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Abstract

Study Design—Cross-sectional.

Objectives—To determine if quadriceps activation failure (QAF) moderates the relationship 

between quadriceps strength and physical function in individuals post-anterior cruciate ligament 

(ACL) reconstruction.

Background—QAF may impair the recovery of physical function post ACL reconstruction, 

given that QAF reduces strength, and strength is related to physical function. Evidence of this 

relationship has been found in individuals with knee osteoarthritis, wherein patients with lower 

strength and greater QAF had lower levels of physical function.

Methods—Participants consisted of 52 individuals who were cleared for return to activity at an 

average ± SD of 7.4 ± 1.2 months post ACL reconstruction. QAF was assessed using the 

superimposed burst technique and quadriceps strength was assessed using concentric isokinetic 

contractions (Nm/kg). Physical function was quantified using a combined variable of physical 

(single leg hop for distance) and self-reported function (International Knee Documentation 

Committee form) calculated using a principal component analysis (PCPF). Simple correlations 

were then performed to determine the order in which variables were entered into the regression 

model to evaluate if QAF moderates the relationship between quadriceps strength and physical 

function.

Results—The combination of quadriceps strength and the interaction of strength-by-QAF 

predicted 30% of the variance in physical function (R2=0.30, P<.001; PCPF = -0.61strength + 

0.20interaction - 1.896); however the interaction of strength-by-QAF only accounted for 7% of the 

capabilities of the model (P=.023).
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Conclusion—Physical function is largely influenced by the recovery of quadriceps strength and 

minimally attenuated by QAF. These data suggest that QAF may affect individuals post ACL 

reconstruction differently, and to a lesser extent, than knee individuals with knee osteoarthritis.
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INTRODUCTION

Despite the best efforts of clinicians and researchers, anterior cruciate ligament (ACL) 

injuries continue to occur at a high rate.4, 24 Unfortunately, this traumatic event is not only 

associated with short-term consequences,7 but also with life-long disability.23 Namely, early 

onset osteoarthritis (OA)9, 35 and decreased self-reported function,23 are commonplace post-

injury and develop despite the successful reinstitution of static knee stability achieved via 

ACL reconstruction. In these patients, persistent quadriceps weakness is often implicated as 

a primary source of disability,20, 27 as quadriceps weakness is omnipresent,29 and has been 

found to accelerate joint degeneration,41 and result in lower quality of life.22, 23

Though the precise mechanism(s) of quadriceps weakness are unknown, quadriceps 

activation failure (QAF) is often thought to be a primary cause of strength deficits.29, 44 

QAF routinely develops following ACL injury and reconstruction5 and occurs due to 

alterations in neural signaling caused by a reduction in alpha motorneuron pool recruitment 

and/or firing rate.11 Importantly, the presence of QAF creates a barrier to successful strength 

training, as it renders an individual unable to fully volitionally contract the quadriceps 

muscle.8

Given the adverse effect of QAF on quadriceps strength,38, 42 it seems plausible that QAF 

may also impair the recovery of physical function, as QAF is related to strength,14, 17, 44 and 

strength is related to physical function.6, 10, 13, 21, 31, 37 Evidence of this relationship has 

been found in patients with primary knee OA, wherein the magnitude of QAF has been 

found to moderate the relationship between quadriceps strength and physical function.3 

Specifically, Fitzgerald and colleagues3 found that patients with OA who had low strength 

and greater QAF had lower function than those with similar strength but greater volitional 

muscle activation. This work provides evidence that QAF is a factor that should be 

addressed in rehabilitation programs to optimize quadriceps strength as well as physical 

function in those with knee OA.3 Despite the plethora of data post ACL reconstruction that 

investigates the effect of QAF on strength gains,6, 17, 40, 43 to our knowledge, an analysis 

that examines how QAF may affect the relationship between quadriceps strength and 

physical function does not exist. Understanding the relationship between QAF, strength, and 

physical function, is a necessary step towards the optimization of rehabilitation protocols 

post ACL reconstruction, as it will help to determine factors that clinicians need to target 

during therapy to improve physical performance and patient-reported outcomes.

The purpose of this study was to determine if QAF moderates the relationship between 

quadriceps strength and physical function post ACL reconstruction. We hypothesized that 

QAF would affect the relationship between quadriceps strength and physical function, such 
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that higher levels of QAF would be associated with greater strength deficits, impeding the 

recovery of physical function.

METHODS

Participants

Participants from the current study were part of a larger clinical study designed to examine 

the magnitude of QAF and strength that contributes to biomechanical asymmetry post ACL 

reconstruction.26 A total of 130 patients participated in the parent study which was 

prospectively registered in a public registry (NCT01555567). Participants were eligible for 

enrollment into the parent study if they met the following criteria: 1) were between 14-30 

years of age, 2) were planning to undergo rehabilitation at our orthopedic clinic, 3) had an 

acute ACL injury (defined as reporting to a physician within 48 hours post-injury), 4) had no 

previous history of surgery to either knee, 5) had not sustained a previous ACL injury, and 

6) did not have a known heart condition. Pregnant females were excluded.

For the current report, 52 individuals who had undergone ACL reconstruction with a bone-

patellar tendon-bone autograft and had complete data for the outcome measures of interest 

were retrospectively selected from the parent investigation (40% of patients from parent 

investigation, demographic details TABLE 1). The majority of these patients (n=39, 75%) 

did not receive any specialized intervention as part of their care post ACL reconstruction. 

However, the other 13 participants were enrolled in a clinical trial that included the use of 

either electrical stimulation (n=6, 12%) or a combined electrical stimulation and eccentric 

exercise intervention (n=7, 13%) post-surgery.18 As the overarching purpose of this 

manuscript was to provide a preliminary examination of the potential for QAF to moderate 

the relationship between strength and physical function at the time of return-to-activity 

following ACL reconstruction, independent of variations in rehabilitation schemes, we 

included all potential patients in our data set to analyze this primary relationship. Surgical 

reports were obtained to document any concomitant meniscal damage that required surgical 

intervention. The protocol for this study was approved by the University of Michigan’s 

Institutional Review Board, and all participants provided informed consent prior to 

participation.

All participants completed a standard rehabilitation protocol at an orthopedic outpatient 

clinic. The rehabilitation protocol emphasized full knee extension range of motion 

immediately post-surgery and gain in knee flexion as tolerated. Progressive functional 

exercises and quadriceps muscles re-education and strengthening were also emphasized 

post-surgery. In general, the rehabilitation protocol consisted of 2 to 3 sessions per week 

beginning the first post-operative week, and concluded approximately 7 months post ACL 

reconstruction. Variations in selection of exercises existed based on individual response to 

treatment.

Testing scheme

Each participant completed 1 testing session during which measures of self-reported 

function, physical performance, quadriceps strength, and quadriceps activation were 
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collected. Data were collected once participants had been cleared by their orthopedic 

surgeon to return-to-activity, which required the patient to complete a leg press test. To pass 

the leg press test, using the ACL reconstructed limb, participants were required to perform at 

least 15 repetitions against a resistance equal to 100% body weight, each repetition moving 

through an arc of motion from full knee extension to 90° of flexion. If a patient was unable 

to successfully pass the leg press test, their clearance for sport and activity participation was 

postponed. Additionally to be cleared for activity, orthopedic surgeons required that each 

patient demonstrated full range of knee motion (0-130° of flexion) and no evidence of knee 

joint effusion. It is important to note, that this criterion for return-to-activity is specific to 

our orthopedic clinic, and not necessarily supported by the current literature which include 

criteria such as a quadriceps strength index of 90% or greater and hop tests limb symmetry 

indices of 90% or greater.36 Also, although all individuals in this study were cleared for 

activity/sport by our orthopedic surgeons prior to testing, not all elected to return back to 

competitive activity (TABLE 1), and the quadriceps index in our cohort was often found to 

be below the criteria recommended in the literature (TABLE 1). In fact, if our cohort would 

have utilized the evidence-based return to activity criteria that has emerged in the literature, 

only 27% (n=14) of patients would have passed the quadriceps indexes test (quadriceps 

strength index of 90% or greater) and 35% (n=18) of patients would have passed the hop test 

limb symmetry index (limb symmetry indices of 90% or greater). Further, only 15% (n=8) 

of our participants would have passed both tests, which further highlights the need to 

utilized evidence based measures when returning individuals back to activity.

Quadriceps function

To assess quadriceps strength, participants were positioned with their hips in 90° of flexion, 

their back supported, and their test limb securely strapped into an isokinetic dynamometer 

(Biodex System 3, Biodex Medical Systems, Shirley, NY, USA). Once correctly positioned, 

participants were asked to perform 3 maximal voluntary concentric knee extensions, moving 

from 90° of flexion to full knee extension, at 60°/sec. Verbal encouragement and real-time 

visual feedback of torque was provided to help facilitate maximal effort. This procedure was 

completed for both limbs, with the testing order being counterbalanced so as to minimize the 

potential of a learning effect. The trial with the largest peak torque for each limb was 

extracted and used to calculate the quadriceps index (Equation 1) to provide an indication of 

how well the ACL limb strength had recovered at time of return-to-activity (TABLE 1).

Equation 1. Quadriceps index

The maximal knee extension torque produced across trials with the ACL reconstructed limb 

was normalized to body weight and used for statistical analysis.

The superimposed burst technique was utilized to quantify quadriceps activation.3 To 

accomplish this, participants were required to perform maximal voluntary isometric 

contractions (MVICs) for knee extension, until no further improvement in torque was noted. 
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All participants completed a minimum of 3 MVIC trials, using the isokinetic dynamometer 

to provide resistance, with the knee at 90° of flexion. The peak torque collected from the 

MVIC trials was then entered into a custom written program (LabVIEW version 8.5, 

National Instruments, Austin, TX, USA) that was set to deliver a supramaximal electrical 

stimulus (100 pulses/sec, 600μsec pulse duration, 10 pulse titanic train, 130 volts) to the 

quadriceps muscle once the maximal knee extension torque had been reached and followed 

by a drop of 1 Newton meter.19, 28 The electrical stimulus was delivered through 2 self-

adhesive electrodes (Dura-Stick II [7×13cm] Chattanooga Group, Hixson, TN, USA) 

applied over the vastus lateralis proximally and the vastus medialis distally using a Grass 

S88 Dual Output Square Pulse Stimulator (S88, Grass Products, Natus Neurology, Warwick, 

RI, USA). Volitional activation of the quadriceps muscle was determined using the central 

activation ratio (CAR) formula (Equation 2) with the participant’s peak torque generated 

immediately prior to the delivery of the stimulus (MVIC) being divided by the peak torque 

generated as a result of the electrical stimulus (MVIC + superimposed burst) and then 

multiplied by 100.14 A CAR of 100 represents complete volitional quadriceps activation. 

The minimal QAF trial (ie, the trial with the largest CAR value which indicates the least 

amount of QAF) that was collected was used for statistical analysis.

Equation 2. Central activation ratio

Physical performance

To quantify physical performance, participants performed the single leg hop test for 

distance. This test is a commonly used clinical tool to assess physical readiness for return-to-

activity following ACL reconstruction36 and has been shown to have high reliability.33 To 

perform the test, each participant was asked to stand on their ACL reconstructed limb and 

hop once forward as far as possible and land on the reconstructed limb. Participants were 

allowed to practice the hop trial until they felt comfortable and no improvement in distance 

was recorded.36 The value of the hop that covered the maximal distance (ie, longest in 

meters) was used for statistical analysis.

Self-reported function

To measure self-reported function, participants completed the International Knee 

Documentation Committee (IKDC) subjective form.12 This self-reported questionnaire is 

widely used to measure knee-specific measures of symptoms, function, and sporting 

activity. The questionnaire consists of 18 items designed to assess the respondent’s ability to 

perform dynamic tasks (ie, run, jump and land, start and stop quickly), activities of daily 

living, (ie, ascent/descent stairs, stand, kneel, rise from a chair) and symptoms (ie, stiffness, 

joint locking, pain, instability). Reponses types include dichotomous yes or no responses and 

5-point and 11-point Likert scales. The IKDC is scored by summing the scores from the 

individual items and then transforming the score to a scale that ranges from 0 to 100. The 

transformed score is then interpreted as a measure of function, with higher scores 
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representing greater levels of function. The transformed score was used for statistical 

analysis.

Statistical analysis

Prior to data analysis, a principal component analysis was performed to combine the results 

of the single-leg hop for distance and the IKDC score into a single principal component 

score of physical function (PCPF).3 We created this PCPF variable so we could analyze our 

data using a more comprehensive measure of function that includes both self-reported and 

physical performance: 2 factors that are thought to measure different constructs of physical 

function.2 To calculate the PCPF for each participant, we calculated the Z score for the 

single-leg hop for distance and the IKDC score variables. The Z score from these variables 

was then multiplied by the principal component score coefficient. The products of this 

calculation were then summed together to create the PCPF for each participant (Equation 

3).3

Equation 3. PCPF calculation

Following the calculation of the PCPF variable, the interaction between quadriceps 

isokinetic strength and QAF was calculated (strength-by-QAF interaction, Equation 4).3 

This interaction variable was created so we could determine how QAF may modify (ie, 

affect the direction of) quadriceps strength.

Equation 4. Strength-by-QAF interaction

Next, a hierarchical linear regression was performed. The order in which variables were 

entered into the regression model was determined by the magnitude of individual simple 

Pearson Product Moment correlations or Spearman Rank correlations where appropriate 

(TABLE 2). The total R2, as well as the change in R2, were calculated following the 

inclusion of each variable into the model (TABLE 3). The correlation coefficients were also 

assessed and classified as weak (0-0.4), moderate (0.4-0.7), or strong (0.7-1.0).32

To further examine how QAF may moderate the relationship between strength and PCPF, 

participants were split into a group of High QAF (CAR < 90%) and a group of Low QAF 

(CAR ≤ 90%, TABLE 4). Once participants were stratified into groups of High and Low 

QAF, 2 additional regression analyses were performed on each subgroup. Lastly, 

independent t-tests were performed to detect differences in demographic, QAF, strength, the 

interaction of strength-by-QAF, IKDC, hop distance, and PCPF between the High and Low 

QAF subgroups.
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The α-level for all statistical tests was set a priori at P≤.05. Statistical analysis was 

performed using the Statistical Package for the Social Sciences (SPSS) software version 

21.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Factors related to PCPF

There was a significant, moderately-positive, correlation between quadriceps strength and 

PCPF (ρ=0.52, P<.001). Additionally, there was a significant, moderately-positive, 

correlation between the quadriceps strength-by-QAF interaction and PCPF (ρ=0.52, P<.

001). Age, height, weight, concomitant meniscal injury were not associated with PCPF (P≥.

05, TABLE 2). Although not statistically significant, a weak-positive correlation between 

QAF and PCPF was found (ρ=0.16, P=0.20). Thus to ensure that we accounted for any 

effect QAF had on PCPF, it was decided to include QAF into the final model. Hence, 

quadriceps strength, QAF, and the interaction of quadriceps strength-by-QAF were both 

entered into the model, with the interaction term entered last to determine the influence that 

the interaction term had on PCPF beyond that of quadriceps strength and QAF.

Relationship between QAF, strength, and PCPF

The multiple-regression model, which consisted of quadriceps strength and the interaction of 

strength-by-QAF, predicted 30% of the variance in PCPF (R2=0.30, P<.001; PCPF = 

-0.60strength + 0.02interaction − 1.896, TABLE 3); with the strength-by-QAF interaction term 

accounting for only 7% of the predictive capabilities of the model (P=.023, TABLE 3). QAF 

was excluded by the final model, as it did not significantly contribute (ΔR2=0.03, P=.159).

High and Low Quadriceps Activation Failure

Within the Low QAF subgroup, quadriceps strength alone accounted for 43% of the 

variance in PCPF (R2=0.43 P<.001; PCPF = 0.438strength - 2.427, TABLE 3). QAF and the 

strength-by-QAF interaction term were excluded from the final model, as these variables did 

not significantly contribute (QAF: ΔR2<0.001, P=.920; strength-by-QAF: ΔR2=0.04, P=.

149). In the High QAF subgroup, quadriceps strength, QAF and the interaction of strength-

by-QAF did not significantly predict PCPF (P=.550, TABLE 3).

Participants who were in the Low QAF sub-group demonstrated significantly higher levels 

of CAR (t50=9.241, P≤.001, TABLE 4), and a significantly higher interaction of quadriceps 

strength-by-QAF than the High QAF sub-group (Low QAF: 152.49±52.6; High QAF: 

119.79±44.0, t50=2.377, P=.029). No other significant differences were found between High 

and Low QAF sub-groups (P>.05).

DISCUSSION

Our results indicate that physical function at the time of return to sport following ACL 

reconstruction is largely influenced by the recovery of quadriceps strength and minimally 

attenuated by alterations in volitional muscle activation. This finding is somewhat 

surprising, given that we had expected that higher levels of QAF would adversely affect the 
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recovery of quadriceps strength, which in turn, would impede physical function. However, 

given that our participants had relatively high levels of quadriceps activation at the time of 

return to activity (TABLE 1), it seems reasonable that QAF had a minimal influence on our 

results. The minimal impact of QAF was further highlighted when no differences in 

quadriceps strength, hop distance, IKDC, or PCPF was found between the High and Low 

QAF sub-groups (TABLE 4). Clinically, these data reinforce the concept that quadriceps 

strength at time of return-to-activity is largely related to physical performance tasks and 

patient-reported outcomes. Further, our results seem to indicate that QAF likely does not 

play an important role in affecting physical function at time of return-to-activity. To our 

knowledge this is the first investigation to examine the relationship between quadriceps 

strength, QAF, and physical function post ACL reconstruction.

Our findings are in contrast with previous work in patients with knee OA, wherein QAF was 

found to moderate the relationship between strength and physical function.3 Accordingly, 

when Fitzgerald and colleagues split their cohort into groups of high and low QAF, they 

found that QAF continued to influence the relationship between strength and physical 

function.3 Specifically, patients with higher levels of QAF demonstrated reduced physical 

function as compared to those with comparable levels of quadriceps weakness and little to 

no QAF.3 Though it is not entirely clear as to why QAF did not play as important of a role 

in our study, it seems most likely that QAF had a minimal influence on function, given that 

most participants in our investigation had low levels of activation failure and had met clinic 

specific criteria to allow return-to-activity – creating a functionally homogeneous group.

Though QAF is ubiquitous in the early post-operative stages following ACL 

reconstruction,29 it appears that QAF resolves overtime or has a limited effect on strength.15 

Simply put, it appears that once volitional muscle activation is recovered, the relationship 

between QAF and function may no longer (or may only minimally) apply. However, it is 

important to highlight that, although not statistically influenced by QAF, in the High QAF 

group 43% of the variance in physical function could be predicted, in contrast to fact that no 

prediction model was found for the Low QAF group (TABLE 3). As such, our data suggest 

that QAF likely does play some role in predicting physical function, and that greater 

volitional quadriceps muscle activation at return to activity seems to be related to be 

physical function. However, more data are needed to either confirm or refute our 

preliminary results. Notably, evidence collected in patients 2-15 years post ACL 

reconstruction indicate that alterations in muscle morphology, not volitional muscle 

activation, is likely the primary mechanism of chronic quadriceps weakness.15 In contrast to 

individuals post ACL reconstruction, investigators have found that small changes in 

quadriceps activation appear to have a large effect on quadriceps muscle strength in 

individuals with knee OA, while muscle atrophy appears to be a secondary mechanism of 

weakness in these patients.30 Given that our data were collected at return-to-activity, and our 

participants had fairly high levels of volitional muscle activation (mean ± SD: 91.18 ± 9.16, 

TABLE 1) compared to healthy individuals (CARs higher than approximately 90%1, 25, 39), 

it seems possible that alterations in muscle morphology, rather than QAF, may have been 

the primary mechanism of quadriceps weakness, and thus a better moderator of strength in 

our patient population. However, it should be noted, that controversy in the literature exists, 

and the mechanisms of quadriceps weakness post ACL reconstruction are not entirely clear. 
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Although chronic adaptations in strength appear to be driven by muscle morphology,15 

others have also found that QAF is the predominant cause of persistent weakness.25 Due to 

the fact that we did not measure alterations in muscle morphology, our theory that muscle 

atrophy may have been a better moderator at return-to-activity should be interpreted with 

caution. Future investigators with magnetic resonance imaging capability should consider 

evaluating muscle volume to provide a more comprehensive examination of quadriceps 

function and detect the possible relationship between muscle atrophy, QAF, strength, and 

physical function. Furthermore, it would be beneficial for investigators to examine the 

relationship between QAF, quadriceps strength, and physical function across the recovery 

period, as it seems plausible that QAF may play a larger role in the early post-operative 

phases.34

Quadriceps strength was found to be the best predictor of physical function, wherein 

participants that demonstrated greater levels of quadriceps strength were found to 

demonstrate better physical function at the time of return-to-activity (TABLE 3). This result 

is rational, as the quadriceps muscle plays a large role in eccentrically controlling the body 

during movement16 and has been found to be related to self-reported function.6, 13, 21, 31 It 

was surprising, however, that quadriceps strength only predicted about 23% of PCPF (ie, 

physical function) at the time of return-to-activity. Although our investigation utilized a 

combined variable of physical function that accounted for both self-reported function and 

physical performance, and although it is not exactly the same, it is important to note that our 

statistical relationship is below previously reported data that found that quadriceps strength 

is highly related to hop distance post ACL reconstruction13, 37 (range between r=0.25-0.59). 

In terms of our relationship between strength and self-reported function, our data are in 

agreement with the results of Logerstedt et al (n=55, R2 =0.18), despite the fact that our 

strength data were quantified using isokinetic measures while Logerstedt and colleagues 

utilized isometric strength data.21 In contrast, others have reported that quadriceps strength 

is more highly related to self-reported function than we have measured,6, 31 however these 

studies included considerably smaller cohorts (n=15, r=0.78)31 or individuals who had a 

history of 2 ACL reconstruction surgeries (n=21, r=0.63)6 making the results between our 

work and the work of others difficult to compare. Importantly, recent evidence has found 

that simply using the magnitude of quadriceps peak torque post ACL reconstruction may not 

be the best predictor of function, as higher rate of torque development during isokinetic 

contractions and shorter time to peak torque were better associated with self-reported 

function.10 Our data seem to support this concept that isokinetic torque is a better predictor 

of function, as when we analyzed our data set using our isometric data collected during 

quadriceps activation testing (TABLE 5), a reduced relationship between strength and PCPF 

was found, while QAF and the strength by-QAF interaction did not contribute to the model 

(R2=0.20, P=0.001; PCPF=0.837isometric strength-1.953). Given the inconsistency in 

regression analyses between measures of quadriceps strength, and the difficulty of 

comparing strength across trials,6, 21, 31 future work should consider measuring force in 

different modes (isometric versus isokinetic [concentric versus eccentric]) as well as factors 

of force production (rate, speed, and power) to more comprehensively examine strength. 

Despite this, our results do indicate that the recovery of quadriceps strength is significantly 

related to a combined variable of physical and self-reported function. Thus, clinicians should 
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continue to focus on utilizing interventions that are intended to increase quadriceps strength 

post ACL reconstruction, as quadriceps strength is an important component of patient 

physical test and patient-oriented outcomes.

Limitations

A limitation of this study is that alterations in muscle morphology were not assessed. 

Knowing if quadriceps morphology moderates or contributes to the relationship between 

quadriceps strength and physical function could help to provide more clinical direction of 

factors that can be targeted post ACL reconstruction to improve recovery. Second, though 

the single leg hop for distance and the IKDC are commonly used measures post ACL 

reconstruction to assess function, utilizing a greater number of physical (ie, triple hop for 

distance, crossover hop for distance, 6-meter timed hop) and self-reported measures (ie, 

Marx, Knee Outcome Survey-Activities of Daily Living, Visual Analog Scale, Short-

Form-36) to compile our PCPF may have provided for a more comprehensive and robust 

principal component analysis. Similarly, our PCPF variable was modeled based on the PCPF 

variable that was created by Fitzgerald and colleagues, who utilized a less dynamic task 

(get-up and go test) to measure physical function.3 Further, to our knowledge, no other 

pathological knee investigation has utilized this type of analyses/variable to examine the 

relationship between QAF, strength, and physical function, relationship. As such the validity 

of this criterion has not been objectively tested. Going forward, it would be ideal for our 

variable of PCPF to be tested against another variable of physical function in an ACL 

population that has already been validated. Third, because all of our data were collected in 

participants who had undergone ACL reconstruction with a bone-patellar-tendon bone 

autograft, these data cannot be generalized to other surgical grafts types. Lastly, due to the 

limited number of participants, we were unable to examine variations in rehabilitation 

approaches and how these differences in rehabilitation may have affected the relationship 

between QAF, strength, and physical function.

Clinical implications

At the time patients return-to-activity post ACL reconstruction, the results of this study 

indicate that physical function is, in large part, dependent on the magnitude of quadriceps 

force production. Alterations in quadriceps volitional muscle activity appear to minimally 

influence this relationship. However, it is unknown if QAF plays a more significant role in 

the early post-operative phases.34 Future research will need to be conducted to determine if 

QAF is a moderator of quadriceps strength and function immediately following ACL 

reconstruction and over the course of the rehabilitation process. Furthermore, it is important 

to note that at return-to-activity our participants strength was below clinical 

recommendations of a quadriceps index of 90% or greater (TABLE 1).36 Based on our low 

quadriceps indexes and the findings of this investigation, we recommend that clinicians 

continue to utilize interventions and therapy regimes that are capable of combating the 

quadriceps weakness that is common following ACL reconstruction, as strength is the 

primary factor that was found to influence both physical performance and self-reported 

function. Further, it is highly recommended that at a time when individuals are ready to 

return-to-activity, that clinicians utilize criteria that have been recommend by the literature36 

rather than clinic specific tests (eg, leg press test) that have not been rigorously tested.
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CONCLUSION

Our results indicate that physical function at the time of return-to-activity is largely 

associated to the recovery of quadriceps strength and minimally attenuated by volitional 

muscle activation. The minimal impact of QAF on strength and physical function is most 

likely due to that fact that most participants had low levels of activation failure at time of 

return-to-activity.

References

1. Chmielewski TL, Stackhouse S, Axe MJ, Snyder-Mackler L. A prospective analysis of incidence 
and severity of quadriceps inhibition in a consecutive sample of 100 patients with complete acute 
anterior cruciate ligament rupture. J Orthop Res. 2004; 22:925–930. [PubMed: 15304261] 

2. Creamer P, Lethbridge-Cejku M, Hochberg MC. Factors associated with functional impairment in 
symptomatic knee osteoarthritis. Rheumatology (Oxford). 2000; 39:490–496. [PubMed: 10852978] 

3. Fitzgerald GK, Piva SR, Irrgang JJ, Bouzubar F, Starz TW. Quadriceps activation failure as a 
moderator of the relationship between quadriceps strength and physical function in individuals with 
knee osteoarthritis. Arthritis Rheum. 2004; 51:40–48. [PubMed: 14872454] 

4. Griffin LY, Albohm MJ, Arendt EA, et al. Understanding and preventing noncontact anterior 
cruciate ligament injuries. The American journal of sports medicine. 2006; 34:1512. [PubMed: 
16905673] 

5. Hart JM, Pietrosimone B, Hertel J, Ingersoll CD. Quadriceps activation following knee injuries: a 
systematic review. J Athl Train. 2010; 45:87–97. [PubMed: 20064053] 

6. Hart JM, Turman KA, Diduch DR, Hart JA, Miller MD. Quadriceps muscle activation and 
radiographic osteoarthritis following ACL revision. Knee Surgery, Sports Traumatology, 
Arthroscopy. 2011; 19:634–640.

7. Hewett TE, Myer GD, Ford KR. Anterior cruciate ligament injuries in female athletes part 1, 
mechanisms and risk factors. The American journal of sports medicine. 2006; 34:299–311. 
[PubMed: 16423913] 

8. Hopkins JT, Ingersoll CD. Arthrogenic muscle inhibition: A limiting factor in joint rehabiliation. J 
Sport Rehab. 2000; 9:135–159.

9. Hoxie SC, Dobbs RE, Dahm DL, Trousdale RT. Total Knee Arthroplasty After Anterior Cruciate 
Ligament Reconstruction. The Journal of Arthroplasty. 2008; 23:1005–1008. [PubMed: 18534505] 

10. Hsieh C-J, Indelicato PA, Moser MW, Vandenborne K, Chmielewski TL. Speed, not magnitude, of 
knee extensor torque production is associated with self-reported knee function early after anterior 
cruciate ligament reconstruction. Knee Surgery, Sports Traumatology, Arthroscopy. 2014 Epub 
ahead of print (online published). 

11. Ingersoll CD, Grindstaff TL, Pietrosimone BG, Hart JM. Neuromuscular consequences of anterior 
cruciate ligament injury. Clinics in Sports Medicine. 2008; 27:383–404. [PubMed: 18503874] 

12. Irrgang JJ, Anderson AF, Boland AL, et al. Development and validation of the International Knee 
Documentation Committee subjective knee form. Am J Sports Med. 2001; 29:600–613. [PubMed: 
11573919] 

13. Keays SL, Bullock-Saxton J, Newcombe P, Keays AC. The relationship between knee strength and 
functional stability before and after anterior cruciate ligament reconstruction. J Orthop Res. 2003; 
21:231–237. [PubMed: 12568953] 

14. Kent-Braun JA, Le Blanc R. Quantitation of central activation failure during maximal voluntary 
contractions in humans. Muscle Nerve. 1996; 19:861–869. [PubMed: 8965840] 

15. Krishnan C, Williams GN. Factors explaining chronic knee extensor strength deficits after ACL 
reconstruction. J Orthop Res. 2011; 29:633–640. [PubMed: 21246615] 

16. LaStayo PC, Woolf JM, Lewek MD, Snyder-Mackler L, Reich T, Lindstedt SL. Eccentric muscle 
contractions: their contribution to injury, prevention, rehabilitation, and sport. The Journal of 
orthopaedic and sports physical therapy. 2003; 33:557–571. [PubMed: 14620785] 

Lepley and Palmieri-Smith Page 11

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Lepley AS, Ericksen HM, Sohn DH, Pietrosimone BG. Contributions of neural excitability and 
voluntary activation to quadriceps muscle strength following anterior cruciate ligament 
reconstruction. The Knee. 2014; 21:736–742. [PubMed: 24618459] 

18. Lepley LK, Wojtys EM, Palmieri-Smith RM. Combination of Eccentric Exercise and 
Neuromuscular Electrical Stimulation to Improve Quadriceps Function Post-ACL Reconstruction. 
The Knee. 2015; 22:270–277. [PubMed: 25819154] 

19. Lepley LK, Wojtys EM, Palmieri-Smith RM. Does Concomitant Meniscectomy or Meniscal 
Repair Affect the Recovery of Quadriceps Function Post-ACL Reconstruction? Knee Surg Sports 
Traumatol Arthrosc. 2014 Epud ahead of print (online published). 

20. Lewek M, Rudolph K, Axe M, Snyder-Mackler L. The effect of insufficient quadriceps strength on 
gait after anterior cruciate ligament reconstruction. Clin Biomech. 2002; 17:56–63.

21. Logerstedt D, Lynch A, Axe MJ, Snyder-Mackler L. Pre-operative quadriceps strength predicts 
IKDC2000 scores 6 months after anterior cruciate ligament reconstruction. The Knee. 2013:208–
212. [PubMed: 23022031] 

22. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence of anterior cruciate 
ligament and meniscus injuries: osteoarthritis. Am J Sports Med. 2007; 35:1756–1769. [PubMed: 
17761605] 

23. Lohmander LS, Ostenberg A, Englund M, Roos H. High prevalence of knee osteoarthritis, pain, 
and functional limitations in female soccer players twelve years after anterior cruciate ligament 
injury. Arthritis Rheum. 2004; 50:3145–3152. [PubMed: 15476248] 

24. Mall NA, Chalmers PN, Moric M, et al. Incidence and Trends of Anterior Cruciate Ligament 
Reconstruction in the United States. The American journal of sports medicine. 2014 Epud ahead of 
print online published. 

25. Otzel DM, Chow JW, Tillman MD. Long-term deficits in quadriceps strength and activation 
following anterior cruciate ligament reconstruction. Physical Therapy in Sport. 2014; 16:22–28. 
[PubMed: 24933688] 

26. Palmieri-Smith RM, Lepley LK. Quadriceps Strength Asymmetry Following ACL Reconstruction 
Alters Knee Joint Biomechanics and Functional Performance at Time of Return to Activity. Am J 
Sports Med. 2015; 43:1662–1669. [PubMed: 25883169] 

27. Palmieri-Smith RM, Thomas AC. A Neuromuscular mechanism of posttraumatic osteoarthritis 
associated with ACL injury. Exerc Sport Sci Rev. 2009; 37:147–153. [PubMed: 19550206] 

28. Palmieri-Smith RM, Thomas AC, Karvonen-Gutierrez C, Sowers MF. A clinical trial of 
neuromuscular electrical stimulation in improving quadriceps muscle strength and activation 
among women with mild and moderate osteoarthritis. Phys Ther. 2010; 90:1441–1452. [PubMed: 
20671100] 

29. Palmieri-Smith RM, Thomas AC, Wojtys EM. Maximizing quadriceps strength after ACL 
reconstruction. Clin Sports Med. 2008; 27:405–424. [PubMed: 18503875] 

30. Petterson SC, Barrance P, Buchanan T, Binder-Macleod S, Snyder-Mackler L. Mechanisms 
underlying quadriceps weakness in knee osteoarthritis. Med Sci Sports Exerc. 2008; 40:422–427. 
[PubMed: 18379202] 

31. Pietrosimone BG, Lepley AS, Ericksen HM, Gribble PA, Levine J. Quadriceps strength and 
corticospinal excitability as predictors of disability after anterior cruciate ligament reconstruction. 
Journal of Sport Rehabilitation. 2013; 22:1–6. [PubMed: 22951289] 

32. Pietrosimone BG, Park CM, Gribble PA, Pfile KR, Tevald MA. Inter-limb differences in 
quadriceps strength and volitional activation. Journal of sports sciences. 2012; 30:471–477. 
[PubMed: 22292430] 

33. Reinke EK, Spindler KP, Lorring D, et al. Hop tests correlate with IKDC and KOOS at minimum 
of 2 years after primary ACL reconstruction. Knee Surgery, Sports Traumatology, Arthroscopy. 
2011; 19:1806–1816.

34. Rice DA, McNair PJ. Quadriceps arthrogenic muscle inhibition: neural mechanisms and treatment 
perspectives. Semin Arthritis Rheu. 2010; 40:250–266.

35. Roos EM. Joint injury causes knee osteoarthritis in young adults. Curr Opin Rheumatol. 2005; 
17:195–200. [PubMed: 15711235] 

Lepley and Palmieri-Smith Page 12

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



36. Schmitt LC, Paterno MV, Hewett TE. The Impact of Quadriceps Femoris Strength Asymmetry on 
Functional Performance at Return to Sport Following Anterior Cruciate Ligament Reconstruction. 
J Orthop Sports Phys Ther. 2012; 42:750–759. [PubMed: 22813542] 

37. Sekiya I, Muneta T, Ogiuchi T, Yagishita K, Yamamoto H. Significance of the single-legged hop 
test to the anterior cruciate ligament-reconstructed knee in relation to muscle strength and anterior 
laxity. Am J Sports Med. 1998; 26:384–388. [PubMed: 9617400] 

38. Snyder-Mackler L, De Luca PF, Williams PR, Eastlack ME, Bartolozzi AR 3rd. Reflex inhibition 
of the quadriceps femoris muscle after injury or reconstruction of the anterior cruciate ligament. J 
Bone Joint Surg Am. 1994; 76:555–560. [PubMed: 8150823] 

39. Stackhouse SK, Dean JC, Lee SC, Binder-MacLeod SA. Measurement of central activation failure 
of the quadriceps femoris in healthy adults. Muscle Nerve. 2000; 23:1706–1712. [PubMed: 
11054749] 

40. Suter E, Herzog W, Bray R. Quadriceps activation during knee extension exercises in patients with 
ACL pathologies. J Appl Physiol. 2001; 17:87–102.

41. Tourville TW, Jarrell KM, Naud S, Slauterbeck JR, Johnson RJ, Beynnon BD. Relationship 
Between Isokinetic Strength and Tibiofemoral Joint Space Width Changes After Anterior Cruciate 
Ligament Reconstruction. Am J Sports Med. 2014; 42:302–311. [PubMed: 24275860] 

42. Urbach D, Awiszus F. Impaired ability of voluntary quadriceps activation bilaterally interferes 
with function testing after knee injuries. A twitch interpolation study. Int J Sports Med. 2002; 
23:231–236. [PubMed: 12015621] 

43. Urbach D, Nebelung W, Becker R, Awiszus F. Effects of reconstruction of the anterior cruciate 
ligament on voluntary activation of quadriceps femoris a prospective twitch interpolation study. J 
Bone Joint Surg Br. 2001; 83:1104–1110. [PubMed: 11764420] 

44. Williams GN, Buchanan TS, Barrance PJ, Axe MJ, Snyder-Mackler L. Quadriceps weakness, 
atrophy, and activation failure in predicted noncopers after anterior cruciate ligament injury. Am J 
Sports Med. 2005; 33:402–407. [PubMed: 15716256] 

Lepley and Palmieri-Smith Page 13

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



KEY POINTS

Findings

Physical function (self-reported and physical performance) was largely associated with 

quadriceps muscle strength and minimally attenuated by volitional muscle activation at 

an average of 7 months post ACL reconstruction for patients who passed specific 

returned to activity criteria.

Implications

After ACL reconstruction, rehabilitation should focus on utilizing interventions that 

address quadriceps weakness, as quadriceps strength is associated with patient oriented 

outcomes.

Caution

Muscle morphology was not assessed and participants in this study did not follow a 

standard program of rehabilitation. In addition, this study is limited to the time of return 

to activity and only to patients with a patellar tendon autograft.
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TABLE 1

Participants demographics

Sex (n)

Male=32

Female=20

Age (yrs) 20.7±5.3

Height (m) 1.74±0.11

Weight (kg) 77.3±16.4

Time post ACL reconstruction (months) 7.4±1.2

Returned to competitive sport (n)

Yes=35

No=17

Concomitant meniscal surgery (n)

ACL-only=32

ACL & meniscectomy=6

ACL & meniscal repair=14

Self-reported function (IKDC) 80.9±10.9

Physical performance (single leg hop distance, m) 1.36±0.36 (range: 0.69-2.15; limb symmetry index: 84.2±15.9)

Quadriceps isokinetic strength at 60°/sec (Nm/kg) 1.55±0.56 (range: 0.64-3.11; quadriceps index: 73.6±23.5)

Quadriceps Activation Failure (superimposed burst technique, CAR) 91.18±9.16 (range: 57.31-99.95)

Abbreviations: CAR, central activation ratio; IKDC, International Knee Documentation Committee Form

Values are means and standard deviations unless otherwise indicated
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TABLE 2

Bivariate correlations between participant demographics and quadriceps function and PCPF

PCPF

Sex ρ=-0.15, P=.27

Age ρ=-0.04, P=.78

Height r=-0.12, P=.42

Weight r=-0.34, P=.81

Concomitant meniscal surgery ρ=-0.14, P=.42

Quadriceps isokinetic strength at 60°/sec ρ=0.52*, P<.001

Quadriceps Activation Failure (superimposed burst technique, CAR) ρ=0.16, P=.20

Strength–by–QAF interaction ρ=0.52*, P<.001

Abbreviations: CAR, central activation ratio; QAF, quadriceps activation failure; PCPF, principal component score of physical function

*
P<.001
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TABLE 3

Regression analysis to explain variance in PCPF

Step Variable R2 ΔR2 P

All Participants

1 Quadriceps strength 0.23 0.23; P<.001 P<.001

2 Strength by-QAF interaction 0.30 0.07; P=.023 P<.001

Low QAF (CAR ≥ 90%)

1 Quadriceps strength 0.43 0.43; P<.001 P<.001

High QAF (CAR < 90%)

No significant predictors

Abbreviations: CAR, central activation ratio; QAF, quadriceps activation failure; PCPF, principal component score of physical function
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TABLE 4

Data for participants in QAF sub-group analysis

Low QAF (CAR ≥ 90%) High QAF (CAR < 90%)

Total N=34 N=18

Sex Male=23 Male=9

Female=11 Female=9

Age (yrs) 20.9±4.8 20.3±6.2

Height (m) 1.73±0.13 1.74±0.07

Weight (kg) 77.7±18.7 76.7±12.0

Time post ACL reconstruction (months) 7.4±1.1 7.5±1.2

Returned to competitive sport Yes=25 Yes=10

No=9 No=8

Concomitant meniscal surgery

ACL-only=22 ACL-only=10

ACL & meniscectomy=5 ACL & meniscectomy=1

ACL & meniscal repair=7 ACL & meniscal repair=7

Self-reported function (IKDC) 80.7±10.3 81.2±12.5

Physical performance (single leg hop 
distance, m)

1.41±0.37 (range: 0.69-2.15; limb symmetry 
index: 85.74±14.76)

1.28±0.32 (range: 0.74-1.93; limb symmetry 
index: 81.33±17.51)

Quadriceps isokinetic strength at 60°/sec 
(Nm/kg)

1.58±0.53 (range: 0.89-3.11; quadriceps 
index: 71.93±19.14)

1.49±0.61 (range: 0.64-3.10; quadriceps 
index: 76.99±30.54)

Quadriceps Activation Failure 
(superimposed burst technique, CAR)

96.37±2.88 (range: 90.72-99.95)* 81.39±8.96 (range: 57.31-89.63)

Abbreviations: CAR, central activation ratio; IKDC, International Knee Documentation Committee Form

Values are means and standard deviations unless otherwise indicated

*
P≤.001
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TABLE 5

Isokinetic and isometric strength data

Measure Quadriceps isokinetic strength at 60°/sec (Nm/kg) Quadriceps isometric strength at 90° flexion 
(Nm/kg)

All participants 1.54±0.56 (range: 0.64-3.11; quadriceps index: 
73.6±23.5)

2.38±0.72 (range: 1.19-4.39; quadriceps index: 
72.77±16.78)

Low QAF (CAR ≥ 90%, n=34) 1.58±0.53 (range: 0.89-3.11; quadriceps index: 
71.93±19.14)

2.58±0.74 (range: 1.22-4.39; quadriceps index: 
75.01±14.05)

High QAF (CAR < 90%, n=18) 1.49±0.61 (range: 0.64-3.10; quadriceps index: 
76.99±30.54)

2.00±0.53 (range: 1.19-3.00; quadriceps index: 
68.54±20.80)

Abbreviations: CAR, central activation ratio

Values are means and standard deviations unless otherwise indicated.
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