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Abstract  

Title: Changes in countermovement jump performance and the force-time waveform after 

anterior cruciate ligament reconstruction 

Anterior cruciate ligament (ACL) ruptures pose a substantial injury burden on athletes. Surgery 

(ACLR) is commonly recommended after ACL rupture. Only a small fraction of athletes return 

to pre-injury performance levels after ACLR with a high risk of non-contact re-injury. Significant 

functional impairments and altered movement patterns occur following ACLR which may 

further increase the risk of future re-injury. Objective return to play protocols are not well 

established after ACLR with traditional hop tests showing insufficient sensitivity for detecting 

compensatory movement patterns. The countermovement jump (CMJ) is a common 

neuromuscular test after ACLR, and bilateral force production is frequently measured on a 

dual force platform. Athletes with ACLR demonstrate significantly poorer jump performance 

post ACLR in the CMJ test, specifically within the braking and propulsive phases. However, 

limitations of these studies include the isolated use of discrete or CMJ phase-specific metrics 

to measure performance after ACLR instead of assessing the force-time data across the entire 

jump movement. Between-limb asymmetry indices are also used to quantify differences 

between involved and uninvolved limbs, but this may lead to a false positive indication of 

readiness given that ACLR impacts the strength of the uninvolved limb. Pre-injury data, CMJ 

force-time curve waveform analysis, and a longitudinal study design can help to address these 

gaps and develop new knowledge surrounding return to play protocols. This study therefore 

aimed to assess differences in CMJ force production before and after ACLR utilising traditional 

performance and asymmetry measures and statistical parametric mapping (SPM) analysis 

throughout an athlete’s rehabilitation up to two years post-surgery.  

Twenty (age = 21.6 ± 3.8 years) competitive athletes from alpine skiing, freestyle skiing, 

football, ski jump, and wrestling performed the CMJ as part of routine testing and monitoring 

before and after ACLR over a five year study period. Dual force plates measured the ground 

reaction force (GRF), and these force-time data were analysed using the Shiny vertical jump 

analysis app (https://github.com/mattsams89/shiny-vertical-jump) in RStudio. The difference 

in time between surgery and testing was calculated and stratified into five time intervals: pre-

injury (T0), 24 ± 3 weeks (T1), 36 ± 3 weeks (T2), 48 ± 3 weeks (T3), and between 72 – 100 

weeks (T4) after surgery. Traditional measures of jump performance and asymmetry were 

assessed using paired sample t-tests. SPM analysed differences in the continuous force-time 

data between the involved and uninvolved limbs at each of the post-surgical time periods and 

compared the involved limb to itself post-surgically to pre-surgical baseline testing values. 
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Results showed that, compared to pre-injury baseline values, traditional discrete jump 

performance outcomes (jump height, contact time, RSImod) were decreased after ACLR, with 

lower peak force production for the involved limb and greater peak force asymmetry at six 

months post ACLR. Traditional discrete CMJ phase metrics showed lower impulse production 

of the involved limb after surgery up until one-year post-ACLR, although this was not 

statistically significant. There was a significant increase in braking impulse asymmetry at two 

years post ACLR compared to pre-injury values, favouring the involved limb. Propulsive 

impulse production was lower for the involved limb versus pre-injury baseline ~ two years after 

surgery, versus the uninvolved limb up to nine months post-surgery and showed greater 

asymmetry six months after surgery. SPM analysis confirmed that for the continuous force-

time data, the involved limb had a lower unweighting and propulsive impulse production 

compared to pre-injury baseline values at six months post ACLR and showed a lower 

propulsive impulse production of the involved limb versus the uninvolved limb at six months 

and at two years after surgery compared to pre-injury baseline values. 

It is hoped that the results from this study contribute to the knowledge surrounding return to 

play protocols after ACLR and help inform practitioners with new evidence to promote a safer 

return to sport past traditionally determined return to play timelines. 

 

Key words: Anterior cruciate ligament, countermovement jump, force-time curve, knee injury, 

statistical parametric mapping.
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Chapter 1  

1. Introduction  

Anterior cruciate ligament (ACL) ruptures cause a significant injury burden for athletes due to 

their severity and prevalence, particularly for female athletes, amateur sporting groups and 

within multidirectional team sports.1-4 ACL ruptures lead to the most days lost to sport 

participation post-injury compared to other injury types2,5-6 and after ACL rupture, surgical 

reconstruction is commonly recommended (ACLR).4,7-10 Return to play typically takes between 

six and 12 months, but two-thirds of athletes may not reach their pre-injury performance level 

within one year after surgery, often with only a fraction of athletes returning to their pre-injury 

performance levels at all.11-12 ACLR athletes show altered movement patterns and significant 

differences between the involved and uninvolved limbs up to two years post-surgery, which 

may increase the risk of future ACLR non-contact re-injury.3,13-15,16 

Functional performance is hampered following surgery3,17-18 and a loss of neuromuscular 

strength capacity is seen as a decrease in lower limb maximal and explosive strength of the 

involved limb which may cause increased interlimb asymmetries14,16,18-21 as well as altered 

lower limb biomechanics compared to uninjured athletes.3,22-24 Optimally, athletes aim to 

restore neuromuscular function and pre-injury performance levels to support a safe return to 

sport.14,20 However, effective return to play measures post ACLR are not well established14,25-

27 with the majority of the literature focusing on cross-sectional measures examining knee 

function with a lack of longitudinal monitoring throughout rehabilitation to guide these return 

to play measures.13,28  

The countermovement jump (CMJ) is a coupled eccentric-concentric stretch shortening cycle 

(SSC) movement and is widely used to evaluate neuromuscular capacities,29 performance 

fatigability,30 the rate of force development (RFD), and importantly reactive strength capacity 

after ACLR.14 The CMJ may be performed on dual force plates to measure the ground reaction 

force (GRF) produced by each limb and has become a commonly used performance and 

rehabilitation test.14,29-31 Primarily, jump height is used to quantify CMJ performance, which is 

determined by the net impulse (area under the force-time curve) produced across the three 

phases of the CMJ (unweighting, braking and propulsive phases).31-32 Although discrete 

variables (single time point measures of performance such as peak force, the ratio of jump 

height to time to take off and force at zero velocity) and CMJ phase-averaged metrics (phase 

durations, average phase force production) are the most commonly used metrics, sole use of 

these metrics may result in the loss of important information regarding vertical force production 

during the CMJ.  
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ACLR athletes experience impairment to overall CMJ performance due to reduced muscular 

strength14,20,21,33 and neuromuscular function, primarily the stretch shortening cycle.1,13,17 More 

specifically, discrete performance variables that decrease after ACLR include: jump height, 

peak force, peak external mechanical power and force at the lowest point of the CMJ.1,20,34 

Additionally, CMJ phase-specific impairments after ACLR include decreased propulsive 

impulse and propulsive peak force, braking impulse and braking RFD.13-14 Lower force 

production of the involved limb in comparison to the uninvolved limb and greater interlimb 

asymmetries have also been consistently reported, in particular during the braking and 

propulsive phases of the CMJ.3,13-15,28,35-36 These interlimb asymmetries have been shown to 

remain from four months up to four years post ACLR,1,13-14,20,28,33-34 despite adherence to 

rehabilitation programs compared to non-injured athletes.13  

Interlimb asymmetries after ACLR can be seen as directional shifts throughout the CMJ force-

time curve between the involved and uninvolved limb (Figure 1). This emphases the 

importance of identifying when during the CMJ (unweighting, braking or propulsion) the 

asymmetry occurs.14 This suggests that ACLR may cause changes in the shape of the force-

time curve, rather than only at discrete points or phase averaged periods, and the CMJ should 

be analysed in its entirety.1,14 This may identify compensatory movement strategies used and 

prominent points in time where interlimb asymmetries or performance deficits exist during the 

jump,31  

Recently, it has been suggested to include pre-injury baseline measures as a method of 

comparison to the involved limb instead of, or at least in addition to, calculating an asymmetry 

index between limbs using the benchmark of the non-injured contralateral limb.37-38 This is due 

to the emergence of strength deficits in the uninvolved limb post ACLR and potentially 

underestimating the magnitude of loss of functional performance of the involved limb versus 

actual pre-injury levels of performance.37-39 

 

Figure 1: Force-time curve of an ACLR skier’s ACLR limb (solid line) and uninjured limb (dashed line) 

during a CMJ showing a change in the directionality of asymmetry throughout the jump between limbs.14 
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It is recommended to analyse the CMJ after ACLR using a combination of discrete 

performance (outcome measures) and strategy variables (biomechanical metrics 

underpinning CMJ performance) in combination with assessment of the shape of the force-

time curve. This allows an analysis of entire CMJ waveform, and this combination approach 

may provide a more complete picture of potential differences in vertical force production. 

Continuous analysis has been used in become more common in jump analysis, However, no 

study to date has included statistical analysis of the continuous CMJ force-time waveform in 

ACLR athletes.  

 

2. Research problem  

The CMJ has been largely studied in relation to jump performance cross sectionally involving 

healthy athletes.29-31,40-42 Fewer studies have examined neuromuscular function after ACLR 

using discrete or phase averaged variables13-14,20,28,33 at single time points after surgery with 

only two known studies undertaking a cross sectional evaluation of discrete CMJ performance 

and phase metrics at several key clinical milestones after surgery.7,13 Sole use of discrete 

metrics may reduce the depth of information available that analysis of the entire CMJ 

waveform could offer and overlook important information about the drivers of force production 

during the CMJ after surgery.31 Predominantly, the interlimb differences between the involved 

and uninvolved limbs are calculated from these discrete metrics and reported as a percentage 

difference (asymmetry index) between limbs or compared to control athletes.1,7,13-14,20,28,33-34 

Often, the involved limb is compared to the uninvolved limb at a specific time point post ACLR 

and not to pre-injury baseline values.1,7,13-14,20,28,33-34 This may lead to an overestimation of 

knee function due to strength deficits that the uninvolved limb also displays post-surgery which 

impacts asymmetry calculations between limbs at specific time points.37 

The effect of ACLR on force production during the CMJ has therefore not been applied; i) 

across the entire CMJ force-time waveform, ii) comparatively to pre-injury baseline values, or 

iii) longitudinally to determine a more objective assessment of force production capacity after 

surgery. 

 

3. Aim and objectives  

The aim of this study was to investigate changes in CMJ performance, vertical GRF production 

and interlimb asymmetry in ACLR athletes over ~2 years post ACLR through analysis of the 

CMJ force-time waveform using statistical parametric mapping. 
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The objectives of this research study were to: 

• Investigate changes in discrete CMJ performance measures and traditional measures 

of asymmetry from pre-injury to four post-surgery time points (~24 weeks, ~36 weeks, 

~48 weeks and 72-100 weeks). 

• Investigate changes in the CMJ force-time curve of the involved limb from pre-injury to 

four post-surgery time points (~24 weeks, ~36 weeks, ~48 weeks and 72-100 weeks) 

utilising statistical parametric mapping. 

• Investigate interlimb differences in the CMJ force-time curve at pre-injury and four post-

surgery time points (~24 weeks, ~36 weeks, ~48 weeks and 72-100 weeks) utilising 

statistical parametric mapping. 

 

4. Structure of the dissertation  

The remainder of the dissertation consists of: 

• Chapter 2: Review and appraisal of the existing literature surrounding changes in CMJ 

performance and interlimb asymmetries post ACLR highlighting gaps and pointing to 

a further area of study. 

• Chapter 3: An original research study in manuscript format with introduction, methods, 

results, and discussion sections. 

• Chapter 4: Summary of the study and conclusions drawn from the results, with study 

limitations and recommendations for future research. 
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Chapter 2: Literature Review  

Introduction 

Anterior cruciate ligament injuries 

Non-contact anterior cruciate ligament (ACL) rupture occurs frequently in field sports (e.g., 

football) and slope sports (e.g., alpine skiing), and is a severe traumatic knee injury resulting 

in a high injury burden.1-4,43 ACL ruptures account for more than 50% of all knee injuries2 and 

the most days lost to sport participation post-injury compared to other injury types.2,5-6 Return 

to play times vary across sport types with a mean return to play time of 216 days for 

professional European soccer players,8 258 days in the National Hockey League, 370 days in 

the National Football League, 418 days in the Major Baseball League and 424 days in the 

National Basketball League.9 The ACL injury prevalence in female athletes is 3.5% or 1 in 

every 29 athletes, and in males is 2% or 1 in every 50 athletes across a variety of sports.43 

Female athletes have an ACL injury incidence rate of 1.5 out of 10 000 athlete-exposures and 

males of 0.9 out of 10 000 athlete-exposures over 1 season up to 25 years.43 Surgical 

reconstruction of a torn ACL is often recommended to restore knee joint stability with 

approximately 90% of ACL tears undergoing ACLR, which is a common recommendation4,7,44-

45 using either a bone-patellar tendon bone (BPTB) or semitendinosus and gracilis hamstring 

tendon (HT) autograft technique.20 Other types of grafts include the quadriceps tendon, 

allografts and synthetic grafts.46 Post injury only about 50-60% of athletes return to competitive 

sport1 and extensive training and rehabilitation are required after ACLR to restore pre-injury 

knee function.1  

Return to the pre-injury level sport is often assumed to take between six and 12 months,11 

however, more recent research shows that the ACLR rehabilitative process may be nonlinear 

and highly individualised.12 Studies of professional athletes in pivoting sports such as soccer, 

hockey, American football, and basketball show rates of return to pre-injury level sport of 78% 

to 98% within one year post ACLR surgery, however, for amateur athletes, two thirds may not 

achieve pre-injury level of return to preinjury performance levels within one year.11,47-54 

Additionally, 45% of athletes will not return to their competitive pre-injury performance level at 

all after an ACL injury.11-12,45  

Athletes who have ruptured their ACL or undergone ACLR demonstrate significant differences 

between their injured and uninjured limbs up to two years post ACLR and these altered 

movement patterns may increase the risk of future non-contact ACL re-injury.3,13-15,16 There is 

also an increased risk of developing long-term degenerative knee conditions like osteoarthritis 

following ACL surgery.55-56 After ACLR, the injury, graft harvest and period of restricted activity 

result in reduced neuromuscular capacities.7 ACLR athletes demonstrate decreased 
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proprioception,3 decreased range of motion,18 decreased maximal lower limb strength 

(particularly the hamstring and quadriceps muscle groups) and explosive strength (the ability 

to produce high force in a short period of time) on the ACLR side.3,17 Compared to individuals 

without ACL injury, these deficits after surgery often present as increased interlimb asymmetry 

compared to the contralateral limb,14,18-21 a loss of functional performance3,17-18 and altered 

lower limb biomechanics3,22-24. Altered lower limb joint kinematics and kinetics post ACLR 

compared to pre-injury are seen as increased knee valgus and hip adduction angle (frontal 

plane movement) compared to baseline values pre-ACLR.16,57 Altered lower limb joint kinetics 

include decreased peak internal knee extension moments, decreased peak internal hip flexion 

moments and decreased peak anterior tibial shear force (sagittal plane movements) during a 

double leg jump-landing movement.16,57-58 This decreased sagittal plane loading may be due 

to decreased quadriceps voluntary activation and strength post-ACLR.16 

The countermovement jump (CMJ) is a commonly used test in performance testing and return 

to play assessments.14,29-31 A majority of research studies examining knee function after ACLR 

are cross sectional, have relatively small sample sizes (< 20 participants) and examine 

discrete CMJ performance variables and/or CMJ phase averaged outcomes between ACLR 

and non ACLR athletes or between injured and uninjured limbs.13,28 A further limitation of these 

study designs is that it is not known whether the asymmetry was as a result of surgery or 

incomplete rehabilitation, a combination of the two, or if it was unrelated and present prior to 

injury which may have actually contributed to the initial injury itself.16,57 A comparison of 

athletes prior to and post injury showed  that movement patterns were consistently altered 

after ACL injury and surgery, despite controlling for graft type, mechanism of injury and 

rehabilitation program in comparison to remarkably consistent movement patterns pre-injury.16 

This suggests that the cause of altered movement patterns develops after ACL injury and is 

not present prior to injury. The practical implications of these findings are twofold. First, 

postinjury movement patterns have been shown to predict future ACL injury in ACLR athletes, 

which often result from faulty landing, jumping or change of direction mechanics.59 Known risk 

factors for ACL injury such as decreased thigh muscle strength, and increased interlimb 

asymmetries continue following ACLR in spite of rehabilitation efforts and return to normal 

activities.14 Second, understanding the force production deficits and risk factors has the 

potential to optimise rehabilitation programs and provide objective criteria-based testing for 

return to play after ACL. 

Post ACLR, primary rehabilitative objectives are to restore neuromuscular function, establish 

criteria for a safe return to play and to re-establish pre-injury performance levels.14,20 The 

impact of ACL injury on sport performance and athlete health has resulted in 
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recommendations for ACL injury prevention strategies.33 However, measures that indicate 

successful return to play levels after ACLR have not been well established.14,25-27 To address 

these gaps, longitudinal athlete monitoring is recommended in order to provide information on 

individual progression throughout an athlete’s rehabilitation process and aid in determining 

return to play readiness.12 

Objective measures for criteria-based rehabilitation and return to play  

After ACL injury, functional performance tests are recommended to measure an athlete’s 

rehabilitative status,3,17 guide rehabilitation progression and to assist in decision making for a 

safer return to play17 by assessing interlimb asymmetries3,44,60 and lower limb function.44,60 

These assessment tools often include tests for muscular strength,3,18-19 running speed,60 

cardiovascular fitness,60 balance,60 change of direction ability,60 hopping3,18-19,58,60-61 and 

jumping performance.14,19,60 Few scientifically supported measures exist to clearly guide return 

to play after ACLR despite the large injury and re-injury rate.14 Recent research shows that re-

injury rates are reduced by 50% for every month that return to play is delayed up to 9 months 

post injury13,62 and that a criterion-based approach in combination with a traditional time-based 

approach is more favourable to determine return to play readiness.13,63 For example, de 

Carlo63 found that patients who deviated from traditional time-based recommendations and 

accelerated their progress based on achieving functional milestones gained knee extension 

range of motion earlier and achieved better outcomes compared to patients who restricted 

their movement and adhered to time-based criteria. Notably, these patients started weight 

bearing and gained range of motion (ROM) sooner, increased their muscle strength and 

demonstrated greater functional capability of the knee in later stages of rehabilitation, leading 

to clinical support for a criterion or ‘movement goal’ based approach to ACL rehabilitation.63 

The combination of single leg hop tests and isokinetic dynamometry for the knee flexors and 

knee extensors comprise the traditional clinical assessment test battery to determine return to 

play readiness, with the achievement of 90% limb symmetry compared to the contralateral 

limb as a threshold of sufficient recovery to recommend a return to play.58,64 However, single 

leg hop tests ignore the joint-level biomechanics including the relative contribution of the hip, 

knee and ankle joints of the affected limb and therefore limit the sensitivity of this test for 

detecting compensatory biomechanical movement patterns like chronic knee extensor 

weakness that occurs readily after ACL injury.13,20,57 Further, isokinetic dynamometry is limited 

to only measuring strength deficits at a range of fixed speeds (usually an angular velocity of 

60 or 180 degrees per second) and a uniplanar joint motion of knee flexion and extension 

within a set range of motion (e.g. zero to 100 degrees).20 Consequently, additional dynamic 

testing methodologies like the CMJ and drop jump test performed on single and dual force 
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plate systems have been explored to bolster return to play testing. Although isokinetic 

dynamometry has limitations, it remains a sensitive measure to detect residual deficits after 

ACL injury.25 A combination approach of isokinetic dynamometry, CMJ testing and other 

dynamic lower limb testing may more accurately detect deficits after ACLR compared to the 

use of a single testing method. The CMJ, performed on dual force platforms, not only provides 

jump outcome measures but also detects the athlete’s bilateral force production capabilities 

across phases of the jump which allows for more specific analysis of performance or 

asymmetry differences post injury.65 Overall, traditional tests that only measure jump 

performance outcomes like height or distance may provide a false indication of readiness to 

return to play because they do not examine the biomechanical underpinnings of the 

performance. The CMJ is a sensitive tool for detecting differences in interlimb force production 

after ACL injury and may successfully address the limitations posed by traditional test 

batteries.  

The countermovement jump test 

The CMJ is a popular assessment of slow SSC movements,14 practically used to assess 

athletic performance changes,30-31 neuromuscular capabilities,29 and performance 

fatigability.30 As jumping is a proximal to distal movement sequence, the CMJ is able to assess 

knee extensor maximal muscle power, the rate of force development (RFD), and reactive 

strength capacity after ACLR.14 The period from movement initiation to take-off in the CMJ is 

typically divided into three phases (Figure 2) based on the GRF produced during the jump and 

the associated vertical motion of the centre of mass. The GRF is related to knee kinetics which 

point to the usefulness for measuring athletes after ACLR. The unweighting phase occurs from 

initiation of the countermovement until GRF returns to bodyweight, which corresponds with 

the peak negative centre of mass velocity.65 The braking phase then begins, as GRF exceeds 

bodyweight, until the instant the centre of mass velocity reaches 0 m/s.65 This is the lowest 

point of the centre of mass. The propulsion phase starts when centre of mass velocity is 

positive and ends at the instant of ground take-off.65 The primary performance outcome of the 

CMJ is jump height, which is determined by the net impulse produced between initiation and 

take-off.29 
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Figure 2: Vertical force-time curve illustrating the six different phases of the CMJ. Adapted from Chavda 

et al.30 

 

Higher jump heights are achieved by increasing the body centre of mass velocity at take-off, 

which is determined by the kinetic impulse (area under the force-time curve) according to the 

impulse-momentum relationship. Although the net positive impulse that ultimately determines 

jump height occurs during the propulsion phase, this outcome is heavily influenced by force 

production during the preceding phases and the jump strategy of the athlete.31 Understanding 

the way in which force is produced or ‘how’ an athlete jumps may help to inform training and 

rehabilitation recommendations for practitioners.29,31 In order to do this, practitioners must 

understand what constitutes a biomechanically efficient or inefficient jump, and be able to 

acquire force data to analyse the individual’s performance.31 Variables commonly used to 

quantify the CMJ have more recently been classified as either jump strategy or performance 

metrics.32 Performance metrics are mainly discrete mechanical outcome measures of the CMJ 

and commonly include jump height, the modified reactive strength index (RSImod: calculated 

as the ratio between jump height and jump contraction time or time to take-off), and take-off 

momentum.66 Jump strategy metrics allow an analysis of jump kinetics that provide a more in-

depth analysis of neuromuscular function compared to performance metrics alone,21,32 and 

they have been shown to be more sensitive to change compared to performance metrics alone 

when measuring recovery after injury.32 Jump strategy metrics underpin CMJ performance, 

are derived from the CMJ force-time waveform phase durations, and include measures like 

the time to take-off, contact time, countermovement depth, phase-specific net impulses, 

average force and power, force at zero velocity, and eccentric RFD in the braking phase of 

the CMJ.32,66 A biomechanically efficient jump is associated with a higher velocity in the initial 

unweighting phase, shorter braking duration, shorter propulsion phase duration, higher jump 
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height, higher RSImod and greater braking RFD. The timing of peak force is also an important 

determinant of an optimal CMJ force time curve, with peak force coinciding with the low 

position of the CMJ being preferred.29,40,67  

Although discrete variables are the most commonly used metrics in the literature and are 

useful in quantifying aspects of performance, discrete variables exclude large portions of the 

force-time curve data,20,29 and phase-averaged measures31 and impulse may fail to reveal 

variations from the norm within that phase of the CMJ.17 Discrete variables may also reduce 

the dimensionality of the CMJ waveform and miss important information regarding vertical 

force production during the CMJ.31 Visual observation of the entire CMJ force-time curve in 

the existing literature shows two different shapes during the propulsive phase: a unimodal and 

bimodal shape (Figure 3).31,67 The unimodal shape presents a single vertical force peak 

whereas the bimodal presents two distinct vertical force peaks.31,67 The description of force-

time curve shapes fluctuates across the literature and an optimal force-time curve shape for 

jump performance is debatable.67-68 Guess,31 Kennedy & Drake,41 and McHugh40 found that a 

unimodal shape of the force-time curve represents a biomechanically effective jump. 

Opposingly, Peng42 found that a bimodal force-time curve is more biomechanically effective 

than a unimodal shape. Possible reasons for this inconsistent evidence are that many studies 

classify modality by visual inspection and include only a small sample of athletes (n < 50).67-68 

Perhaps more importantly, though, is that this categorisation approach fails to take into 

account the timing or relative magnitude of the force peaks, which may omit significant 

implications for jump performance.40 This is supported by the findings of McHugh40 where the 

optimal CMJ force-time profile, according to a sample of 100 athletes, occurred when peak 

force aligned with the transition point between the braking and propulsive phases, regardless 

of the force-time curves modality.40,67 The authors concluded that an efficient force-time curve 

is determined by the timing of peak force production, regardless of the shape categorisation 

of the curve.40 The literature has examined force-time curve shape cross-sectionally in healthy 

participants as a measure of CMJ performance29-31,40-42 and significantly less so in injured 

participants1,14-15,20,28,33,35 with only two known studies repeating CMJ testing across key points 

of ACLR rehabilitation.7,13 The changes in the shape of the force-time curve as a result of 

ACLR have not been investigated during the course of rehabilitation following ACLR. CMJ 

performance may reflect compensatory movement patterns after injury seen during the 

transition from eccentric to concentric muscle actions, reflecting the SSC capacity of the 

athlete at the low point of the jump.15,28,31 The highest rate of change of velocity occurs during 

this transition and therefore a diminished capacity to produce force at zero velocity may be 

expected after injury.  
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Figure 3: Two types of GRF-time curve modalities – unimodal (left) and bimodal (right). Adapted from 

Peng et al.42 Ground reaction force – GRF; body weight – BW 

 

Analysing the entire CMJ force-time waveform utilising repeated measures obtained from pre-

injury testing and across the post-injury time period including key time points related to the 

recovery process allows an objective view of force production of the involved and uninvolved 

limb compared to pre-injury values across an athletes’ rehabilitation. Utilising a combination 

of jump strategy and performance variables within this analysis of the entire CMJ force-time 

curve provides a robust view of an athlete’s movement strategy and neuromuscular 

capabilities to reliably inform return to play and address limitations posed by traditional tests 

and analyses that largely rely on single time point analysis.23-25,35 

CMJ performance and asymmetries in ACLR athletes 

ACLR impairs neuromuscular function, including stretch shortening cycle capacity, which 

impairs vertical jump performance1,13,17 and reduces the total GRF produced during the 

CMJ.3,13-15,28,35-36 Specifically, ACLR negatively impacts the force production of the involved 

limb, seen as reduced GRF of the involved limb compared to the uninvolved limb (Figure 4).13 

These changes in single limb force production after ACLR translate to greater interlimb 

asymmetries between the involved and uninvolved limb compared to non-injured athletes .3,13-

15,28,35-36 
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Figure 4: A CMJ time normalised force-time curve illustrating left (blue curve), right (orange curve) and 

total GRF (green curve) over the entire (100%) jump movement of one subject in this study at 24 ± 3 

weeks post ACLR. The left limb is the involved limb. Countermovement jump - CMJ, Ground reaction 

force – GRF, anterior cruciate ligament reconstruction - ACLR. 

 

In terms of jump performance, ACLR athletes show lower values for discrete measures such 

as jump height, peak force, peak external mechanical power, and force at the lowest point of 

CMJ compared to controls.1,20,34 This reduced performance may be due to muscular strength 

deficits of the quadriceps and hamstrings observed after surgery (Table 1).14,20,21,33  

Comparing the involved limb of ACLR athletes to the uninvolved limb, the involved limb has 

been reported to produce lower braking impulse, braking RFD as well as lower propulsive 

impulse and peak force (Table 1).13  

CMJ force-time asymmetry testing has commonly been used to evaluate athletes cross 

sectionally post ACLR across a range of sports (Table 1).1,3,7,14,17,20,25,27-28,33,35,69-70 ACLR 

athletes consistently demonstrate increased interlimb asymmetries in the GRF across braking 

and propulsive phases of the CMJ.3,13-15,28,35-36 This may be due to asymmetries of the lower 

limb muscle mass and graft type.13 In the braking phase, ACLR athletes display elevated 

asymmetry percentages for RFD,13,28 peak force,28 and impulse.1,13,15 In addition, ACLR 

athletes display elevated asymmetry percentages in the propulsion phase for peak GRF13 and 

impulse1,7,13-14,20,28,33 (with large effect sizes)28 which may indicate compensatory movement 

patterns and force production post ACLR. In terms of timing of rehabilitation, asymmetries 

were lower the further athletes were away from surgery1,7,13 but an important finding was that 

interlimb asymmetries remained significantly larger in athletes more than 9 months post ACLR 

versus non injured controls, specifically for propulsive impulse and peak force, braking impulse 

and braking RFD asymmetry.13 Another observation was that directional shifts in asymmetry 

occur during the CMJ, from injured limb dominance and greater force production in the 

beginning and middle of the jump, to uninjured limb dominance and greater force production 

toward the end of the jump (Figure 1). This highlights the specific phases of the CMJ where 
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asymmetry was the greatest between limbs for ACLR athletes. This also suggests that the 

CMJ force-time curve should be analysed in its entirety and not only with discrete variables to 

provide a more comprehensive perspective of the force production strategy and capabilities 

post ACLR compared to the sole use of discrete metrics which may mask these changes.1,14 

These data suggest that athletes with previous injury may demonstrate changes in the shape 

of the force-time curve related to single limb force production i.e., the involved and uninvolved 

limbs rather than only changes in the magnitude of the overall force production.28  

By assessing the entire CMJ waveform it may be possible to identify specific neuromuscular 

deficits between limbs from a single jump along with differences in the waveform within a limb 

between jumps at different time points during an athlete’s rehabilitation. This may provide 

additional information on force production strategies and support the design of rehabilitation 

programs and assist return to play recommendations.1,13-14,28 
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Table 1: Comparisons of CMJ performance and asymmetry variables post anterior cruciate ligament reconstruction 

Authors ACLR 
Participants 

Non-ACLR 
Participants 

Time from 
surgery 

CMJ performance 
variables 

Asymmetry variables (ACLR vs non ACLR) Variables 
with no 
statistical 
difference 

    
 

 Braking  Propulsive Other  

Hart et 
al.28 

17 male 
professional 
soccer player’s 
age: 19 ± 2 
years, height 
179.9 ± 7.0 cm, 
mass 76.9 ± 
9.6 kg. 

17 male 
professional 
soccer player’s 
age: 18 ± 2 
years, height: 
180.0 ± 6.0 
cm, body 
mass 75.8 ± 
8.5 kg. 

Within 12 
months of 
RTP. 

No significant 
differences between 
groups for jump height 
(cm), peak power/BW, 
flight: contraction time 
(s), eccentric: 
concentric force ratio 
and concentric 
RFD/BW. 

ACLR group = 
greater interlimb 
asymmetry % for 
braking RFD (20.5 ± 
10.6%; 10.5 ± 8.2%) 
, peak force (12.0 ± 
7.5; 7.4 ± 4.8%) 

ACLR group = 
greater interlimb 
asymmetry % for 
impulse (100ms) 
(10.9 ± 5.9%; 5.7 ± 
4.3%), impulse (7.3 
± 3.6%; 4.1 ± 2.8%), 
peak force (8.2 ± 
4.8%; 3.2 ± 2.3%) 

ACLR group = 
greater 
interlimb 
asymmetry % 
for force at 
zero velocity 
(11.9 ± 7.5%; 
7.3 ± 5.0%) 
and eccentric: 
concentric 
force ratio 
(10.9 ± 6.9%; 
5.5 ± 5.6%) 

Braking 
impulse (12.6 
± 8.6%; 9.7 ± 
6.2%) 

Jordan et 
al.14  

18 elite alpine 
skiers.  

 

5 female’s age: 
23.8 ± 3.3 
years, 
mass:70.3 ± 
5.7kg, body fat 
%: 21.6 ± 2.5.  

4 female’s 
age: 21 ± 1.4 
years, mass = 
66.8 ± 4.5kg, 
body fat %: 
15.3 ± 2.5. 

5 male’s age: 
23.4 ± 2.5 
years, mass: 
80.7 ± 1.7kg, 

Males: 
23.5 ± 10.6 
months. 

 

Females: 
28.4 ± 13.5 
months 

  ACLR group had 
higher mean 
asymmetry index % 
for kinetic impulse 
(6.8% vs 0.5%) 

 Braking 
kinetic 
impulse 
asymmetry % 
(5.2% vs 
1.0%); 
braking 
kinetic 
impulse, 
propulsive 
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4 male’s age, 
30.5 ± 2.1 
years, mass: 
86.6 ± 9.9 kg; 
body fat %, 
14.7 ± 3.1. 

body fat % = 
13.8 ± 2.2. 

kinetic 
impulse. 

Read et 
al.13 

Male 
professional 
soccer players. 

 

Group 1: n = 
42, age: 24.3 ± 
4.5 years, 
height: 175.1 ± 
10.4cm, mass: 
72.9 ± 1.3 kg. 

 

Group 2: n = 
69, age: 23.7 ± 
6.7 years, 
height: 174.7 ± 
8.2 cm, mass: 
70.6 ± 10.1 kg. 

  

Group 3: n = 
55, age: 24.0 ± 
5.4 years, 
height: 174.2 ± 
7.4cm, mass: 
70.1 ± 12.0 kg. 

Group 4: n = 
204, age: 24.4 
± 4.7 years, 
height: 175.7 ± 
6.6cm, mass: 
71.9 ± 9.4 kg. 

Group 1: 
19.5 ± 1.9 
weeks (SD 
13-23) 

 

Group 2: 
29.1 ± 3.2 
weeks (SD 
24-35) 

  

Group 3: 
46.0 ± 67 
weeks (SD 
36-60)  

 

 

ACLR groups vs 
controls had lower 
values closer to 
surgery (G1 vs G4): 

 

Jump height (26.1 ± 
5.5 cm; 34.5 ± 4.0 cm) 

Peak power (44.2 ± 
6.1 W/kg; 50.4 ± 4.9 
W/kg) 

 

ACLR groups vs 
controls had greater 
asymmetry % (G1 vs 
G4): 

 

Braking impulse 
(10.4 ± 7.2%; 6.0 ± 
4.5%) 

Braking RFD (17.3 ± 
11.6%; 8.6 ± 7.4%)  

 

Involved vs 
uninvolved/ left vs 
right limbs had lower 
values closer to 
surgery (G1 vs G4): 

Braking impulse 
(114 ± 32.8 N/s vs 
137.4 ± 41.7 N/s; 
109.6 ± 25.2 N/s vs 
114.3 ± 26.6 N/s) 

Braking RFD (1370 
± 1109 vs 1889 N/s 
± 1488 N/s; 2290 ± 

ACLR groups vs 
controls had greater 
asymmetry % (G1 vs 
G4): 

Impulse (11.3 ± 5.8 
N/s ; 2.8 ±1.8 N/s) 

Peak force (9.3 ± 5.0 
N; 3.0 ± 2.1 N)  

 

Involved vs 
uninvolved/ left vs 
right limbs had lower 
values closer to 
surgery (G1 vs G4): 

Propulsive impulse 
(178 ± 45.4 N/s vs 
226.1 ± 66.4 N/s; 
180.7 ± 49.6 N/s vs 
207.3 ± 52.5 N/s) 

Peak force (739 ± 
156 N vs 895 ± 212 
N; 843 ± 125 vs 855 
± 127) 

 

ACLR groups 
vs controls 
had greater 
asymmetry % 
(G1 vs G4): 

Peak landing 
force 

(15.8 ± 12.4%; 
8.7 ± 6.6%) 

 

Involved vs 
uninvolved/ left 
vs right limbs 
had lower 
values closer 
to surgery (G1 
vs G4): 

Peak landing 
force (1482 ± 
445 N vs 2044 
± 666 N; 2382 
± 761 N vs 
2478 ± 789 N) 
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 1030 N/s vs 2272 ± 
1084 N/s) 

Mean force (342 ± 
62 N vs 362 ± 72 N; 
344 ± 51 N; 360 ± 
51 N) 

 

Baumgart 
et al.15 

50 participants 
split into high 
/low 
International 
Knee 
Documentation 
Committee 
scores (IKDC) 

 

High IKDC 
group: 9 
females, 3 
males, age: 29 
± 7 years, BMI: 
27 ± 4 kg/m2 

 

Low IKDC 
group: 3 
females, 17 
males, age: 32 
± 10 years 
BMI: 28 ±5 
kg/m2 

 High IKDC 
group: 32 ± 
7 months. 

 

Low IKDC 
group: 31 ± 
7 months 

Involved limb vs 
uninvolved limb of low 
IKDC group had lower: 

Peak relative force 
(1.06 ± 0.15 %/BW vs 
1.16 ± 0.19 %/BW) 

Relative force (deepest 
point) (0.91 ± 0.13 
%/BW vs 1.03 ± 0.16 
%/BW) 

Involved limb vs 
uninvolved limb of 
low IKDC group had 
lower: 

 

Braking impulse 
(10.4 ± 4.2% vs 17.0 
± 4.1%) 

 

 

Involved limb vs 
uninvolved limb of 
low IKDC group had 
lower: 

 

Propulsive impulse 
(32.4 ± 4.1% vs 40.2 
± 4.3%) 

 Jump height 
(cm) between 
high and low 
IKDC groups.  
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Jordan et 
al.33 

12 World 
ranking skiers:  

 

6 females, age: 
24.2 ± 3.1 
years, mass: 
66.9 ± 8.3kg. 

 

6 males, age: 
29.2 ± 2.7, 
mass: 90.0 ± 
7.9kg. 

12 Elite level 
skiers:  

 

6 females age: 
22.3 ± 2.5 
years, mass: 
64.4 ± 5.1kg,  

 

6 males age: 
25.5 ± 2.7 
years, mass: 
83.7 ± 4.9 kg. 

 

12 adolescent 
level skiers: 6 
females age: 
17.7 ± 1.0 
years, mass: 
65.8 ± 6.9 kg. 

 

6 males age: 
18.0 ± 0.0 
years, mass: 
79.5 ± 8.5 kg. 

 

4 ± 2 years  Adolescent skier’s 
vs elite skiers had 
lower: 

 

Net braking impulse 
(1.33 ± 0.32 Ns/kg; 
1.59 ± 0.16 Ns/kg) 

ACLR vs non ACLR 
(elite and 
adolescent) had 
greater asymmetry 
%: 

 

Propulsive impulse 
(approximately 12%; 
vs 2% and 0%) 

 Braking 
phase 
asymmetry % 

 

Jump height 

 

Mean power 

Miles et 
al.20  

44 male 
multidirectional 
field sport 
athletes: 

 

22 male 
multidirectional 
field sport 
athletes age: 
23.1 ± 3.4 
years, height: 

BPTB: 9.4 
± 0.4 
months 

 

ACLR vs controls 
showed lower: 

jump height (cm) but it 
was only statistically 
significant between 

BPTB vs HT athletes 
had greater absolute 
asymmetry index: 

 

ACLR groups versus 
controls had greater 
absolute asymmetry 
index: 

 

ACLR group 
(BPTB) versus 
controls had 
greater 
absolute 

No diff 

 

ACLR groups 
versus 
controls for 
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22 bone-
patellartendon-
bone group 
(BPTB) age: 
23.4 ± 4.4 
years, height: 
181.8 ± 6.4 cm, 
mass: 85.2 ± 
11.5kg. 

 

22 
semitendinosus 
and gracilis 
hamstring 
tendon (HT) 
age: 26.1 ± 4.4 
years, height: 
179.4 ± 6.1 cm, 
mass: 79.8 ± 
9.4kg. 

 

 

185.0 ± 6.2 
cm, mass: 
83.3 ± 5.9kg. 

HT: 9.1 ± 
0.3 months 

BPTB group and 
controls (28.3 ± 4.1 
cm; 32.2 ± 3.7 cm) 

Braking impulse 
BPTB: 20%; HT: 
10%. 

But no difference to 
controls. 

Propulsive Impulse 

BPTB: 14 ± 6%; HT: 
8 ± 6%; Controls: 4 
± 4% 

 

asymmetry 
index: 

 

Landing 
impulse 

21 ± 12%; 12 ± 
11% 

 

absolute 
asymmetry 
index: 

 

Braking 
impulse 
(close to 
statistical 
significance 
for BPTB vs 
controls p = 
0.06) 

 

Landing 
impulse (HT 
vs controls) 

 

 

Jordan et 
al.1  

1 female elite 
alpine skier, 
age: 28 years 

  Involved limb vs pre-
injury baseline up to 
18 months post ACLR 
showed lower: 

 

Mean power 

 

Involved limb vs pre-
injury baseline 
showed greater 
asymmetry % up to 
18 months post 
ACLR for: 

 

Braking impulse 
phase 

Involved limb vs pre-
injury baseline 
showed higher 
asymmetry % up to 
18 months post 
ACLR for:  

 

Propulsive impulse 
phase  
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Holsgaar
d-Laarsen 
et al.35 

23 male’s age: 
27.2 ± 7.5 
years, BMI: 
25.4 ± 3.2 
kg/m2, MET 
score: 37.7 ± 
8.2. 

25 male’s age: 
27.2 ± 5.4 
years, BMI: 
24.1 ± 1.8 
kg/m2, MET 
score: 35.2 ± 
9.5. 

27.7 ± 7 
months 

ACLR group vs 
controls had greater 
asymmetry % for 
ACLR limb vs non 
ACLR compared to 
non-dominant vs 
dominant limb of 
controls for 

ROM (96.1 ± 6.7o; 
102.6 ± 4.6o) 

Knee joint angle at 
eccentric-concentric 
movement transition 
(98.6 ± 3.0 otrans; 101.3 
± 2.6 otrans) 

    

Costley et 
al.7 

44 
multidirectional 
field sport male 
athletes:  

 

22 bone-
patellar tendon- 
bone group 
(BPTB) age: 
23.4 ± 4.4 
years, height: 
181.8 ± 6.4cm, 
mass: 85.2 ± 
11.5kg 

 

 6.2 ± 0.4 
months 
(BPTB: 6.4 
± 0.4 
months, 
HT: 6.1 ± 
0.2 
months) 

 

9.3 ± 0.4 
months 
(BPTB: 9.4 
± 0.4, HT: 
9.1 ± 0.3 
months) 

 BPTB vs HT 
athletes:  

greater braking 
asymmetry 

From six to nine 
months post ACLR: 

Reduced propulsive 
impulse asymmetry 

 

Reduced braking 
impulse for ACLR 
and uninvolved limb 

 

BPTB vs HT 
athletes:  

greater propulsive 
asymmetry 

 From six to 
nine months 
post ACLR: 

Jump height  

 

Braking 
impulse 
asymmetry 

 

Landing 
impulse 
asymmetry  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

20  

  

22 hamstrings 
tendon group 
(HT) age: 26.1 
± 4.4 years, 
height: 179.4 ± 
6.1cm, mass: 
79.8 ±9.4kg 

Abbreviations: ACLR: anterior cruciate ligament reconstruction; non ACLR; limb or athlete that did not undergo anterior cruciate ligament reconstruction; cm: 
centimetres; kg: kilograms; RFD/BW: rate of force development relative to bodyweight; ms: milliseconds; W/kg: watts per kilogram; N/s: newtons per second; 
N: newtons; IKDC: international knee documentation committee scores; BMI: body mass index; kg/m2: kilogram per metres squared; MET: metabolic 
equivalent score; ROM: range of motion; o: degrees; otrans: knee joint angle at the transition between braking and propulsive jump phases; HT: hamstrings 
tendon graft; BPTB: bone-patellar tendon-bone graft 
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Statistical parametric mapping in biomechanical analysis 

Statistical parametric mapping (SPM) assesses spatiotemporal changes to smoothed 

continuous data and considers the magnitude and shape of the entire data set for each curve. 

A test statistic is calculated at every point in the time series after calculating a critical threshold 

for each test.71-72 A single statistical test is conducted which compares the test statistic curve 

to random data (as SPM is based on random field theory) to determine if the test statistic 

exceeds the determined critical threshold for significance at any point.71 Graphically, SPM can 

be applied to CMJ testing to illustrate a test statistic curve throughout the time series with 

shaded areas on the curve representing the areas of the force- time series curve in which a 

statistical difference is found, permitting an analysis across the entire force-time waveform of 

the CMJ (Figure 5).71  

The practical implication of SPM analysis applied to CMJ testing in the context of return to 

play testing is an evaluation of the entire jumping motion instead of only single time point 

measures permitting a more expansive and potentially less biased evaluation of an athlete’s 

neuromuscular capacities. For example, the use of discrete variables may diminish the 

sensitivity of jump testing protocols and create bias in the analysis and interpretation of the 

data. SPM or entire cycle analysis may reveal changes in force production and movement 

patterns due to fatigue or injury even when little change is seen in jump height or impulse.71-

72 Further, movement quality and possible temporal changes in jumping ability is also better 

assessed over an entire cycle compared to single time point variables in the CMJ. 
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Figure 5: Differences in knee flexion angles of the anterior cruciate ligament reconstructed re-injury 

group compared to the non-re-injury group in the double leg drop jump test. The re-injury group showed 

less knee flexion with a medium effect size. Top panel: shows mean and standard deviation clouds. 

Re-injury group is red. The dotted red line shows the threshold of statistical significance and the orange 

shaded area shows where the critical threshold (t) has been exceeded p < 0.05. 73  

SPM has become well established in the analysis of human movement and has been used to 

analyse muscle activation patterns, GRF, joint kinetics and kinematics in injured and non-

injured populations.71 SPM has also recently and infrequently been used to study 

biomechanical interlimb asymmetries post ACLR in jumping, landing and change of direction 

tasks.71  

Hughes72 compared SPM analysis of one dimensional force-time curves to previous zero-

dimensional (discrete force data) analysis of peak force and subjects completed CMJs and 

SJs at baseline, 15 minutes, 1, 24 and 48 hours following fatigue. Compared to baseline CMJ 

values, changes in the force-time curve were evident at multiple time points. The SPM analysis 

revealed a difference between force-time data at various post-fatigue time points with main 

effects for time and interaction compared to zero-dimensional discrete data that reported no 

effect of fatigue on CMJ and SJ peak force. These results highlight the ability of SPM analysis 

to expose differences in the CMJ force-time curve that were previously masked by exclusively 

discrete data analysis of the force-time curve, and provide a rationale for applying SPM in the 

context of post ACLR testing. 

King73 recruited 1045 male athletes and tested injured and non-injured limbs during strength, 

jumping and planned and unplanned change of direction tasks at 9 months post ACLR and 
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again at 2 years post-surgery. Athletes were then grouped into two groups: no re-injury and 

athletes who had reinjured the ACLR side. No differences on the ACLR side were detected 

between groups in strength and performance measures (isokinetic strength of hamstrings and 

quadriceps, jump height, or change of direction times) or biomechanical variables. However, 

for the double leg drop jump, medium effect sizes were detected for knee flexion angle, vertical 

distance from COM to ankle, and ground contact time with more knee flexion, shorter vertical 

distance from COM to the ankle and longer ground contact times in the re-injured group. A 

longer ground contact time indicates more time required on the ground and more lowering of 

the COM to absorb the landing force and to take-off again. This may point to an increase in 

the risk of future ACL re-injury due to greater ACL loading during sporting activities. 

Furthermore, considering the biomechanics of the double-leg drop jump during rehabilitation 

may aid in informing return to play and reducing the risk of re-injury, despite other performance 

measures showing no differences between the no re-injury group and re-injured group. 

The potential ability of SPM to detect interlimb asymmetries may be superior compared to 

discrete analysis alone. SPM would enable a more in depth understanding of movement 

strategies linked to re-injury or lack of recovery after surgery in a variety of clinical 

applications.71 

There are two apparent gaps in the existing literature. First, the shape of the force-time curve 

has been well investigated in relation to jump performance31,40-41 in cross-sectional studies 

involving healthy participants.29-31,40-42 However, this concept has not been applied 

longitudinally to assess CMJ performance after ACLR throughout rehabilitation.14 Longitudinal 

testing is required for comprehensive understanding of complex motor patterns,71 like the 

CMJ, in order to make stronger inferences on changes in CMJ performance and interlimb 

asymmetries post ACLR. Longitudinal data collected from neuromuscular testing can give 

practitioners information about individual progression, manage the individual variability 

through sport rehabilitation, better inform return to play decision making74 and more objectively 

assess performance at key time points of an athlete’s rehabilitation.21 Second, CMJ 

performance is predominantly assessed using discrete and phase averaged metrics. 

However, these do not account for the timing across the entire movement which requires 

analysis of the waveform data. SPM is a novel analytical technique that addresses this gap by 

considering the entirety of the CMJ force-time curve and highlights interlimb asymmetries that 

may be overlooked using discrete time point analysis by taking into account both magnitude 

and shape of the entire continuous time series.71
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Chapter 3: Changes in the countermovement jump 

performance and the force-time waveform after anterior 

cruciate ligament reconstruction 

 

This chapter is presented as an original research study  

Introduction  

Anterior cruciate ligament (ACL) rupture is a common and debilitating knee injury for athletes 

participating mainly in pivoting and landing-type field sports.10,75 ACL injury accounts for more 

than 50% of all knee injuries across a variety of sports and causes the most days lost to sport 

participation compared to other injury types.1-6,43 Return to play duration varies between sports 

and has been reported to range from 216 days up to 424 days in soccer,8 hockey, football, 

baseball and basketball, in ascending order.9 Surgical reconstruction (ACLR) is typically 

recommended following ACL rupture4,7,20,44-45 with only approximately half of athletes returning 

to competitive sport and pre-injury performance levels after injury.1,11-12,45 Return to play is 

frequently assumed to be between six and 12 months, however, more recent research points 

out that the return to play process can be described as nonlinear, highly individualised and 

may take longer than 12 months.1,11,74 ACLR athletes consistently demonstrate reduced 

neuromuscular capabilities, significant interlimb differences and compensatory movement 

patterns up to two years after surgery.3,13,16  

Neuromuscular impairments after ACLR include loss of lower limb muscle strength, decreased 

functional performance,3,17-18 altered lower limb kinematics and kinetics16,57 and lower force 

production capacity on the injured side that leads to greater interlimb asymmetries.14,18-21 

Altered knee kinematics after ACLR present as increased knee valgus and hip adduction angle 

(frontal plane movement). Altered kinetics after ACLR are observed as decreased internal 

knee extension moments, internal hip flexion moments and anterior tibial shear force (sagittal 

plane moments) during a double leg jump-landing movement when comparing both kinetics 

and kinematics to pre-injury.16,57-58 However, the literature studying these neuromuscular 

impairments typically examine one point in time after ACLR,14,20,28,33-34 failing to analyse 

athletes across the course of rehabilitation.12 Another limitation of the existing literature is 

scarce inclusion of pre-injury measures as a comparison.  

Primary rehabilitative objectives are to restore pre-injury neuromuscular function and 

performance levels and ensure a safe return to play.14,20 However, measures indicating 

successful return to play post ACLR are not well established.14,25-27 Post-injury testing of lower 

limb function and interlimb asymmetry is recommended to evaluate rehabilitative status and 
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assist in decision making for a safe return to play.3,17,44,60 Assessments of muscular 

strength,3,18-19 running speed,60 cardiovascular fitness,60 balance,60 change of direction 

ability,60 hopping3,18-19,58,60-61 and jumping performance14,19,60 are common but few scientifically 

supported measures exist to guide return to play post-ACLR progression despite the high 

injury and re-injury rate.14 Common clinic-based functional tests such as single leg hop for 

distance have shown limited sensitivity to detect compensatory movement patterns after injury 

that are associated with reinjury.13,57-58 To overcome these limitations, biomechanical testing 

is recommended including dual force plate analysis of the vertical countermovement jump 

(CMJ) to assess the ground reaction force (GRF) generated by each limb.13,20,65  

The CMJ is a coupled eccentric-concentric movement that has been used to detect 

neuromuscular ability,29 performance changes,30-31 performance fatigability,30 lower limb 

maximal muscle power and explosive, and reactive strength capacity after ACLR.14 The 

vertical jump height calculated from the net impulse between initiation and take-off is a 

principal performance outcome of the CMJ29 but this may be insufficient to guide rehabilitation 

as it does not consider the jump strategy and potential interlimb compensatory movement 

patterns.31 It is therefore recommended that CMJ testing incorporate assessment of both 

performance metrics and the jump strategy. Performance metrics are predominantly discrete 

variables that explain the mechanical outcome of the CMJ and include jump height, impulse, 

external mechanical power, modified reactive strength index (RSImod), and take-off 

momentum.66 Strategy metrics describe the change in the centre of mass motion that occurs 

while executing the jump and include measures such as the CMJ phase durations, the 

downward displacement, and lower limb stiffness.32,66 Previous literature has used 

predominantly discrete force metrics (peak force or force at zero velocity) and phase-specific 

metrics (phase durations, peak force and impulse) to assess athletes after injury, but these 

metrics ignore a large portion of the force-time curve data which may reveal important 

information regarding force production during the CMJ.17,20,31 It is recommended that 

practitioners utilise a combination of strategy and performance variables as well as an 

assessment of interlimb asymmetries to assess CMJ outcomes.66 This overcomes limitations 

associated with the use of solely discrete metrics in the analysis of the CMJ which may not 

thoroughly explain slow stretch shortening cycle (SSC) capabilities post ACLR. Furthermore, 

research that analyses the CMJ as an entire movement via point-to-point statistical analysis 

may provide evidence to help practitioners make interlimb comparisons and provide a more 

thorough assessment of the vertical jump movement strategies post-ACLR.29-31,65-66  

It has recently been observed that an effective force-time curve is determined by the timing of 

peak force, regardless of visual categorisation of the CMJ curve shape based on the number 
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of force peaks during the concentric phase (unimodal or bimodal).40 Peak force occurring at 

the lowest point of the centre of mass is proposed to characterise an efficient jump.40 This 

reflects the athlete’s SSC capabilities to transition from the braking to propulsive phase. 

Although discrete variables, like peak force, are commonly used in the literature to quantify 

CMJ performance, they may fail to reveal variations in timing within the CMJ force-time curve. 

The assessment of continuous force-time data from the CMJ provides information on an 

athlete’s instantaneous force production throughout the entire range of motion of the CMJ, 

which addresses the limitations of discrete time point analysis. Predominantly, the literature 

has examined force-time curve shape cross-sectionally in healthy participants as a measure 

of CMJ performance.29-31,40-42 The changes as a result of ACLR have not been thoroughly 

investigated during the course of rehabilitation following ACLR.  

Several studies have examined the CMJ to cross-sectionally assess asymmetry post ACLR 

across various sports.1,3,14,17,20,25,27-28,33,35,69-70 These studies consistently report greater 

interlimb asymmetries in the braking and propulsive phases of the CMJ compared to healthy 

controls, with lower GRF production for the ACLR limb.3,13-15,28,35-36 These asymmetries may 

persist up to two years post-surgery despite returning to pre-injury activity levels.3,13-15 More 

specifically, in the braking phase, ACLR athletes displayed increased asymmetry values for 

braking (rate of force development) RFD,13,28 peak force, 28 and impulse. 1,13,15 In the propulsive 

phase, ACLR athletes showed greater asymmetry values for propulsive peak force13 and 

consistently for lower propulsive impulse for the involved limb.1,7,13-14,20,28,33 However, these 

studies examine force production capacity using discrete or phase-specific metrics, not 

accounting for potential differences or asymmetries in force that may occur throughout the 

entire CMJ movement and neglect to measure athletes across different stages of 

rehabilitation. 

An alternative approach that analyses the entire GRF trace without removing any data points 

is statistical parametric mapping (SPM). This method has the potential to provide a more in-

depth analysis of variations in force production in specific phases of the CMJ and identify 

interlimb asymmetries outside of the peak force compared to discrete time point analysis. This 

knowledge may aid in understanding force production capabilities throughout rehabilitation.71 

While the shape of the force-time curve has mainly been studied in healthy subjects cross 

sectionally29-31,40-42 with a focus on jump performance, 31,40-41 it has not been well investigated 

in injured athletes and longitudinal studies.  

Therefore, the aim of the study was to investigate differences in CMJ force production before 

and after ACLR based on traditional performance and asymmetry measures as well as 

waveform analysis using SPM. ACL injury is known to cause impairments to the contralateral 
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limb37-38, and recently the use of the contralateral limb as a benchmark for return to sport has 

been questioned38-39. This has led others to recommend using a pre-injury baseline as an 

index of recovery.37-39 Consequently, we addressed this concern by using two separate 

comparisons in this study to elucidate the potential for a false positive indication of recovery. 

First, the involved limb was compared to the pre-surgical baseline testing timepoint. Secondly, 

the involved limb was compared to the uninvolved limb across each of the four post-surgical 

timepoints. These comparisons were made for discrete jump performance measures and 

traditional assessments of interlimb asymmetry, including measures derived from a phase-

specific analysis, which has become conventional in the literature. Second, these comparisons 

were made using SPM analysis across the entire force-time waveform. 

We hypothesized that CMJ discrete and phase-specific performance metrics would be lower 

post-surgery due to reduced force production capacity of the involved limb with greater 

asymmetry indices, that these deficits would be greater the closer the athlete was to surgery, 

and that they would still exist up to two years post-surgery. Secondly, we hypothesized that 

SPM analysis would show the timing of force production deficits of the involved limb not 

detected by the traditional approach within the braking and propulsive phases of the CMJ the 

closer the athlete was from surgery and that these deficits may also be present up to two years 

post-surgery. 

 

3.2 Methods 

This study utilised a retrospective intra-subject design to assess changes in the involved 

(injured) limb and an inter-subject cross-sectional design repeated at four discrete time points 

post ACLR compared to pre-injury baseline values to examine bilateral performance and 

interlimb asymmetries in athletes throughout ACLR rehabilitation. 

3.2.1 Participants 

A neuromuscular testing database with five years of longitudinally collected data between 

2017 and 2021 was examined. Elite and world class athletes (n=20; male n = 12, female n = 

8, age = 21.6 ± 3.8 years) performed the CMJ as part of routine testing and monitoring before 

and after ACLR, and throughout the post-injury recovery period including after their return to 

play. Participants competed in alpine skiing (n=7), freestyle skiing (n = 4), ski cross (n = 4), 

football (n = 2), luge (n = 1), ski jump (n = 1), and wrestling (n = 1). Athletes were included if 

they had sustained primary ACL injury and subsequently undergone ACLR. The majority of 

ACLR athletes had undergone semitendinosus grafts (n =17), followed by bone-patellar-

tendon-bone grafts (n = 2) and a quadriceps graft (n =1). Athletes who had sustained 

secondary injury associated with primary ACL injury to other knee structures such as meniscus 
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injury, articular cartilage, and medial collateral ligament injury (MCL) were also included. 

Athletes were excluded if they had other active sport injuries such as lumbar spine injury, hip 

injuries, patellofemoral pain syndrome, muscle strains, leg fractures, and ankle injuries and 

bilateral injuries. ACL injury was confirmed through medical records and communication with 

the relevant medical personnel. While not strictly controlled and standardized, participants 

with ACLR followed an individualised, progressive rehabilitation program administered by 

qualified practitioners that combined time and outcome measure based rehabilitation 

milestones. This study was approved by the Conjoint Research Ethics Board at the University 

of Calgary (REB14-2270 REN6) and the Faculty of Health Sciences Research Ethics 

Committee of the University of Pretoria (380/2021). Athletes were aware of the benefits and 

risks associated with the maximal neuromuscular testing and gave written informed consent 

to participate in the study prior to testing.  

3.2.2 Surgery-test date definitions 

The difference between the time of the ACLR surgery and time of CMJ testing was calculated 

and stratified into five surgery-test time intervals that included: the pre-ACLR test (Pre-Surgery 

Baseline Time 0 – T0) which was the most recent test prior to injury up to a maximum of 6 

months before surgery; and post ACLR tests conducted at 24 ± 3 weeks (Post-Surgery Time 

1 – T1), 36 ± 3 weeks (Post-Surgery Time 2 – T2), 48 ± 3 weeks (Post-Surgery Time 3 – T3), 

and between 72 – 100 weeks (Post-Surgery Time 4 – T4) after surgery. The pre-ACLR test 

period (T0) included participants with pre-injury data prior to ACLR surgery and no previous 

history of ACL injury up to their ACLR surgery date.  

3.2.3 Test procedures 

The CMJ was performed as part of routine testing and monitoring, and all athletes were familiar 

with the testing protocol and regularly performed maximal effort CMJs as a part of training. 

Certified practitioners conducted testing. Participants performed a standardised 10-minute 

warm up on a cycle ergometer and light lower body dynamic stretching before the CMJ test. 

Athletes were instructed to place each foot on the adjacent force plates and remain still to 

collect a stationary baseline force. Athletes then performed between 5-10 maximal effort CMJs 

during which they were instructed to maximize their vertical jump height using a self-selected 

jump whilst keeping their hands firmly planted on their hips. CMJ trials that deviated from the 

instructed technique were discarded and then repeated. A strong verbal cue was provided 

before each jump to ensure a maximal effort was given.  

3.2.4 Force plate data analysis 

A dual force plate system was used to simultaneously measure left and right ground reaction 

force (GRF), sampling at 1500 Hz (AMTI Accupower) and gathered using commercial software 
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(Noraxon MR3.14). Data were recorded on a personal computer and the force-time data were 

exported to csv files. Test dates that aligned with the pre- and post-ACLR time periods and 

were analysed using the Shiny Vertical Jump Analysis app 

(https://github.com/mattsams89/shiny-vertical-jump) in RStudio. The raw force-time data was 

processed during this study, to negate any influence of variation in processing methods that 

may have been used over the five year period. 

The start of the unweighting phase of the CMJ was determined as the initiation of the 

countermovement until force returned to bodyweight corresponding with the peak downward 

negative centre of mass velocity. The braking phase was defined from the maximum negative 

centre of mass velocity, during which the GRF exceeds bodyweight to the instant the centre 

of mass velocity reached 0 m/s. This marked the start of the propulsion phase (i.e., positive 

centre of mass velocity) that ended at the instant the athlete’s COM has reached zero 

acceleration and their velocity had peaked just before flight.  

The initiation of the CMJ unweighting phase was initially established using two methods. First, 

after determining body weight (BW) that was averaged over a 1-second quiet standing period 

the CMJ initiation was identified as the point at which GRF decreased to BW – 5SD.30,65 The 

second method employed an algorithm that searched backwards from the BW – 5SD point to 

check if the inverse (BW + 5SD) occurred within the previous 100 ms. This algorithm worked 

back until the last point before this inverse threshold was broken in order to find the true 

initiation of movement (i.e., accounting for the potential of a small rise in the body centre of 

mass before the initiation of the unweighting phase, termed “preload”). Method one (BW – 5 

SD) was used to analyse all of the time normalised force-time waveform data during the 

unweighting, braking and propulsive phases of the CMJ for the SPM analysis. Method one 

was considered to be more specific to the downwards motion of the COM and allowed more 

consistent take-off time durations within and between athletes, therefore, this method was 

used for analysis of continuous data using SPM. Method two (BW + 5 SD) was used to analyse 

the discrete variables generated from the raw-force time data as it was determined to be more 

valid for impulse calculations and the requirement that the initial velocity be equal to zero at 

the onset of the jump. Next, a visual inspection of all jump trials was done and trials that had 

clear performance errors or were outliers that displayed large discrepancies in jump height or 

shape of one trial compared to other trials completed on the same day were excluded. Jump 

trials were also excluded if minimum force was less than 20 N in the unweighting phase of the 

jump (i.e., total unweighting occurred). Trials on the same day with larger than 20% 

discrepancy in peak force production were excluded. Lastly, the jump trial with the best jump 

height was chosen from the jump trials completed in a given session that met the inclusion 
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criteria of each of the athlete’s relevant surgery-test dates. Take-off was determined at the 

point where force falls below 20N. Collation of the final datasets comprising all trials and the 

best trials for the jumps was completed in R studio. 

Net impulse was calculated as the resultant impulse after removing the effect of gravity on the 

mass of the athlete’s body, through time-integration of the combined force-time curve (i.e., left 

+ right GRF). The impulse-momentum method was used to calculate take-off velocity, and 

subsequently jump height. RSImod was calculated as the ratio of jump height to the jump 

contraction time (time-to-take-off). The net impulse for each limb was calculated separately by 

time integration of the left and right force-time curves.  

An asymmetry index was calculated for net force and impulse and reported as percentages, 

using the following recommended method for calculating asymmetry during bilateral tasks, in 

order to maintain the directionality of the asymmetry: 

(Uninvolved limb - involved limb)/(Sum of left and right) x 100.76 

Here, a positive number indicated an uninvolved limb dominance, and a negative number 

indicated involved limb dominance. 

The discrete variables of interest that were included in the analysis were jump height (m), 

contact time (s), RSImod (AU) and total net peak force (N/kg). Net impulse (N.s/kg) and net 

peak force (N/kg) for the unweighting, braking and propulsive phases were also analysed for 

the involved and uninvolved limb, as well as the asymmetry index for impulse and force.  

3.2.5. Statistical analysis 

Descriptive statistics (mean ± SD) for all discrete performance and comparisons of the discrete 

CMJ phase variables were performed using paired sample t-tests. The normality of the data 

were tested used the Shapiro-Wilk test and the Wilcoxon rank p value was used if data was 

found to be non-normally distributed. Continuous data were analysed using SPM analysis, 

which calculates a single test statistic for each data point of the CMJ which is compared to a 

critical threshold. If the test statistic exceeds this threshold, a significant difference (p < 0.05) 

is achieved between data points of the CMJ. These areas of statistical significance are seen 

as shaded areas in the figures and show the involved limb compared to presurgical baseline 

testing timepoint and the involved limb compared to the uninvolved limb. 

Across the five surgery-test time points, paired time-course comparisons were made against 

pre-surgery (T0) (i.e., T0 vs. T1, T0 vs. T2, T0 vs. T3, T0 vs. T4) to determine if there was a 

difference between pre-surgery and other time points. Each of the time point comparisons 

involved an analysis of (1) traditional discrete CMJ performance metrics including interlimb 

asymmetry utilising paired t-tests, (2) change in force production of the involved limb using 
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SPM analysis, and finally (3) a comparison of the involved limb to the uninvolved limb using 

SPM analysis at each post-surgical time period. 

 

3.3 Results 

Table 2: Demographics of athletes 

Subject Sporting 
code 

Age at 
surgery 

Sex Involved 
limb 

Type of 
graft 

Number of 
surgery-test 
dates tested 

3 Alpine 27 Male Right QUAD 1 

10 Alpine 29 Female Right STG 5 

19 Alpine 20 Male Left STG 3 

24 Alpine 20 Male Right STG 2 

33 Alpine 18 Female Right STG 2 

36 Alpine 18 Female Right STG 4 

39 Alpine 26 Male Left STG 5 

46 Football 29 Male Right BPTB 1 

47 Football 20 Male Right STG 2 

49 Freestyle 19 Male Right STG 3 

51 Freestyle 21 Male Left STG 3 

52 Freestyle 18 Male Left STG 2 

53 Freestyle 19 Male Right STG 3 

57 Luge 26 Male Right STG 2 

64 Ski jump 17 Female Right STG 2 

66 Skier cross 20 Female Left STG 3 

67 Skier cross 23 Male Right STG 1 

69 Skier cross 24 Female Right STG 3 

70 Skier cross 20 Female Right STG 4 

77 Wrestling 19 Female Left BPTB 4 

Abbreviations: QUAD: quadriceps graft; STG: semitendinosus graft; BPTB: bone-patellar-

tendon-bone graft. 

 

A comparison of discrete CMJ performance measures and asymmetry  

CMJ height was decreased at T3 (0.31 ± 0.04 m) compared to T0 (0.35 ± 0.05 m) (p = 0.007) 

and the jump contraction time increased (T3: 0.85 ± 0.04 s; T0: 0.77 ± 0.05 s) (p = 0.041), 

resulting in a lower RSImod (T3: 0.36 ± 0.05; T0: 0.46 ± 0.07, p= 0.005). Peak force decreased 

at T1 (13.6 ± 2.0 N) compared to T0 (15.0 ± 2.3 N) (p = 0.009) (Table 3). No other statistically 

significant differences were found between the other surgery-test dates for these discrete 

metrics. 
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A comparison of vertical force production of the involved limb to itself across surgery-test dates 

showed that peak force was decreased (16.9%) at T1 (6.4 ± 1.6 N/kg) compared to T0 (7.7 ± 

1.4 N/kg) (p = 0.002). 

A comparison of asymmetry percentage for CMJ performance between limbs showed a 

significant increase for peak force from T0 (-1.1 ± 6.1%) to T1 (7.3 ± 11.1%) (p = 0.039) (Table 

4). The increased interlimb asymmetry reflected a reduced peak force contribution of the 

involved limb at T1 compared to the uninvolved limb. No other statistically significant 

differences were found for the involved limb across surgery-test dates for these discrete 

metrics. 

Comparison between the limbs for peak force found that the involved limb’s peak force was 

lower (10.8%) at T1 compared to the uninvolved limb (involved: 6.6 ± 1.5 N/kg; uninvolved: 

7.4 ± 0.6 N/kg, p = 0.021) (Table 5). No other significant differences were seen for these 

discrete metrics between limbs. 

A comparison of CMJ phase-specific impulse production and asymmetry  

Analysis of unweighting phase impulse production of the involved limb across surgery-test 

dates showed smaller (14.3%) unweighting impulse at T2 (-0.66 ± 0.10 N.s/kg) versus pre-

injury (-0.77 ± 0.11 N.s/kg) (p = 0.033) and smaller unweighting (11.8%) at T3 (-0.67 ± 0.11 

N.s/kg) versus pre-injury (-0.76 ± 0.08 N.s/kg) (p = 0.011). The asymmetry index for 

unweighting impulse was lower at T1 (-0.7 ± 10.6%) versus pre-injury (-10 ± 10.6%) (p = 

0.017) and greater at T2 (7.7 ± 7.7%) versus pre-injury (T0: -0.25 ± 10.0%) (p = 0.035) with a 

shift in direction of asymmetry favouring the uninvolved limb at T2 (Table 4) which is an 

unexpected finding. However, there was also pronounced between-subject variation present. 

These findings are novel, as the unweighting phase has not been examined to date, to the 

best of the authors’ knowledge. Although novel, these findings re-iterate the common 

outcomes observed post ACLR of lower force production of the involved limb compared to 

pre-injury baseline values. Unweighting asymmetry percentages varied greatly, presenting as 

negative, positive and neutral at different surgery-test dates with large between-subject 

standard deviations. No significant differences were found between other surgery test dates 

for the unweighting phase.  

The asymmetry index in the CMJ braking phase was increased at T4 compared to the pre-

surgical baseline (T4: -5.8 ± 11.5%; T0: -0.5 ± 12.7%) (p = 0.013) (Table 4) indicating a greater 

difference in impulse production between involved and uninvolved limbs at ~2 years after 

surgery, with the involved limb producing greater impulse. No other significant differences 

were found in the braking phase when comparing the involved limb to itself across surgery- 

test dates for these metrics.  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

33  

  

Analysis of impulse production during the propulsion phase showed significant changes 

across all three discrete analyses of: the involved limb to itself, between limbs and the 

asymmetry index. Comparing the involved limb to itself within the propulsion phase showed a 

significantly lower (6.6%) impulse at T4 (1.26 ± 0.16 N.s/kg) versus pre-injury (1.35 ± 0.11 

N.s/kg) (p = 0.013) with no other significant differences for propulsion phase metrics between 

other surgery – test dates (Table 4). Propulsive impulse production of the involved versus 

uninvolved limb showed that the involved limb had significantly lower (19.1%) impulse 

production compared to the uninvolved limb at T1 (involved: 1.27 ± 0.50 N.s/kg ; uninvolved: 

1.57 ± 0.50 N.s/kg, p = 0.003) and significantly lower (16.7%) impulse production at T2 

(involved: 1.15 ± 0.31 N.s/kg ; uninvolved: 1.38 ± 0.25 N.s/kg, p = 0.027) (Table 5). Lastly, the 

asymmetry index between limbs was significantly greater at T1 (12.3 ± 13.3%) compared to 

the pre-surgical baseline (-0.2 ± 4.8%) (p = 0.011) (Table 4)  

Force-time waveform comparison of the involved limb to itself across surgery-test dates 

Force production of the involved limb during the propulsion phases was significantly lower 

(p<0.001) at T1 (24 ± 3 weeks post ACLR) compared to T0 (pre-injury) between 92% and 99% 

of the entire CMJ movement (i.e., towards the end of the propulsion phase of the CMJ) (Figure 

6 - A). The involved limb showed significantly less (p<0.001) unweighting at T1 (24 ± 3 weeks 

post ACLR) compared to T0 (pre-injury) between 36% and 37% of the entire CMJ movement 

(i.e., mid-unweighting phase) (Figure 6 – A). 

Force-time waveform comparison of the involved vs uninvolved limb at each surgery-test date 

A statistically significant difference (p=0.009) in propulsive force production between the 

involved and uninvolved limb was observed at T1 between 72% and 76% (towards the start 

of the propulsion phase) of the entire CMJ movement (Figure 7 - B). The involved limb 

displayed a lower force production across the braking and propulsive phase compared to the 

uninvolved limb on visual observation of the force-time curves, but this was not statistically 

different (Figure 7 - B). Propulsive force production (p = 0.040) was significantly lower for the 

involved limb compared to the uninvolved limb at T4 between 88% and 89% (towards the end 

of the propulsion phase) of the entire CMJ movement (Figure 7 - E).
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Table 3: Countermovement jump discrete performance metrics across surgery-test dates, compared to baseline 

Surgery-test 
date 

n  Surgery – test date Jump height (m) Contact time (s) RSImod (AU) Peak force (N/kg) 

1 10 
T0 0.37 ± 0.05 0.84 ± 0.15 0.44 ± 0.08 15.0 ± 2.3 

T1 0.35 ± 0.09 0.89 ± 0.08 0.39 ± 0.09 13.6 ± 2.0* 

  p-value 0.084 0.358 0.178 0.009 

2 7 
T0 0.36 ± 0.05 0.78 ± 0.08 0.47 ± 0.08 15.1 ± 2.2 

T2 0.34 ± 0.06 0.84 ± 0.03 0.40 ± 0.07 15.1 ± 2.5 

  p-value 0.105 0.107 0.084 0.937 

3 6 
T0 0.35 ± 0.05 0.77 ± 0.05 0.46 ± 0.07 14.9 ± 1.7 

T3 0.31 ± 0.04* 0.85 ± 0.04* 0.36 ± 0.05* 14.1 ±1.8 

  p-value 0.007 0.041 0.005 0.272 

4 5 
T0 0.36 ± 0.04 0.84 ± 0.01 0.44 ± 0.07 15.0 ±1.9 

T4 0.35 ± 0.06 0.86 ± 0.06 0.40 ± 0.06 14.8 ±1.4 

  p-value 0.625 0.647 0.464 0.788 

Values are presented as mean ± standard deviation  

*significant difference to T0 
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Table 4: Countermovment jump involved and uninvolved limb force, impulse and asymmetry indices across surgery-test dates, compared to baseline 

    Impulse (N.s/kg) 

   Peak force (N/kg) Unweighting phase Braking phase Propulsion phase 

Surgery
-test 
date 

n 
 Surger
y – test 
date 

Involved Uninvolved 
Asymmetry 
(%) 

Involved Uninvolved 
Asymmetry 
(%) 

Involved Uninvolved 
Asymmetry 
(%) 

Involved Uninvolved 
Asymmetry 
(%) 

1 10  

T0 7.7 ± 1.4 7.5 ± 1.0 -1.1 ± 6.1 -0.82 ± 0.13 -0.67 ± 0.12  -10.0 ± 10.6 0.74 ± 0.15 0.74 ± 0.09 0.2 ± 10.5 1.34 ± 0.15 1.33 ± 0.11  -0.2 ± 4.8 

T1 6.4 ± 1.6* 7.3 ± 0.7 7.3 ± 11.1* -0.83 ± 0.41 -0.81 ± 0.40  -0.7 ± 10.6* 0.70 ± 0.26 0.80 ± 0.22 7.9 ± 20.6 1.26 ± 0.54 1.58 ± 0.55 12.3 ± 13.3* 

  p-value 0.002 0.494 0.039 0.160 0.375 0.017 0.587 0.695 0.233 0.084 0.037 0.011 

2 7 

T0 7.6 ± 1.4 7.6 ± 1.0 0.5 ± 7.2 -0.77 ± 0.11 -0.73 ± 0.08 -0.25 ± 10.0 0.74 ± 0.12 0.75 ± 0.07 1.1 ± 9.7 1.31 ± 0.13 1.35 ± 0.10 1.7 ± 5.2 

T2 7.5 ± 1.8 7.6 ± 0.9 1.8 ± 9.7 -0.66 ± 0.10*   -0.77 ± 0.14 7.7 ± 7.7* 0.58 ± 0.50 0.50 ± 0.52 -2.2 ± 12.7 1.16 ± 0.35 1.26 ± 0.26 5.7 ± 10.3 

  p-value 0.891 0.934 0.707 0.033 0.391 0.035 0.578 0.109 0.226 0.229 0.372 0.364 

3 6 

T0 7.4 ± 1.3 7.6 ± 0.5 1.9 ± 6.6 -0.76 ± 0.08 -0.75 ± 0.07 -0.7 ± 2.4 0.73 ± 0.12 0.77 ± 0.09 2.5 ± 10.2 1.28 ± 0.13 1.34 ± 0.10 2.5 ± 5.1 

T3 6.8 ± 1.1 7.3 ± 0.7 3.6 ± 4.0 -0.67 ± 0.11*  -0.77 ± 0.05 7.5 ± 7.4 0.53 ± 0.53 0.46 ± 0.61 1.8 ± 11.6 1.10 ± 0.24 1.19 ± 0.28 4.0 ± 6.0  

  p-value 0.316 0.319 0.581 0.011 0.542 0.052 0.438 0.063 0.844 0.074 0.063 0.566 

4 5 

T0 7.7 ± 1.2 7.4 ± 0.9 -1.8 ± 5.4 -0.79 ± 0.05 -0.66 ± 0.18 -10.1 ± 13.5 0.73 ± 0.15 0.72 ± 0.12  -0.5 ± 12.7 1.35 ± 0.11 1.31 ± 0.08 -1.4 ± 3.6 

T4 7.6 ± 1.2 7.4 ± 0.6 -1.3 ± 8.5 -0.76 ± 0.08 -0.75 ± 0.12 -1.1 ± 7.2 0.80 ± 0.13 0.71 ± 0.11 -5.8 ± 11.5*  1.26 ± 0.16*  1.35 ± 0.07 3.8 ± 5.7 

  p-value 0.724 0.940 0.885 0.416 0.056 0.081 0.063 0.701 0.013 0.047 0.389  

Values are presented as mean ± standard deviation 

*significant difference to T0  
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Table 5: Comparison of force and impulse between the involved and uninvolved limb at each surgery-test date 

  
 Impulse (N.s/kg) 

  Peak Force (N/kg) Unweighting phase  Braking phase  Propulsion phase 
 

Surgery-test 
date 

n Involved Uninvolved p-value Involved Uninvolved p-value Involved Uninvolved p-value Involved Uninvolved p-value 

0 12 7.5 ± 1.3 7.5 ± 0.9 
0.755 -0.80 ± 

0.12 
-0.70 ± 
0.13 

0.060 0.74 ± 
0.14 

0.75 ± 
0.09 

0.722 1.34 ± 
0.14 

1.35 ± 
0.12 

0.624 

1 12 6.6 ± 1.5  7.4 ± 0.6* 
0.021 -0.83 ± 

0.38 
-0.79 ± 
0.36 

0.382 0.70 ± 
0.24 

 0.81 ± 
0.20 

0.124 1.27 ± 
0.50 

1.57 ± 
0.50* 

0.003 

2 12 7.1 ± 1.5 7.6 ± 0.7 
0.143 -0.68 ± 

0.14 
-0.71 ± 
0.13 

0.501 0.57 ± 
0.39 

0.63 ± 
0.42 

0.424 1.15 ± 
0.31 

1.38 ± 
0.25* 

0.027 

3 9 6.8 ± 1.0 7.3 ± 0.8 
0.052 -0.68 ± 

0.11 
-0.74 ± 
0.05 

0.106 0.57 ± 
0.43 

0.56 ± 
0.51 

0.761 1.12 ± 
0.25 

1.27 ± 
0.25 

0.097 

4 10 7.4 ± 1.1 7.1 ± 0.7 
0.435 -0.74 ± 

0.09 
-0.60 ± 
0.47 

0.922 0.77 ± 
0.10 

0.70 ± 
0.09 

0.125 1.31 ± 
0.14 

1.38 ± 
0.11 

0.259 

Values are presented as mean ± standard deviation 

*significant difference between uninvolved and involved limb  
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Figure 6: Statistical parametric mapping analysis of the entire countermovement force-time 

waveform showing group-based changes in force production capacity after anterior cruciate 

ligament reconstruction of the involved limb compared to itself at: A) T0 vs T1*; B) T0 vs T2; 

C) T0 vs T3; D) T0 vs T4. Figures on the left indicate the timing as a percentage of the entire 

of the CMJ movement. Figures on the right indicate where the critical threshold is broken for 

the statistical parametric mapping test statistic.* Indicates a statistically significant difference 

(alpha < 0.05) where the critical test threshold (t) was exceeded when comparing the involved 

limb to itself. 

A

B 

C

D 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

38  

  

 

 

A

B 

C

D 

E 

Figure 7: Statistical parametric mapping analysis of the entire countermovement jump 

force-time waveform showing group-based changes in force production capacity after 

anterior cruciate ligament reconstruction of the uninvolved and involved limb at: A) T0 B) 

T1* C) T2 D) T3 E) T4.* Figures on the left indicate the timing as a percentage of the entire 

of the CMJ movement. Figures on the right indicate where the critical threshold is broken 

for the statistical parametric mapping test statistic.* Indicates a statistically significant 

difference (alpha < 0.05) where the critical test threshold (t) was exceeded between limbs 
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3.4 Discussion 

The aim of this study was to investigate changes in CMJ force production after ACLR using a 

novel method that involved comparison to pre-injury performance and continuous waveform 

analysis alongside traditional discrete and phase-specific outcome and asymmetry measures. 

Comparing each surgery-test date to the pre-injury baseline as ACLR rehabilitation 

progresses allows a comprehensive analysis of force production capabilities between critical 

time points across an athlete’s rehabilitation. SPM addresses the limitations of utilising 

discrete and phase-specific performance metrics alone to assess the CMJ performance during 

ACLR rehabilitation by obtaining point to point information on the timing of force production 

capacity of the involved limb across the entire movement of the CMJ.72 

Utilising traditional discrete and phase-specific outcome and asymmetry analyses, the results 

showed that key CMJ discrete performance metrics were significantly lower compared to pre-

injury at approximately six months (T1) and one year post surgery (T3). There were also 

significantly different asymmetry indices for the unweighting, braking and propulsive phase 

impulse, generally decreasing the further away athletes were from surgery except for the 

unweighting phase. The propulsion phase is the only phase that showed significant 

differences at multiple surgery-test dates for all three types of discrete analyses: at two years 

post-surgery (T4) versus pre-injury baseline values for the involved limb compared to itself; 

lower impulse production of the involved limb compared to the uninvolved limb at T2 and T3; 

and a greater asymmetry index between limbs six months from surgery (T1) compared to pre-

injury baseline. The SPM analysis revealed that the involved limb compared to itself had a 

lower force output towards the end of the propulsion phase soon after surgery (T1) compared 

to pre-injury (T0). In addition, the involved limb produced lower force than the uninvolved limb 

at the beginning of the propulsion phase at six months post-surgery (T1) and towards the end 

of the propulsion phase two years post-surgery (T4).  

Overall, outcome measures of jump performance (jump height and RSImod) were only 

significantly lower than pre-injury performance at approximately one year post surgery (T3) 

which is an unusual finding. The largest decline in jump performance outcomes would be 

expected to be observed closer to surgery at T1 and subsequently recover over time..13,20 

Although jump height did continue to decrease from pre-injury up to T3, and RSImod and 

contact time remained poorer than pre-injury baseline levels no other statistically significant 

differences occurred between post-surgical time points. These findings may have been 

affected by the variation in the subjects available for inclusion in the pairwise comparison to 

pre-injury at each time point. Another explanation may be due to the athlete’s elite/world class 
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level, a quicker recovery of these performance variables could occur nearer to surgery 

compared to other recreational or less highly trained athletes observed in previous literature.  

Significant differences for total net peak force, peak force of the involved limb compared to 

itself, and peak force asymmetry index were also found six-months post-surgery (T1) versus 

pre-injury values. The finding of lower peak force production closer to ACL surgery follows the 

findings of previous literature, which has shown that ACLR athletes compared to non-injured 

athletes demonstrated lower peak force closer to surgery (<6 months) and improvements 9 

months after surgery.13,15,33 Net peak force and peak force of the involved limb were lower with 

higher asymmetry at T1, T2 and T3 when comparing both to pre-injury. However, large 

between-subject variations occurred within the peak force asymmetry index, evidenced by the 

large standard deviation in relation to the mean value for most asymmetry metrics. This may 

explain why no other time-points showed statistical significance to pre-injury levels. 

Results of phase-specific impulse production metrics in the unweighting phase showed less 

unweighting of the involved limb compared to itself at approximately nine- and 12-months post-

surgery (T2 and T3) versus pre-injury (Table 4). This is unexpected as the greatest change in 

jump strategy of the involved limb to itself from pre- to post-surgery would be expected to 

present at the first time point after surgery (T1). Asymmetry indices were greater between 

limbs at pre-injury versus six (T1) and nine months (T2) post-surgery which is unusual finding 

as the greatest asymmetry would be expected to be seen after and not prior to injury. 

Asymmetry indices also showed a shift in direction of asymmetry favouring the uninvolved 

limb nine months after surgery. Greater asymmetry pre-injury versus post-surgery was not 

expected, however, the mean asymmetry index between limbs was low with very large 

between-subject variation. The varying shifts in direction of asymmetry (negative, positive and 

close to neutral) at different surgery-test dates may indicate that unweighting phase 

asymmetry is more variable than braking and propulsive phase asymmetry (Table 3). The 

variation between subjects, based on the standard deviation, generally appears to decline 

after surgery alongside asymmetry values. It may be that these variations in unweighting 

phase asymmetry explain characteristics of unloading for both healthy and injured athletes 

rather than acting as an indication of good or poor performance. Previous literature 

predominantly excludes analysis of CMJ metrics in the unweighting phase and focuses on 

investigating discrete and phase-specific metrics of the braking and propulsive phases. 

Although the total (left and right) net positive impulse applied in the braking phase is equal to 

the total net negative impulse in the unweighting phase, it may prove worthwhile to assess 

changes of the involved limb compared to itself after surgery during the unweighting phase. 
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Significantly greater braking impulse asymmetry was observed at up to two years post ACLR 

(T4) compared to pre-injury levels favouring the involved limb with a greater (but not 

statistically significant) braking impulse production of the involved limb compared to pre-injury 

levels. This is somewhat unexpected as previous literature has demonstrated lower values for 

braking phase impulse production on the involved limb across rehabilitation from less than six 

months up to four years after ACLR.1,13,15,20,33 Generally, braking phase asymmetry is higher 

the closer the athlete is to surgery, favouring the uninvolved limb, and decreases up to one 

and a half years post-surgery (T3) with varying shifts in the direction of asymmetry from 

surgery up to two years post ACLR. Lower braking impulse production and greater asymmetry 

values may indicate a hampered braking ability post-surgery. A hampered braking force 

production has been associated with ACL injury and compensation of the uninvolved limb may 

lead to greater torque placed on the knee.13 This is because the ability to decelerate the centre 

of mass requires athletes to reach a point of zero velocity or a momentary pause at the bottom 

of the CMJ before reversing their centre of mass to propel themselves vertically. Another 

noteworthy observation for the braking phase is that the asymmetry value was generally low 

(0 – 8%) with large between-subject standard deviations (10 – 21%) (Table 4). This again 

highlights that substantial variations exist between individuals in this group-based data set.  

Propulsive phase impulse production by the involved limb tended to decrease from pre-injury 

up to one year after surgery (T3) and was significantly lower up to two years post-surgery (T4) 

versus its pre-injury baseline (Table 4). Second, compared to the uninvolved limb, the involved 

limb had significantly lower propulsive impulse production at six months (T1) and nine months 

(T2) post-surgery (Table 4). Last, the asymmetry index was significantly larger (> 10%) at six 

months post-surgery (T1) compared to pre-injury baseline measures of asymmetry (Table 4), 

however, asymmetries would be expected to be present across rehabilitation and not only 

soon after surgery. Compared to the unweighting and braking phase, the propulsive phase 

has the highest asymmetry indices closer to surgery, decreasing with time up until ~ two years 

after surgery (T4). The literature strongly indicates that there is greater interlimb asymmetry 

for propulsive impulse after ACLR1,14-15,20,28,33 seen at nine months,20 one and a half,1 two14 

and four33 years after surgery with higher asymmetry values observed closer to surgery.13 

Decreased impulse production of the involved limb in the propulsive phase may reflect chronic 

deficits of the knee extensors observed after ACLR14 and a greater reliance on the uninvolved 

limb in the production of net total impulse to perform a maximal eccentric-concentric 

movement.13 Again, results of this study are group-based data and asymmetry percentages 

show large variation between subjects which may explain the lack of asymmetry across an 

athletes entire rehabilitation. 
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SPM analysis revealed that the involved limb had smaller unweighting and diminished 

propulsion phase force production from pre-injury to approximately six months after surgery 

(T1) (Figure 6 - A). The finding of less unweighting closer to surgery is a novel finding as 

existing research excludes analysis of the unweighting phase. Less unweighting of the 

involved limb after surgery may imply less downward acceleration of the centre of mass and 

may affect the rate and magnitude of subsequent force production in the braking phase and 

therefore, SSC function.  

Between limb differences in force production for the SPM analysis were also evident in the 

propulsion phase with the involved limb producing lower force at six months (T1) at the start 

of the propulsion phase (Figure 7 – B) as well as ~ two years (T4) after surgery later in the 

propulsion phase compared to pre-injury baseline values (Figure 7 - E). Except for at pre-

injury, the uninvolved vs involved limb SPM analyses after surgery were all very near to 

statistical significance on visual observation of the test statistic approaching its critical 

threshold (Figure 7 – figures on the right of the SPM waveforms) which could be explored 

further through effect size analysis. In these instances, the involved limb also showed a lower 

force production compared to the uninvolved limb on visual observation of the entire force-

time curve. Possibly, a larger sample size may have resulted in these analyses reaching 

statistical significance between limbs. Although not statistically significant, these results may 

still hold clinical relevance that continuous analysis of the force-time curve through SPM may 

detect interlimb differences in force production at various critical timepoints during an athlete’s 

rehabilitation from six months up to two years post-surgery with the involved limb producing 

less force compared to the uninvolved limb. SPM allows these differences between limbs to 

be analysed at each time point along the force-time curve and not only at certain events during 

the jump as with discrete metrics. Additionally, examining the force-time curve on an individual 

basis may be useful for practitioners to better manage individual variation and progression 

during the rehabilitation process that may be masked with group-based data. The SPM 

analysis highlights an additional encumbered force production of the involved limb compared 

to itself closer to surgery (T1) when the knee is in greatest flexion and starting to extend at the 

start of the propulsive phase that the discrete analysis did not detect. This may imply focusing 

particularly on the quadriceps muscle group restrengthening during rehabilitation soon after 

surgery. Deficits that are still present up to two years post-surgery when the knee is near full 

extension during late propulsive phase may point towards assessing end-range strength or 

the contribution of other joints, such as the ankle, to vertical propulsion.  

No previous literature has reported on changes in the CMJ waveform after ACLR utilising 

SPM. King et al.57,73,77-78 did not examine the CMJ but did utilise SPM to analyse other lower 

limb tests such as change of direction tasks (planned and unplanned) and jumping tasks 
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(single leg and double leg drop jump, single leg hop for distance, hurdle hop) and reported 

biomechanical asymmetries in GRF that existed nine months post ACLR. However, greater 

asymmetry has been shown to be detected in jumping tests compared to change of direction 

tests nine months after ACLR,13 therefore the interpretation of these change of direction test 

results in relation to this study may underestimate the magnitude of asymmetry after ACLR. 

The use of SPM analysis therefore confirmed that the involved limb has less unweighting of 

itself six months after surgery compared to pre-injury baseline values as detected at nine and 

12 months after surgery for discrete metrics. SPM analysis also confirmed what was already 

known regarding group-based differences seen as lower force production of the involved 

versus uninvolved limb within the propulsive phase and of the involved limb compared to its 

pre-surgery baseline testing value within the propulsive phase that occur soon after surgery 

(T1) and are still evident up to ~ two years after surgery (T4). A decreased force production 

capacity represents decreased knee moments and places a greater demand on the 

uninvolved limb through compensation which may be due to decreased neuromuscular 

function, deficits in knee extensor strength, and fear of reinjury.13,28  

The implication of these findings are four-fold: First, they reiterate recommendations found in 

recent literature that post ACLR, in the context of return to play, rehabilitation should be an 

individualised process based on more than one variable12 and therefore, the traditional 

rehabilitation time of six to 12 months may not be sufficient to guide rehabilitation. Second, 

focusing on equal force production early on in the rehabilitative process throughout CMJ 

phases may aid in determining a more informed return to play.28 Third, the use of pre-injury 

baseline performance levels may provide a more appropriate measure of the performance of 

the involved limb during the course of rehabilitation versus the use of post-surgical interlimb 

asymmetry indices.37-38 Lastly, assessing the shape of the force-time waveform as well as 

assessing the timing of peak force in contrast to relying only on discrete or phase-specific 

metrics may be a more useful method of assessing unilateral and bilateral force production 

after ACLR in order to better inform rehabilitative programs and guide return to play across 

rehabilitation. 
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Chapter 4: Conclusion  

Summary  

ACL rupture is a severe injury1-3,10 that often requires surgical reconstruction to restore knee 

stability. Many athletes do not return to their pre-injury performance levels11-12 due to 

hampered functional performance after surgery which may increase the risk of future ACL re-

injury.3,17-18 As ACLR results in altered movement patterns and significant differences in 

neuromuscular function between involved and uninvolved limbs up to two years post-

surgery,3,13-15,16 we used the CMJ test (a common assessment that measures bilateral force 

production using dual force plates) to assess jump performance and asymmetries after ACLR 

to generate new information to support return to play protocols.14,29-31 Jump performance has 

been largely studied cross sectionally within a non-injured population in the existing 

literature.29-31,40-42 Fewer studies examine jump performance after ACLR and predominantly 

have the limitation of using only discrete or CMJ phase-specific (braking or propulsive) metrics 

to quantify performance, and typically lack pre-injury baseline data.13-14,20,28,33  

Sole use of discrete metrics at single time points of an athlete’s rehabilitation may fail to reveal 

the magnitude and timing of jump performance deficits, changes in force production or 

changes in interlimb asymmetry after surgery either within a single limb or between limbs. 

Practitioners may thus benefit from analysis of the full force-time curve at key clinical 

milestones after surgery compared to pre-injury baseline values. Therefore, the aim of the 

study was to investigate changes in CMJ performance, vertical GRF production and interlimb 

asymmetry in ACLR athletes over ~2 years post ACLR through analysis of the CMJ force-time 

waveform using statistical parametric mapping. 

The results of this study found that, compared to pre-injury baselines values, jump 

performance outcomes (jump height, contact time, RSImod) were reduced at one year after 

ACLR, with lower peak force production and greater peak force asymmetry at six months post 

ACLR.  

CMJ phase-specific metrics over the braking phase showed poorer impulse production of the 

involved limb, decreasing from surgery up until one year post ACLR, although not statistically 

different. Asymmetry was the greatest the closer the athlete was to surgery up until one year 

post ACLR, however the direction of asymmetry (negative, positive or neutral) varied at the 

different surgery-test dates. Braking impulse of the involved limb was greater compared to 

pre-injury baseline vales at two years post ACLR with a significantly different asymmetry to 

pre-injury levels, favouring the involved limb. 
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Performance measures over the propulsive phase compared to pre-injury levels showed 

significantly lower impulse production of the involved limb compared to itself and greater 

asymmetry at two years post ACLR, with decreasing force and asymmetry the further the 

athlete was away from surgery. Between limb comparisons of impulse production found 

significantly lower impulse production of the involved limb at nine months and one year post 

ACLR. 

These findings indicated reduced jump performance at six months and one year for traditional 

discrete performance and asymmetry measures. The involved limb demonstrated poorer 

performance in the braking phase up to one year post ACLR but a relatively higher impulse 

reflected in a change in the directionality of the asymmetry at two years post ACLR. The 

propulsion phase showed hampered performance of the involved limb, between limbs and 

greater asymmetry from six months up to two years post ACLR at various points across 

rehabilitation for these three measures of performance.  

SPM confirmed the findings of previous research using discrete measures of CMJ 

performance. Compared to pre-injury levels, the involved limb had less unweighting and a 

lower propulsive force production at six months post ACLR and showed a lower force 

production of the involved limb versus the uninvolved limb at six months and at two years after 

surgery. Although group-based analysis was consistent with previous work regarding changes 

in peak force after surgery, individual assessment of the whole force-time curve may provide 

additional information for practitioners regarding changes in timing of peak force production 

throughout the CMJ movement between and within a limb as well as shifts in the direction of 

asymmetry for individual athletes during rehabilitation (Figure 4). 

Limitations  

Due to the actuality of the data used, missing values occurred and not all 20 participants 

formed part of each of the paired comparisons for the SPM analysis of the involved limb 

compared to itself. Missing values across surgery-test dates resulted in only athletes who had 

data in a minimum of two of the five time points being analysed which effectively means that 

each paired statistical test included different participants and different sample sizes. This may 

increase the volatility of the results due to larger between-subject variations, however, even 

with a slightly smaller sample size for this specific analysis, there were instances of statistical 

significance which indicate that the sample was indeed strong enough to detect these 

differences despite its smaller size. Another limitation was that rehabilitation programs for 

athletes were not strictly controlled over the course of rehabilitation due to the elite nature and 

variety of sporting codes of the athletes that formed part of the study which may influence 

results observed at each surgery-test date. However, all elite athletes did follow a progressive 
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rehabilitation program, administered by a strength and conditioning professional that was sport 

specific. Lastly, athletes were not sex and age matched and individual variations at each 

surgery-test date were not accounted for. 

Implications of findings  

The aim of the study was to investigate differences in CMJ force production before and after 

ACLR based on traditional performance and asymmetry measures as well as SPM analysis. 

Main findings show that performance is hampered after ACLR, reflected in poorer outcomes 

of traditional CMJ outcome measures, asymmetry as well as continuous analysis of the force-

time curve, specifically within the propulsion phase.  

Generally, these measures reflect lower force production of the involved limb and greater 

interlimb asymmetries after surgery compared to pre-injury baseline levels with a reduced 

unweighting impulse of the involved limb versus itself after surgery, which is a novel finding 

as this phase is often excluded from analysis. Asymmetries tend to decrease the further the 

athlete is away from surgery, however the variability of asymmetry values may indicate that 

these measures are not optimal measures for return to play decision making. However, 

significant differences in force production of the involved limb compared to itself continue to 

exist up to two years post-surgery compared to pre-injury baseline values for the propulsion 

phase of the CMJ reflected in both discrete and SPM analysis, highlighting the complementary 

nature of a combination analysis. From a practitioner’s perspective, inspection of the force-

time waveform provides the ability to assess the timing of peak force and its entire shape after 

surgery which may better inform about neuromuscular deficits in how an athlete produces 

force across a CMJ.  

Furthermore, utilising pre-injury values as a baseline assessment of bilateral force production 

after ACLR may provide a more appropriate view of functional performance of the involved 

and uninvolved limb and avoid a false positive indication of functional performance deficits 

compared solely to the uninvolved limb or sole use of asymmetry indices.  

Lastly, assessment of bilateral force production after ACLR across key clinical milestones may 

highlight force production deficits and asymmetries that single time point analysis may 

underestimate or fail to detect and create a broader picture for practitioners of an athlete’s 

force production capability after surgery. 

These considerations may lead to more individualised prescription of rehabilitation programs 

and return to play protocols and decrease the risk of future non-contact re-injury due to the 

precise detection of the timing of force production deficits between limbs and of the involved 

limb that continue to exist past previously anticipated return to play times.  
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Future research should consider utilising a larger sample size with more stringent adherence 

for repeated measures to ensure fewer missing values creating a statistically stronger study 

which would better account for between-subject variations at each repeated measure with 

age, and sex matched controls.   
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Annexure J: Informed consent form – CSI (2015) 
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Annexure K: Declaration of Helsinki  
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Annexure L: Data management policy – UP 
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Annexure M: Letter of statistical support 
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