

collected and analyzed by a blinded examiner, thereby minimizing measurement bias. The 

implementation of an RCT allowed for a controlled comparison of the treatment and 

assignment of a cause and effect relationship by reducing the probability of selection bias 

and balancing prognostic factors between treatment groups. Permutated mixed block 

randomization eliminated the possibility of unequal numbers of patients by group, 

stratification based on surgeon balanced any effect of surgeon technique, stratification 

based on the presence or absence of meniscal tear allowed a balance in the rate of 

progression in physiotherapy for both treatment groups, and stratification based on 
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physiotherapy clinic (FKSMC versus a Community Clinic) eliminated bias in the intensity 

of physiotherapy offered at each facility. Finally, as both groups progressed in hop testing 

and knee extension limb symmetry from baseline to 12 months, we can be confident that 

both rehabilitation protocols were beneficial.  

There are some limitations to the study that warrant mention. The sample size and loss to 

follow-up is of concern, yet other studies evaluating home vs physiotherapy-supervised 

programs including some form of functional outcome measure (hop and/or strength testing) 

after ACL reconstruction have smaller sample sizes (e.g. Hohmann et al23, Grant & 

Mohtadi18, Grant et al19) or greater loss to follow-up18. The patient physiotherapy visits 

were not tracked for this study and could have provided supportive data. We also cannot 

assure fidelity of treatment as we cannot control whether patients were compliant with their 

assigned group. They may have denied outside intervention if specifically asked. Patient 

reported outcomes were collected at baseline to help describe the patients and could have 

also provided supportive data if collected at 6- and 12-months. However, the focus of this 

study was biomechanical outcome measures, and it is the first of its kind that we are aware 

of, to evaluate performance on the DVJ following two different rehabilitation programs.  

4.6 Conclusion 

Completing home-based physiotherapy in the early stages of rehabilitation can be an 

effective measure for patients who have the motivation and resources to complete their 

rehabilitation exercises at home, when detailed instruction by a qualified therapist is 

provided beforehand. Future consideration of neuromuscular function and the long-term 

success of rehabilitation programs is an ongoing problem that is necessary to continue 

investigating. 
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Chapter 5  

5 Summary and General Discussion 

The purpose of this chapter is to summarize and discuss the main results of the studies in 

the thesis. Study findings are discussed, relating the three studies and two reports with 

regards to landing biomechanics in patients with ACL reconstruction. Study limitations, 

future research possibilities, and final recommendations are also discussed. 

5.1 Summary 

The purpose of the present thesis was to develop and evaluate methods of assessing landing 

mechanics and investigate the effects of different rehabilitation strategies after ACL 

reconstruction. 

5.1.1 Chapter 2: Study 1 

This study established consensus on the content and scoring of a Clinician-Rated DVJS 

using a Delphi process, and developed a Beta version for use during rehabilitation after 

ACL reconstruction. Biomechanical parameters measured during a DVJ task are risk 

factors for ACL injury and are targeted during rehabilitation after ACL reconstruction. This 

clinical tool quantifies observed performance on the DVJ and can help inform treatment 

efforts. The content and scoring were deliberated upon by a group of experts throughout 

its development. Using a modified Delphi process, experts (researchers and/or clinicians) 

on the risk factors, prevention, treatment and/or biomechanics of ACL injury anonymously 

critiqued versions of a DVJS that were developed iteratively based on the feedback from 

the panel, using Likert-like scale responses to questions and by providing written 

comments. Four rounds of the Delphi scale resulted in 92% agreement. Final items on the 

scale included the rating of knee valgus collapse (No collapse to Extreme collapse) and the 

presence of the following other undesirable movements: lateral trunk lean, insufficient 

trunk flexion, insufficient knee flexion and limb-to-limb asymmetry. The Delphi process 

resulted in a Beta version of a DVJS. Expert consensus was achieved on its content and 

scoring to support further clinical testing of the scale. 
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5.1.2 Chapter 2 Supplement: Instruction Booklet and Clinician-Rated 

DVJS 

A booklet was written to accompany the Clinician-Rated DVJS and provide instructions 

on its’ use. It includes examples of what to observe when using the scale, and provides 

instructions, a brief rationale and potential interpretation for each component. The scale 

guides clinicians in the evaluation of the extent of dynamic knee valgus collapse, as well 

as the following undesirable movements: lateral trunk lean, insufficient trunk flexion, 

insufficient knee flexion, and asymmetry between limbs. The Clinician-Rated DVJS and 

accompanying booklet are intended to help clinicians quantify performance on the DVJ, 

without requiring motion analysis equipment, and evaluate change following therapy.  

5.1.3 Chapter 3: Study 2 

This study evaluated the test-retest reliability and explored the longitudinal validity of 

selected lower limb biomechanics assessed during a DVJ completed by patients undergoing 

rehabilitation after ACL reconstruction. Knee abduction and flexion moments and angles 

were evaluated, along with hip rotation moment, VGRFs, and loading rate for reliability 

and longitudinal validity. Intraclass correlation coefficients ranged from 0.58 to 0.90 for 

peak knee flexion and abduction moments, from 0.45 to 0.85 for knee flexion and 

abduction angles, from 0.61 to 0.93 for VGRFs and loading rate, and from 0.42 to 0.61 for 

hip impulse in the operative and nonoperative limbs. Knee moments at IC were less 

reliable, with ICC<0.48. The most reliable measures (ICC > 0.80) were peak knee flexion 

moments, knee flexion angles, and VGRFs. Standardized response means ranged from -

0.00 to 0.48. Correlations with strength (0.00 to 0.48) and GRC (0.03 to 0.43) were also 

low to moderate. The present results support the interpretation of various landing 

biomechanics assessed during repeated measures during rehabilitation after ACL 

reconstruction. 

5.1.4 Chapter 3 Supplement: Technical Report 

Biomechanical motion analysis of movement properties during jumping performance can 

provide valuable information when evaluating injury risk and readiness for return-to-sport 

in patients rehabilitating from ACL reconstruction. Motion analysis data has inherent error 
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included in the collected raw data that must be filtered. Residual analysis is an objective 

means to determine filtering cut-off frequency. A digital filter is then applied to the raw 

data using the filtering cut-off frequency as determined using residual analysis. In 

biomechanics, a common filtering technique is the Butterworth filter. The process does 

however require trial-and-error and subjective judgement on the part of the researcher. For 

jumping analysis in ACL reconstructed patients, it was determined that a filtering cut-off 

frequency of 14 Hz for movement and 50 Hz for forces was acceptable to ensure 

physiological data is kept in the filtered signal for this cohort. These filtering cut-off 

frequencies were applied in studies 2 and 3 to analyze movement properties in patients 

after ACL reconstruction, during the course of their rehabilitation. 

 

5.1.5 Chapter 4: Study 3 

This randomized clinical trial evaluated whether a staged physiotherapy program (e.g. 

home-based rehabilitation followed by late supervised physiotherapy) led to similar 

functional measures, including biomechanical measures of DVJ, hop testing, and strength, 

as a usual care physiotherapy protocol in patients following primary unilateral autograft 

ACL reconstruction. Joint biomechanics of hip impulse moment and peak knee abduction 

moment are good predictors of primary and secondary ACL injury. Assessment of 

functional measures including performance on the DVJ, hop and strength testing after ACL 

reconstruction are necessary for identification of patients at risk for ACL injury. No group 

differences for primary and secondary functional outcomes measures were observed 

between rehabilitation groups at 6 months. The staged group had significantly greater 

operative limb peak KAM (-20.70 Nm ± 12.39 for usual care vs. -26.89 Nm ± 19.21 for 

staged; p = 0.03) and limb-to-limb symmetry for peak KAM (2.38 Nm ± 17.10 for usual 

care vs. -7.55 ± 18.91 for staged; p < 0.01) at the 12 month follow-up. Both groups had 

significant within-group limb asymmetry at both 6- and 12-months for VGRF, loading rate 

and KFM. No differences in hop nor strength testing were observed between groups. 

Completing staged physiotherapy can be an effective measure for patients who have the 

motivation and resources to complete their rehabilitation exercises at home, when detailed 

instruction by a qualified therapist is provided beforehand.  
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5.2 Implications 

Injury to the ACL results in long term implications on activity and health status, including 

increased risk for secondary injury and knee OA. Modifiable biomechanics should be 

addressed to improve outcomes. There is a lack of consensus and a paucity of functional 

testing tools for ACL rehabilitation and objective assessment prior to return to activity after 

ACL reconstruction1. In two systematic reviews scrutinizing return to activity requirements 

after ACL reconstruction, they found very few studies reported objective functional criteria 

as requirements before return to activity1,2. The three most common published objective 

criteria were lower extremity isokinetic muscle strength, lower limb symmetry as evaluated 

by the single leg hop test, and range of motion and joint effusion2. Only one study in their 

review recommended all three criteria should be evaluated. Additionally, there was a lack 

of consistency in the requirements to be met before return to activity. For example, when 

evaluating lower extremity isokinetic muscle strength, recommendations and type of 

assessment ranged from quadriceps strength requirements of > 80% to > 90% of the 

contralateral limb, there was no recommended minimum for hamstring to quadriceps ratio, 

and maximum difference in thigh circumference ranged from < 0.5 cm to < 1.0 cm. 

Rehabilitation from ACL reconstruction is multifaceted, including recovery of muscular 

strength, stability, neuromuscular control and lower limb function. Therefore, it stands to 

reason that prior to return to activity a multifaceted approach should also be required to 

optimize safe return. The addition of an evaluative tool, such as the Clinician-Rated DVJS 

developed in Study 1 (Chapter 2), can provide clinicians with a standardized and simple 

means to identify high-risk movement patterns, such as dynamic knee valgus collapse, and 

provide rehabilitation exercises to correct such deficits in movement patterns that increase 

risk for re-injury. Likewise, Barber-Westin & Noyes1 suggest evaluating the DVJ to 

evaluate performance prior to return to activity. 

5.2.1 Delphi Process 

Study 1 (Chapter 2) implemented the use of a Delphi process to develop consensus on the 

content and scoring of the proposed Clinician-Rated DVJS. The Delphi process is a 

common method to develop consensus among a panel of experts on the topic in question25. 

Implementation of this process permits anonymity to the responders, resulting in less bias 
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and more honest responses40. Furthermore, the process is not restricted to a specific 

geographical region. Rather, it can expand over several regions, and thus, access to a wide 

variety of experts is possible. In our study, a heterogeneous group of experts provided a 

wide variety of personalities and different perspectives on the risk factors of ACL injury 

and reconstruction. 

The Delphi technique has been used in previous literature related to screening tool 

development (e.g. Eberman et al11) and for generating evidence-based guidelines for 

patients and physicians in OA (e.g. French et al16; Roddy et al43). Eberman et al11 developed 

a preventative screening tool to identify athletes with risk factors associated to exertional 

heat illness using a Delphi panel. After three rounds, they were able to estimate content 

validity and agree on items included on their screening tool. Similarly, we were able to 

agree on the content included in the DVJS after four rounds. A Delphi process is designed 

to use 3 to 5 rounds of review25,42. Typically, 3 rounds are implemented; we achieved > 

75% consensus after 4 rounds. While a criterion of 51% can be used to determine consensus 

in a Delphi42, a more common criteria for consensus in the Delphi process is a Kappa 

statistic of > 0.61, or > 61% termed “substantial agreement”23. However, to be more 

conservative in our results, we chose to inflate our criterion to ≥ 66.7% of experts that 

responded they agreed with the inclusion of the undesirable movement on the scale for the 

first two rounds. We then inflated this to ≥ 75% agreement for the following rounds.  

The findings from Study 1 resulted in a Beta version of the Clinician-Rated DVJS that can 

be implemented in rehabilitation settings to monitor patient progress, readiness for RTS 

and guide the rehabilitation process after ACL reconstruction. The scale includes the 

evaluation dynamic knee valgus collapse, and four undesirable movements that are 

implicated in risky movement patterns that increase the risk for ACL injury. The 

undesirable movements included in the scale are insufficient trunk flexion, insufficient 

knee flexion, lateral trunk lean and asymmetry. Chapter 2 Supplement is an instruction 

booklet written to accompany the developed Clinician-Rated DVJS.  
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5.2.2 Dynamic Knee Valgus Collapse 

Dynamic knee valgus collapse has been implicated in primary and secondary ACL injury 

by increasing abduction moments about the knee20,29,38,39. Figure 5.1 shows the varying 

degrees of dynamic knee valgus collapse during landing, as evaluated with the DVJS. This 

can also be observed using motion analysis. Figure 5.2 shows a motion analysis capture of 

two separate ACL reconstruction patients performing the DVJ. One patient demonstrates 

a dynamic knee valgus collapse with a resulting KAM, while the other has safer landing 

biomechanics. Observing this movement pattern during landing indicates a ligament 

dominant rather than a muscular dominant landing technique. Landing with dynamic knee 

valgus collapse produces a large external KAM about the knee and ultimately a large load 

on the ACL29,30. When this landing pattern is observed, a goal for rehabilitation should 

include promoting muscle dominant landing and decreasing medial knee motion to reduce 

injury risk30. 

 

Figure 5.1: Example images of the categories of knee valgus collapse included in the 

Clinician-Rated DVJS. (A) NO (none); (B) SOME; (C) MODERATE; and (D) EXTREME 

knee valgus collapse. 

A DCB
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Figure 5.2: Motion analysis of two landing techniques during the DVJ in select patients 

after ACL reconstruction. The image on the right shows a dynamic knee valgus collapse 

with a resultant knee abduction moment. The image on the right is a different patient with 

a safer landing technique. 

Observation of undesirable movements such as lateral trunk lean, insufficient trunk flexion, 

insufficient knee flexion and asymmetry, whether accompany dynamic knee valgus 

collapse or independently, also are indicators of increased ACL injury risk. At the time of 

ACL injury, the trunk is frequently in an upright or erect position8,19,41 and displaced 

laterally41. This results in reduced flexion of the lower extremity, particularly in the hip 

and knee6,7,48. Once again, we have increased load on the ACL and thereby increased risk 

for injury. Lateral trunk lean can be an indicator of hip abductor weakness41. Hip abductor 

weakness can also contribute to an internal rotation moment at the hip during landing as 

the gluteals cannot stabilize the joint. Gluteus medius and minimus, piriformis and sartorius 

are all hip muscles that act in both hip abduction and external rotation34. The gluteus 

maximus is a powerful hip extensor and external rotator34. Souza and Powers49 found that 

individuals with patellar femoral pain also had weaker gluteus maximus (extensor) and 

medius (abductor) strength and a net hip internal rotation moment during a drop jump task, 
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when compared to healthy controls. Paterno et al39 has identified a hip internal rotation 

moment in the uninvolved limb as the strongest predictor of secondary ACL injury. 

Delahunt et al10 also found that during the landing phase of a DVJ protocol, ACL 

reconstruction patients were in a more hip adducted and internally rotated position, when 

compared to healthy controls. Hip musculature should therefore be considered as targets 

of rehabilitation intervention. Note that shifting the trunk over a weaker limb could result 

in an increase in dynamic knee valgus collapse ipsilaterally.  

5.2.3 Secondary Injury Prevention 

The rate of secondary ACL injury, whether ipsi- or contralateral, after ACL reconstruction 

has been reported to be as high as 17 to 25% in young athletes21,26,39,47, and even as high as 

44% in a cohort of young females in a five-year follow-up21. Furthermore, in this high-risk 

group, those that unfortunately sustain a secondary ACL injury have less favorable 

outcomes21, including instability, severity of OA, poor functional abilities and likely even 

lower levels of return-to-play4, although there is a lack of data on the success of return-to-

sport in this population21. This in turn, impacts long-term health outcomes and economic 

burden. There is evidently a need for strategies to prevent revision ACL reconstruction and 

secondary ACL injury21,39. The incidence of secondary ACL injury has been reported to be 

more dependent on modifiable risk factors than primary ACL injury21,39.  

5.2.4 Biomechanical Analysis 

Observational assessment tools, such as the Clinician-Rated DVJS in Study 1, are 

important for availability and ease of use in clinical settings. However, the content included 

on such observational tools is based on information collected using biomechanical analysis 

of performance (e.g. Figure 5.3). Using 3D movement analysis techniques provides insight 

on ACL injury risk factors. The DVJ is indicative of neuromuscular performance and 

dynamic stability of the knee and has been implicated in identifying movement properties 

of modifiable ACL injury risk factors and predicting those at risk for ACL injury3,12,20,31. 

However, to confidently assess ACL reconstructed patients on the DVJ, measurement 

properties of DVJ biomechanics in this population should be known. Study 2 (Chapter 3) 

evaluated the reliability and longitudinal validity of movement properties during the DVJ 
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task in such a population. Findings from Study 2 support the interpretation of various 

landing biomechanics assessed during repeated measures during rehabilitation after ACL 

reconstruction. 

 

Figure 5.3: Biomechanical analysis of movement properties of the DVJ. Pictures (top) and 

motion-capture stick figures (bottom) showing (A) Start position; (B) Drop (Initial 

Contact); (C) Deepest point during landing; (D) Maximal jump; and (E) Second landing 

and completion of jump. 

Filtering frequency for Study 2 was determined using residual analysis, as described in the 

Technical Report (Chapter 3 Supplement). This resulted in a cut-off of 14 Hz for marker 

data and 50 Hz for VGRF data. It is important to consider the impact of using too low of a 

cut-off filter at the risk of artificially removing important physiological information44,53. 

For example, Roewer et al44 evaluated the effect of using same and different filtering 

frequencies for marker and GRFs (e.g. 10 and 10 vs 10 and 50 Hz) on drop landing data. 
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They looked specifically at peak KAM as this is a strong predictor of ACL injury. They 

reported that when using same low-frequency cut-off (i.e. 10 and 10, or 12 and 12, or 15 

and 15 Hz for marker and GRF, respectively), the average peak KAM were significantly 

lower than those using different cut-offs (10, 50 or 12, 50, or 15, 50 Hz). This resulted in 

3 participants who were considered ‘at risk’ for ACL injury based on their peak KAM 

when data was filtered at 10 and 50 Hz, were no longer considered ‘at risk’ when using 

same low cut-off frequencies for markers and VGRF.  

Reliability studies by Ford et al15 and Mok et al28 filtered their data at the same low cut-off 

frequency of 12 and 12 Hz15, and 15 and 15 Hz28 for markers and VGRF. Typically, marker 

data is filtered using a low cut-off frequency less than 20 Hz44. The residual analysis 

completed in the Supplemental Technical Note to Chapter 3 resulted in 14 Hz and 50 Hz 

to be appropriate cut-off frequencies for markers and VGRFs, respectively. Hewett et al20, 

who concluded that peak KAM is the strongest predictor of ACL injury, with high 

sensitivity (78%) and specificity (73%), filtered their data at 9 and 50 Hz for markers and 

VGRF. Arguably, identifying individual’s potentially at risk for ACL injury is more 

important than smooth joint moment curves44.   

The findings from Study 2 (Chapter 3) provide valuable information to researchers and 

clinicians for the assessment of ACL injury risk using the DVJ. Important risk factors for 

ACL injury include high KAM20,31,39,50, contralateral transverse plane hip net moment 

impulse in the initial 10% of landing, frontal plane knee motion (KAA disp), asymmetry 

in sagittal plane knee moment at IC39, and side-to-side asymmetries in VGRF during 

landing, takeoff and loading rate of the limb37. Peak KAM in the ACL reconstructed limb 

had an ICC of 0.75, hip impulse in the nonoperative limb was 0.61, frontal plane knee 

displacement (KAA disp) of the ACL reconstructed limb was 0.54, and sagittal plane KFM 

at IC was 0.48 and 0.33 in the ACL reconstructed and nonoperative limbs, respectively. 

Peak VGRF had higher ICC with 0.89 and 0.82 during the LP, and 0.90 and 0.93 during 

TO, in the ACL reconstructed and nonoperative limbs, respectively. Loading rate in the 

ACL reconstructed limb had an ICC of 0.71. 
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Loading rate asymmetry in female ACL reconstruction patients 2 years postoperatively has 

been reported in the literature37. While Paterno et al37 reported an increased loading rate in 

the uninvolved limb in ACL reconstruction participants 2 years postoperatively, Decker et 

al9 reported reduced loading rate in the involved limb when compared to healthy controls 

during a drop landing task of participants at a time point greater than 1 year postoperatively. 

Paterno et al37 attributed this difference to the time postoperatively that testing took place. 

Note that Decker et al9 did not report the loading rate of the contralateral limb so asymmetry 

could not be evaluated in this case. Regardless, asymmetry in loading rate has been 

reported as a high potential risk factor for ACL injury8,20,36,39. Study 2 evaluated reliability 

in loading rate in both limbs, as well as asymmetry between limbs. ICCs were poor-to-

moderate (0.41, 0.61, and 0.71 for asymmetry, nonoperative and operative limbs, 

respectively). Ultimately, asymmetries between limbs for loading rate, or increased loading 

rate coupled with increased VGRF of the uninvolved limb (i.e. attenuating greater forces 

in a shorter period of time) could put individuals at a greater risk for ACL (re)injury. 

Overall, reliability measures for peak knee flexion and abduction moments in the ACL 

reconstructed limb were moderate-to-good. Studies by Ford et al15 and Mok et al28 reported 

similar ICC ranges in their healthy subjects performing the DVJ for these measures. 

However, reliability for knee abduction angles ranged from poor-to-moderate in the ACL 

reconstructed limb. These are different than what is observed in healthy athletic subjects 

as Ford et al15 and Mok et al28 reported good reliability for knee abduction angles. This 

discrepancy may be attributed to the ACL reconstruction procedure. The reliability study 

by Ford et al15 was completed on healthy middle- and high-school soccer and basketball 

players, while Mok et al28 included healthy elite handball athletes. The subjects in Study 2 

were 6 months post ACL reconstruction. Despite completing an ACL rehabilitation 

protocol, they were still rehabilitating from surgery, and it has been well documented that 

even years following ACL reconstruction, muscle weakness and altered landing mechanics 

persist9,37,50. Furthermore, as our participants had sustained an ACL rupture with 

subsequent reconstruction, perhaps their initial biomechanical movement properties 

already had instability and risky movement patterns37 such as increased valgus loading and 

movement, thereby increasing the error in measurement in the frontal plane. 
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A study by Paterno et al37 identified transverse plane net hip moment impulse in the initial 

10% of the landing phase of the DVJ to be the strongest predictor for secondary injury. 

Patients who succumbed a secondary ACL injury had a contralateral net hip internal rotator 

moment, as opposed to an external rotator moment seen in patients with primary ACL 

injury only. Study 2 reported novel reliability data for the transverse plane net hip moment 

impulse in the contralateral limb. Moderate reliability in this measure is possible when 

evaluating patients 6 months post ACL reconstruction. 

5.2.5 ACL Rehabilitation Strategies 

Evaluating landing biomechanics of known secondary ACL injury is paramount as re-

injury rate after ACL reconstruction is considerably higher than primary ACL injury. 

Studies have reported that as many as 1 in 4 will sustain a second knee injury21,24,26,35,38,39,47. 

These secondary injuries tend to be highly related to modifiable post-surgery risk factors21, 

and typically occur early after return to sport35, or within the first years after surgery52. 

Targeted neuromuscular training has had success in reducing the prevalence of primary 

ACL injury50,51. Implementing targeted neuromuscular training strategies during the late 

stages of rehabilitation32,50 to reduce the risk of secondary injury has been proposed. 

However, adherence and compliance to longer rehabilitation programs is problematic5,54.  

Alternative rehabilitation strategies in the early stages after ACL reconstruction have been 

examined. Several studies evaluating home-based rehabilitation following ACL 

reconstruction have reported no differences between rehabilitation modalities on outcomes 

such as ROM, ligament laxity and strength14,17,18,22,46. Home-based rehabilitation programs 

following ACL reconstruction are promising. Considering the success of home-based ACL 

rehabilitation, shifting the focus of rehabilitation to the late-stage portion where targeted 

neuromuscular training to reduce secondary risk factors is warranted. Using reliability data 

from Study 2, Study 3 (Chapter 4) used an evidence-based approach evaluating functional 

outcomes of known predictors of secondary ACL injury evaluating landing biomechanics 

during the DVJ to compare two rehabilitation programs including staged and usual care 

physiotherapy.  



 

137 

 

In Study 3 (Chapter 4), primary outcome measures of transverse plane net hip moment 

impulse and peak KAM at 6 months post ACL reconstruction had no differences between 

rehabilitation groups. Figures 5.4 shows mean peak KAM for each group at 6 months post 

ACL reconstruction. Six-months post-operatively is a typical time for ACL reconstruction 

patients to consider RTS54. Hip impulse and peak KAM have been identified as important 

predictors of ACL injury risk20,39,50. The findings of Study 3 therefore support a staged-

physiotherapy program as a viable option following ACL reconstruction. 

 

Figure 5.4: No differences between groups for peak knee abduction moment at 6 months 

post ACL reconstruction. A net abduction moment is negative. 

5.3 Limitations and Future Research 

5.3.1 Limitations 

There are certain limitations in this thesis that should be discussed. The fact that the data 

for Studies 2 and 3 were filtered at different low cut-off frequencies (14 Hz for markers, 

50 Hz for forces), means there is likely more noise or artefacts that remain in the signal, 

yet less physiological information will be lost for the sake of smoother joint moment 

curves. This may in turn affect the reliability data and could account for differences 

↓ Abduction 
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observed, for example the reliability of knee abduction variables seems lower in our study 

compared to other studies15,28. Furthermore, participants were likely using compensatory 

mechanisms13,33,37,45 during their jumping to accommodate weakness in the reconstructed 

limb. Since the reliability of asymmetry percentage in VGRFs was good, the reduced 

reliability seen in other measures could also be attributed to the participants as sources of 

error27, or marker placement between sessions. Marker placement has no bearing on the 

reliability of VGRFs, whereas it plays a significant role in joint moments and angles. 

Variability in the participant’s ability to consistently complete the DVJ can therefore 

impact on consistent movement mechanics and reliability measures. Milner et al27 reported 

moderate within-session reliability (ICC = 0.63) in VGRF on a stop jump landing task. As 

marker placement is not an issue for within-session reliability, they attributed their 

moderate reliability to participant variability. They however reported excellent reliability 

for VGRF between sessions for the stop jump landing (ICC = 0.96).  

5.3.2 Future Research 

The Clinician-Rated DVJS was developed, and now further research on its’ measurement 

properties is recommended before widespread clinical implementation can occur. Findings 

from Study 3 support a staged-physiotherapy approach after ACL reconstruction. 

Secondary ACL injury risk factors were measured using the DVJ to compare rehabilitation 

strategies. It has been proposed that targeted neuromuscular training is warranted in the 

late stage of rehabilitation32,50 as it has been shown to reduce the prevalence of primary 

ACL injury50,51. While Study 3 did not specifically evaluate targeted neuromuscular 

training, which should be included during the late-stages of rehabilitation, future studies 

should consider using the staged physiotherapy approach and implement targeted 

neuromuscular training to see if secondary ACL risk factors can be altered. Future 

consideration of neuromuscular function and the long-term success of rehabilitation 

programs is an ongoing problem that is necessary to continue to investigate.  
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5.4 Recommendations 

1. The developed Clinician-Rated DVJS can be used to assist clinicians and 

researchers identify desirable and undesirable landing mechanics and guide 

rehabilitation efforts, monitor change in landing performance, and participate in 

clinical research. The scale is not, however, intended to determine readiness for 

RTS. 

2. A separate residual analysis prior to studies investigating biomechanical movement 

properties in jump landing adds rigour to such studies. 

3. Researchers and practitioners can confidently assess patient performance on the 

DVJ in patients with ACL reconstruction. Vertical ground reaction forces, peak 

knee abduction and flexion moments, and knee flexion angles can be evaluated with 

good reliability in patients as early as 6 months after ACL reconstruction.  

4. A staged (home and clinic based) physiotherapy program after ACL reconstruction 

does not appear to compromise landing biomechanics compared to usual care. 

5. Given the risk of subsequent ACL injuries and knee osteoarthritis, future 

consideration of neuromuscular function and the long-term success of rehabilitation 

programs after ACL reconstruction is an important area for continued research. 
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Appendix C: Photograph Release Statement for Study 1. 
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Appendix D: Study 1 Delphi Survey Rounds 1 – 4. 

Delphi ACL Rehabilitation Survey Round 1 

 

Consult the Jump Landing Scale provided here to answer QUESTIONS 1 – 10. Rate 

how important each of the following undesirable movements are for double limb 

jump landing performance for ACL injury risk. 

 

To minimize scrolling, you may want to print this scale now. 
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1. Rate how important EXCESSIVE LATERAL TRUNK LEAN is for double limb 

jump landing performance. 

 

  I do not believe this should be included on the scale. 

  I consider this less important than exhibited on the scale. 

  I agree with the scale 

  I believe this is more important than exhibited on the scale. 

 

2. Rate how important EXCESSIVE TRUNK FLEXION is for double limb jump 

landing performance. 

 

  I do not believe this should be included on the scale. 

  I consider this less important than exhibited on the scale. 

  I agree with the scale 

  I believe this is more important than exhibited on the scale. 

 

3. Rate how important PELVIC ROTATION (ANTERIOR OR POSTERIOR) is 

for double limb jump landing performance. 

 

  I do not believe this should be included on the scale. 

  I consider this less important than exhibited on the scale. 

  I agree with the scale 

  I believe this is more important than exhibited on the scale. 

 

4. Rate how important INSUFFICIENT KNEE FLEXION is for double limb jump 

landing performance. 

 

  I do not believe this should be included on the scale. 

  I consider this less important than exhibited on the scale. 

  I agree with the scale 

  I believe this is more important than exhibited on the scale. 

 

5. Rate how important KNEE VALGUS is for double limb jump landing 

performance. 

 

  I do not believe this should be included on the scale. 

  I consider this less important than exhibited on the scale. 

  I agree with the scale 

  I believe this is more important than exhibited on the scale. 
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6. Rate how important TIBIAL INTERNAL ROTATION is for double limb jump 

landing performance. 

 

  I do not believe this should be included on the scale. 

  I consider this less important than exhibited on the scale. 

  I agree with the scale 

  I believe this is more important than exhibited on the scale. 

 

7. Rate how important FOOT OVER PRONATION is for double limb jump 

landing performance. 

 

  I do not believe this should be included on the scale. 

  I consider this less important than exhibited on the scale. 

  I agree with the scale 

  I believe this is more important than exhibited on the scale. 

 

8. Are there other important undesirable movements (or other biomechanics) that 

should be considered in this scale? 

 

  YES – if yes, please comment below 

  NO – if no, continue to the next question 

 

Name all other important undesirable movements that should be included, and their level 

of importance out of 10 (0 = no importance, 10 = utmost importance). 

 

9. The Jump Landing Scale clearly denotes ________ as the most important factor 

in jump landing performance for ACL injury risk. 

 

  Excessive lateral trunk lean 

  Excessive trunk flexion 

  Pelvic rotation (anterior or posterior) 

  Insufficient knee flexion 

  Knee valgus 

  Tibial internal rotation 

  Foot over pronation 

  Does not denote an important factor 
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10. Consulting the Jump Landing Scale, how do you suggest scoring it? Please 

insert numbers in the boxes provided. 

 

NO Knee Valgus AND 0 UMs (undesirable movements)    

NO Knee Valgus AND 1 UM        

NO Knee Valgus AND ≥ 2 UMs       

Some Knee Valgus AND 0 UMs       

Some Knee Valgus AND 1 UM       

Some Knee Valgus AND ≥ 2 UMs       

Moderate Knee Valgus AND 0 UMs       

Moderate Knee Valgus AND 1 UM       

Moderate Knee Valgus AND ≥ 2 UMs      

EXTREME Knee Valgus AND ± UMs      

 

11. According to your scoring system in question 10, what would you consider as a 

safe score for return to PRACTICE after ACL reconstruction? 

 

12. According to your scoring system in question 10, what would you consider as a 

safe score for return to FULL COMPETITION after ACL reconstruction? 

 

13. What else would you, as a clinician / biomechanist, suggest is necessary for safe 

return-to-sport after ACL reconstruction, and why? 

 

14. Please make any other comments about the Jump Landing Scale that you feel 

would be helpful.  

 

15. How many years of experience do you have as an MSK Clinician OR 

Biomechanist? 

 

  > 20 years 

  15 – 20 years 

  10 – 15 years 

  5 – 10 years 

  < 5 years 
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16. CLINICIANS ONLY: How frequently do you work with patients following ACL 

reconstruction? 

 

  Daily 

  Weekly (2 – 3x per week) 

  Monthly (2 – 3x per month) 

  Yearly (2 – 3x per year) 

  Never 

 

17. BIOMECHANISTS ONLY: What proportion of your research involves ACL 

studies? 

 

  > 81% 

  61 – 80% 

  41 – 60% 

  21 – 40% 

  < 20% 

 

18. CLINICINS AND BIOMECHANISTS: Do you feel confident in your ability to 

evaluate knee valgus in jump landing performance? 

 

  Extremely Confident 

  Very Confident 

  Confident 

  Somewhat Confident 

  Not Confident 

 

19. CLINICIANS ONLY: Compared to your peers, how do you rate your skills as a 

clinician treating patients with ACL injuries or rehabilitation? 

 

  Superior 

  Above Average 

  Average 

  Below Average 

  Inferior 

 

20. BIOMECHANISTS ONLY: Compared to your peers, how do you rate your 

skills as a researcher when considering ACL injuries? 

 

  Superior 

  Above Average 

  Average 

  Below Average 

  Inferior 
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21. CLINICIANS ONLY: How familiar are you with current ACL rehabilitation 

protocols? 

 

  Extremely Familiar 

  Mostly Familiar 

  Moderately Familiar 

  Kind of Familiar 

  Not Familiar 

 

22. BIOMECHANISTS ONLY: How familiar are you with the ACL injury risk 

factors and mechanisms of injury? 

 

  Extremely Familiar 

  Mostly Familiar 

  Moderately Familiar 

  Kind of Familiar 

  Not Familiar
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Delphi ACL Rehabilitation Survey Round 2 

 

Fowler Kennedy ACL Survey Round 1 Results and Feedback 

 

Below you will find the Jump Landing Scale provided in round 1 of this Delphi study, 

and the collective results from the questionnaire. Please review the collective responses 

and provide your feedback. 

 

 

 

 

A) For the 7 questions rating the Jump Landing Scale, you will find the collective 

opinion of the experts, including your individual response. Please indicate if you 

wish to keep your original response or change it. Please also feel free to provide an 

explanation or additional comments. 
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You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    I believe this is more important than exhibited on the scale 

    I agree with the scale 

    I consider this less important than exhibited on the scale 

    I do not believe this should be included on the scale 

 

Explanation / Feedback:  

 

 

 

 
You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    I believe this is more important than exhibited on the scale 

    I agree with the scale 

    I consider this less important than exhibited on the scale 

    I do not believe this should be included on the scale 

 

Explanation / Feedback:  
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You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    I believe this is more important than exhibited on the scale 

    I agree with the scale 

    I consider this less important than exhibited on the scale 

    I do not believe this should be included on the scale 

 

Explanation / Feedback:  

 

 

 
You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    I believe this is more important than exhibited on the scale 

    I agree with the scale 

    I consider this less important than exhibited on the scale 

    I do not believe this should be included on the scale 

 

Explanation / Feedback:  
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You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    I believe this is more important than exhibited on the scale 

    I agree with the scale 

    I consider this less important than exhibited on the scale 

    I do not believe this should be included on the scale 

 

Explanation / Feedback:  

 

 

 
You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    I believe this is more important than exhibited on the scale 

    I agree with the scale 

    I consider this less important than exhibited on the scale 

    I do not believe this should be included on the scale 

 

Explanation / Feedback:  
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You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    I believe this is more important than exhibited on the scale 

    I agree with the scale 

    I consider this less important than exhibited on the scale 

    I do not believe this should be included on the scale 

 

Explanation / Feedback:  

 

 

 

B) For questions 8 to 14 from round 1, the collective responses included the following 

information that we will consider in the development of the second draft of the 

Jump Landing Scale. Please feel free to provide additional feedback. 

 

 

 
 

Explanation / Feedback:  
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Scoring for the scale will be addressed in draft 2. Please add additional comments if 

desired.  

 

 

 
You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    NO KV AND 0 UMs 

    NO KV AND 1 UM 

    NO KV AND ≥ 2 UMs 

    Some KV AND 0 UMs 

    Some KV AND 1 UM 

    Some KV AND ≥ 2 UMs 

    Moderate KV AND 0 UMs 

    Moderate KV AND 1 UM 

    Moderate KV AND ≥ 2 UMs 

    EXTREME KV AND ± UMs 

 

Explanation / Feedback:  
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You Answered: __________________________ 

Do you want to:  Keep my original response 

  Change my response to: 

    NO KV AND 0 UMs 

    NO KV AND 1 UM 

    NO KV AND ≥ 2 UMs 

    Some KV AND 0 UMs 

    Some KV AND 1 UM 

    Some KV AND ≥ 2 UMs 

    Moderate KV AND 0 UMs 

    Moderate KV AND 1 UM 

    Moderate KV AND ≥ 2 UMs 

    EXTREME KV AND ± UMs 

 

Explanation / Feedback:  
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Explanation / Feedback:  

 
 

Explanation / Feedback: 
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Delphi ACL Rehabilitation Survey Round 3 

 

PART A) This Delphi Survey is being conducted to help develop a Clinician Rated Drop 

Vertical Jump Scale. 

 

In Round 1 of this survey, 20 experts provided their input on the proposed scale. Based 

on this input, we have made the following major revisions: 

 

- brief rationale and instructions for use were added 

- “knee valgus” was replaced with “knee valgus collapse movement pattern” with 

an operational definition included 

- the list of undesirable movements was limited to only those with most agreement 

(described below) 

- a scoring system for each limb was added 

 

Undesirable Movements: In Rounds 1 and 2, the following percent of experts agreed that 

the following undesirable movements was “as important or more important” than 

exhibited on the scale. Based on the threshold of 66.7% (ie. two thirds of the experts), we 

retained the top four undesirable movements and removed the bottom three listed below. 

 

- Knee Valgus      94.4% 

- Insufficient Knee Flexion    89.5% 

- Excessive Lateral Trunk Lean   78.9% 

- Tibial Internal Rotation    68.4% 

- Excessive Trunk Flexion    47.4% 

- Foot Over Pronation     47.4% 

- Pelvic Rotation (Anterior or Posterior)  31.6% 

 

Please consult the revised scale (below) to answer questions 1 – 8. 
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1. As presented, does the scale allow for an appropriate rating of knee valgus 

collapse? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Explanation:  

 

2. As presented, does the scale allow for an appropriate rating of undesirable 

movements? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Explanation:  

 

3. As presented, does the scale allow for both limbs to be adequately evaluated? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Explanation:  

 

4. Using this scale, does an additional (quantitative) measure of asymmetry need to 

be developed? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Explanation:  
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5. As presented, is the scale adequately concise for use as a clinical tool? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Explanation:  

 

6. As presented, is the scale complete/representative of drop vertical jump 

performance? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Explanation:  

 

7. Is there anything you suggest should be considered in the development of the 

scale? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Explanation:  
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PART B) A potential future use of the Clinician Rated Drop Vertical Jump Scale is to evaluate progress during rehabilitation after 

ACL reconstruction. Therefore, it might provide information that could be used in conjunction with several other tests to help 

determine readiness for return to sport. In Rounds 1 and 2, we asked you to consider when it is considered safe to return to practice or 

to return to full competition after ACL reconstruction based on the performance on the drop vertical jump. Below you will find those 

results (Table 1). 

 



 

Reproduced with permission from Gagnon SS, et al. Development of a clinician-rated drop vertical jump scale for patients undergoing rehabilitation after 

anterior cruciate ligament reconstruction: A Delphi approach. J Orthop Sports Phys Ther. 2017;47(8):557-564. doi:10.2519/jospt.2017.7183. Copyright ©Journal 

of Orthopaedic & Sports Physical Therapy®, Inc. 

171 

 

8. Based on the revised scale, what would you consider as a safe score for return to PRACTICE and FULL COMPETITION 

after ACL reconstruction? (Check one for practice and one for full competition). 

 

PRACTICE  FULL COMPETITION 

NO Knee Valgus Collapse, 0 Undesirable Movements         

NO Knee Valgus Collapse, 1 Undesirable Movement         

NO Knee Valgus Collapse, ≥ 2 Undesirable Movements         

SOME Knee Valgus Collapse, 0 Undesirable Movements         

SOME Knee Valgus Collapse, 1 Undesirable Movement         

SOME Knee Valgus Collapse, ≥ 2 Undesirable Movements         

MODERATE Knee Valgus Collapse, 0 Undesirable Movements        

MODERATE Knee Valgus Collapse, 1 Undesirable Movement        

MODERATE Knee Valgus Collapse, ≥ 2 Undesirable Movements        

EXTREME Knee Valgus Collapse, ± Undesirable Movements        
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Delphi ACL Rehabilitation Survey Round 4 

 

Summary from Round 3 of the Delphi: 

 

Following two rounds, we had agreement (≥ 75%) on all components of the scale, with the 

exception of how to handle the undesirable movements, which had 68.75% agreement. 

There was also considerable variation on whether or not to add an additional quantitative 

measure of asymmetry; 43.75% agreed asymmetry should be included, 18.75% were 

neutral, and 37.5% did not believe an additional measure was required. Based on the 

specific feedback received from round three, we have adjusted the scale to incorporate 

asymmetry as one of the undesirable movements used in scoring, and to include an 

instruction booklet describing the drop vertical jump, positions of knee valgus collapse and 

undesirable movements, as well as how to use the scale. The booklet also includes brief 

rationale and interpretation of movements observed, and supporting references. We hope 

that this added information will aid the clinician in using the scale and improve reliability 

and validity. 

 

Another common suggestion from round three was to include pictures. The booklet 

includes images of good mechanics as well as various degrees of dynamic knee valgus 

collapse and undesirable movements. 

 

Based on the Delphi, we hope to have a Beta version of the scale established. Since 

validation of any scale is an ongoing process, we plan to continue to refine the scale based 

on further input and testing, including feedback after clinician use and the evaluation of 

measurement properties. 

 

Below you will find the revised version of the Clinician Rated Drop Vertical Jump Scale, 

and a few questions. Please take a minute to review this version of the Scale and answer 

the following questions. Of course, any additional comments or feedback is always 

appreciated. 
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Round 4 Delphi Questions: 

 

1. As presented, does the scale adequately evaluate asymmetry and other 

undesirable movements? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Comments:  

 

2. As presented, can the scale be implemented as a clinical tool? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Comments:  

 

3. Do you have any final comments about the scale? 

 

4. Does adding the instruction booklet provide appropriate instruction and answer 

the question about pictures? 

 

  Agree 

  Somewhat Agree 

  Neutral 

  Somewhat Disagree 

  Disagree 

 

Comments:  

 

5. Please add any comments you may have about the instruction booklet. 
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Appendix E: Ethics Approval for Studies 2 and 3. 
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Appendix F: Letter of Information and Informed Consent for 

Studies 2 and 3.  
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Appendix G: ACL Protocol 
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Appendix H: Staged Rehabilitation Program for Anterior Cruciate 

Ligament Reconstruction (Home Based Component) 
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