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Abstract

STUDY DESIGN—Cross-sectional study.

OBJECTIVES—To investigate the impact of quadriceps femoris (QF) muscle strength

asymmetry at the time of return to sport on self-reported function and functional performance of

individuals following anterior cruciate ligament reconstruction (ACLR).

BACKGROUND—Evidence-based QF strength guidelines for return-to-sport decision making

are lacking. Objective guidelines necessitate understanding the impact of QF strength deficits at

the time of return to sport on function and performance.

METHODS—Fifty-five individuals (mean age, 17.3 years) who were cleared for return to sport

following primary ACLR (ACLR group) and 35 uninjured individuals (mean age, 17.0 years) in a

control group participated in the study. QF strength (maximum voluntary isometric contraction)

was assessed, and the quadriceps index (QI) was calculated [(involved strength/uninvolved

strength) × 100%]. The ACLR group was further subdivided into 2 groups, based on the QI: high

quadriceps (QI of 90% or greater) and low quadriceps (QI of less than 85%). The International
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Knee Documentation Committee Subjective Knee Evaluation Form score was used to assess self-

reported function, and hop tests were used to assess functional performance. Multivariate analysis

of variance and hierarchical regression analyses were performed.

RESULTS—The individuals in the ACLR group were weaker, reported worse function, and

performed worse on hop tests compared to those in the control group (P<.05). The low-quadriceps

group demonstrated worse performance on the hop tests compared to the high-quadriceps group

and the control group (P≤.016). Hop test performance did not differ between the high-quadriceps

and control groups (P≥.14). QF strength predicted performance on the hop tests beyond graft type,

presence of meniscus injury, knee pain, and knee symptoms.

CONCLUSION—At the time of return to sport, individuals post-ACLR who had weaker QF (QI

of less than 85%) demonstrated decreased function, whereas those with minimal QF strength

deficits (QI of 90% or greater) demonstrated functional performance similar to uninjured

individuals. QF strength deficits predicted hop test performance beyond the influences of graft

type, presence of meniscus injury, knee pain, and knee symptoms.
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Anterior cruciate ligament (ACL) injury is a common and physically debilitating knee injury

for athletes that may cause functional deficits,21,34,40,65 increased risk of second ACL

injury,12,46,48,59 and long-term joint morbidity, such as early cartilage degeneration.32,33 For

the majority of individuals, ACL rupture results in loss of functional joint stability, for

which a reconstruction procedure is often recommended, particularly in those who wish to

resume high-level activities. Recent studies have reported that young individuals who return

to high-level activity following ACL reconstruction (ACLR) represent a high-risk

population for poor outcome. Within 2 years of primary ACLR, second-injury rates are as

high as 24% in young, active individuals who return to sport.46 A systematic review and

meta-analysis demonstrated the low return-to-sport rates following ACLR, with only 63%

resuming preinjury level of activity participation and 44% returning to competitive sport.1

Successful outcome and return to high-level activities following ACLR depend on

appropriate surgical and rehabilitation decision making. Historically, research efforts have

focused on assessment of variables that influence surgical outcome, such as graft choice,

placement, tensioning, and fixation techniques.4 Evidence-based-medicine guidelines for

rehabilitation progression and criterion-based clinical decision making are not well

documented, particularly for young, active individuals who desire to return to sport.

Clinical milestones related to return to sport after ACLR can be found in the literature, with

most authors advocating resolution of impairments and adequate functional

performance.2,10,14,18,63 However, these criteria are vague and rely on the treating clinician

for interpretation. More recently, “criterion” performance on objective measures of

impairment and functional status has been proposed; however, the suggested criterion value

indicative of readiness for sport participation varies widely and is not empirically based. For

example, the proposed criterion value for side-to-side differences in quadriceps femoris

(QF) muscle strength varies from deficits of 10% to 35%24,26,37,41,54,61 on the involved
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compared to the uninvolved side. The current literature lacks standard guidelines for return

to sport,26 which is further reflected by the persistent deficits noted in young individuals

with ACLR. Limb asymmetries in muscle strength53,65 and in performance38 and limb-

loading strategies during squatting,39,58 jumping, and landing15,19,42,43,45,64 are consistently

noted following return to high-level activity. The development of standardized, objective,

and evidence-based recommendations is crucial for the promotion of standards of care, the

optimization of activity performance, and the potential to minimize risk of future injury. The

development of such guidelines necessitates further understanding of the impact of

impairments on function and performance in this patient population.

Residual and persistent impairments are often cited as a limiting factor in return to preinjury

levels of function and activity.1 In particular, QF weakness is a primary impairment

following ACLR, and improvement of QF strength is an important factor in improving

functional outcomes.51 Substantial work showed that QF weakness is related to poor

functional outcomes following ACL injury9,28,57,67 and ACLR.11,24,47,66 Following ACLR,

restoration of QF strength is necessary to maximize functional ability, as the return to

functional activity is strongly correlated with the ability of the QF muscles to generate

force.13,31,65 Of significance, poor QF strength is implicated in asymmetrical limb-loading

strategies following ACLR.8 Studies to date have evaluated QF strength at specific time

points (eg, 3, 6, and 12 months) following ACLR; however, the clinical decision of

clearance for return to sport participation is a critical clinical time point. In an effort to

progress toward evidence-based guidelines for return-to-activity decision making,

understanding the impact of key impairments, such as QF strength deficits, at the time of

return to sport is imperative.

The purpose of this study was to investigate the impact of QF strength asymmetry at the

time of return to sport on self-reported function and the functional performance of athletes

following ACLR (ACLR group). The hypothesis tested was that the individuals in the

ACLR group would demonstrate QF strength deficits and reduced function compared to

uninjured participants serving as a control group. The second hypothesis tested was that,

within the ACLR group, larger QF strength deficits would be associated with reduced

function, and that QF strength deficits would predict function on performance-based tests

after controlling for graft type, presence of meniscus injury, knee pain, and knee symptoms.

METHODS

Participants

A total of 90 participants between 14 and 25 years of age were recruited from local

orthopaedic practices, physical therapy clinics, and the community from 2007 to 2011.

Participant demographic characteristics are shown in TABLE 1. Fifty-five individuals were

recruited for the ACLR group. Participants were included in this group if they had a

primary, unilateral ACLR, had completed their rehabilitation program, were cleared for

return to all high-level athletic activities by their surgeon and treating physical therapist, and

intended return to cutting and pivoting sports on a regular basis (50 hours or more per year).

Testing occurred within 4 weeks of return-to-sport clearance and all measures were obtained

during the same testing session by study personnel. Individuals with bone-tendon-bone,
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hamstring tendon, or allograft tissue grafts and those with meniscus repair or partial

meniscectomy at the time of ACLR were included in the study. Exclusion criteria were a

history of low back injury or either lower extremity injury or surgery (beyond ACL injury)

requiring the care of a physician in the past year, a concomitant ligament injury (beyond

grade 1 medial collateral ligament injury) in the involved limb, or being skeletally immature,

as identified by an ACLR procedure that was modified due to open epiphyseal plates in the

tibia or femur.

Thirty-five participants between 14 and 25 years of age were recruited from the community

to serve as a control group (TABLE 1). Individuals were included in the control group if

they reported no history of surgery in the low back or either lower extremity, no history of

injury requiring the care of a physician in the past year in the low back or either lower

extremity, and regular participation (50 hours or more per year) in cutting and pivoting

sports.

The involved (test) limb was identified as the injured limb for the ACLR group and was

randomly assigned for the control group. The study protocol was approved by the

Institutional Review Board of Cincinnati Children’s Hospital Medical Center, and all

participants (or guardians, when required) provided written, informed consent and assent.

Participants included in this analysis were part of an ongoing, prospective study of outcomes

following ACLR.

QF Isometric Strength Assessment

QF isometric strength was quantified with an isokinetic dynamometer (Biodex Medical

Systems, Inc, Shirley, NY) during a maximum voluntary isometric contraction (MVIC).

This procedure has been used to quantify QF torque in individuals with ACL injury and

reconstruction and has yielded reliable measurements.17,25,29,57,62 Subjects sat in the

dynamometer with the trunk fully supported, the hips flexed to approximately 90°, and the

knee flexed to 60°. The knee joint was aligned with the dynamometer axis, and the

dynamometer resistance pad was secured to the anterior aspect of the distal shank. The

pelvis and thigh were stabilized with straps. Real-time visual and verbal feedback was

provided during the test to ensure maximum effort by the participant. Following 1 practice

trial, 3 recorded maximum-effort trials (5 seconds in duration, separated by 15 seconds of

rest) were completed for each knee. In the ACLR group, the uninvolved side was always

tested first, and in the control group the order of testing was randomized. The peak torques

in footpounds (ft·lb) of the 3 trials were averaged, then normalized to body weight (kg).

Isometric QF peak torque values are routinely used to calculate asymmetry between the

involved and uninvolved limbs.17,25,29,57,62 The average normalized peak torque value for

each limb was used for further analysis and calculation of the quadriceps index (QI), as

calculated with

Equation 1

Subdivision of ACLR Group—To evaluate the influence of isometric QF strength on

function, the ACLR group was further subdivided into 2 strength groups: a high-quadriceps
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group (HQ) with a QI of 90% or greater, and a low-quadriceps group (LQ) with a QI of less

than 85%. Cutoff scores were based on studies that have utilized similar QF strength group

values in individuals with ACLR,29 research having indicated that a side-to-side difference

in peak QF force output of greater than 10% may reflect differences in the capacity of

muscle performance beyond measurement error,60 and commonly reported QF strength

values used as criteria to return athletes to sport.26,54 The sample-size estimate for detection

of differences in performance-based measures of function between participants with high

and low QIs was based on analysis of data from participants from a prior pilot study. Based

on these data, a sample size of 22 participants per group was required to achieve a power of

0.80, with an alpha level of .05 (mean ± SD difference in limb symmetry index [LSI]

between groups, 4% ± 4%). Of the 55 participants in the ACLR group, 23 were in the HQ

group, 24 were in the LQ group, and 8 had a QI between 85% and 89%. Strength group

comparisons were only made between the HQ (n = 23) and LQ (n = 24) groups, due to the

small group size of those with QIs of 85% to 89% (n = 8). All participants in the ACLR

group were included in all other analyses.

Measures of Function and Performance

Self-Report Measures—Self-reported function was assessed using the International Knee

Documentation Committee Subjective Knee Evaluation Form (IKDC), which is scored on a

0-to-100 scale, with 100 representing higher knee function.22 The IKDC score is a reliable

and valid measure of function in healthy individuals and in those following ACL injury.22,23

Knee pain and symptoms were measured with the Knee injury and Osteoarthritis Outcome

Score (KOOS),55,56 which assesses 5 dimensions (pain, symptoms, function in daily living,

function in sport and recreation, and knee-related quality of life) scored as separate and

independent subsets.55,56 The KOOS is a valid, reliable, and responsive measure.30,55,56 All

5 subsets were completed, but only the pain (KOOS pain) and symptoms (KOOS symptoms)

subsets were used for hypothesis testing. The pain subset assesses the frequency and amount

of knee pain experienced during activities of daily living (including walking, twisting/

pivoting, and negotiating stairs). The symptoms subset assesses the frequency of knee

symptoms such as swelling, grinding, catching, and stiffness. Each subset is scored

independently, and questions are scored on a 0-to-4 scale. Subset scores are transformed into

a 0%-to-100% score, with 100% representing no knee problems.

Performance-Based Measures—Four single-leg hop tests40 (FIGURE 1) were used as

performance-based measures of function. These hop tests are commonly used clinically and

have good measurement reliability in nonimpaired individuals and in those following

ACLR.5,6,16,50,52 The single-leg hop tests were performed in the following order: single hop

for distance (cm), triple hop for distance (cm), triple-crossover hop for distance (cm), and 6-

meter timed hop (seconds). Following a practice trial, participants completed 2 measurement

trials for each limb, tested in random order. The averages of the 2 trials for the involved and

uninvolved limbs were used for further analysis and to calculate an LSI for distance

measures

Equation 2
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and for the timed hop

Equation 3

The LSI is the most frequently reported criterion to quantify function with hop tests, with

scores of less than 100% indicating deficits of the involved limb.3,16

Statistical Analysis

Statistical analyses were performed with SPSS Version 19.0 (SPSS Inc, Chicago, IL).

Variables of interest were visually inspected for normal distribution with histograms, and

natural log transformations of dependent variables (IKDC score, KOOS pain score, KOOS

symptoms score, hop test scores) were performed prior to group comparisons. Participant

characteristics were compared between the ACLR and control groups, as well as between

the 2 ACLR subgroups defined based on low and high QI, using multivariate analysis of

variance (significance, α≤.05).

To test the hypothesis that the ACLR cohort would demonstrate decreased function

compared to the control group, multivariate analysis of covariance was performed. The

independent variable of group (ACLR versus control) and the dependent variables of IKDC

score and hop test scores (LSI) were entered into the model. Multivariate analysis of

covariance was also performed on the involved and uninvolved hop test scores. Participant

age and sex were entered as covariates for both analyses.

To test the hypothesis that larger isometric QF strength deficits would be associated with

decreased function, multivariate analysis of covariance was performed. The independent

variable of group (HQ versus LQ versus control) and the dependent variables of IKDC score

and hop test scores (LSI) were entered into the model. Participant age and sex were entered

as covariates. To protect against type I error, Bonferroni correction was applied to post hoc

comparisons, yielding a significant alpha value (α≤.02).

To test the hypothesis that isometric QF strength would predict performance-based function

in the ACLR cohort, hierarchical regressions were used to evaluate the influence of graft

type, presence of meniscus injury, knee pain (KOOS pain), knee symptoms (KOOS

symptoms), and QI (independent variables) on single-leg hop scores (using LSI as the

dependent variable) that were found to be significantly different among the strength groups.

Hierarchical regression is an incremental approach to multiple regression, and the order of

input of the variables was determined a priori. Variables were entered into the model

separately, and the order was determined by the variables (excluding QI) thought to be most

influential on performance. QI was entered into the model last to assess its influence on hop

test scores after accounting for the influence of the other independent variables. As such, the

hypothesis tested was that QI would predict scores on the hop tests beyond the contributions

of graft type, presence of meniscus injury, knee pain, and knee symptoms. Multicollinearity

among the independent variables was checked with Pearson correlation analysis and the

variance inflation factor (less than 3), and it was determined that each independent variable

could be entered into the regression models.
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RESULTS

ACLR Group Versus Control Group Comparisons

The ACLR and control groups did not differ in terms of age (P = .59), height (P = .69), or

weight (P = .06) (TABLE 1). The ACLR cohort demonstrated significantly larger isometric

QF strength asymmetry compared to the control group (ACLR group mean ± SD QI, 84.6%

± 15.5%; control group mean ± SD QI, 100.8% ± 7.7%; F = 31.645; P<.001). On the IKDC

score, the ACLR cohort scored significantly lower than the control group (F = 37.500, P<.

001) (FIGURE 2). Performance-based function for the involved limb was also significantly

lower in the ACLR group, as greater asymmetry was noted on all 4 hop tests (P≤.03)

(FIGURE 3). The asymmetry for the 3 hop tests for distance was due to decreased

performance of the involved limb of those in the ACLR group compared to the test limb of

those in the control group (P≤.016). There were no differences in performance of the

uninvolved/nontest limb between the ACLR and control groups on the distance- and timed-

hop scores (P>.31). On the timed-hop test, the performance of the uninvolved limb for those

in the ACLR group was less than that of the nontest limb for those in the control group, but

the difference was not statistically significant (P = .059).

Strength Group Comparisons

The participants in the HQ, LQ, and control groups (TABLE 2) did not differ in terms of age

(P = .57), height (P = .74), or time from surgery to return to sport (P = .57). The participants

in the LQ group had the greatest weight compared to the HQ and control groups (P<.025)

(TABLE 2). Multivariate analysis of variance showed that the QI, IKDC score, and all hop

test symmetry scores were different among the 3 groups (P≤.007). As expected, based on

group assignments, post hoc tests showed that the LQ group had significantly greater

isometric QF strength asymmetry compared to the HQ and control groups (LQ mean ± SD

QI, 72.8% ± 14.7%; HQ mean ± SD QI, 96.7% ± 6.6%; control mean ± SD QI, 100.8% ±

7.7%; P<.001). There was no statistically significant difference in QI between the HQ and

control groups (P = .536). For the IKDC score, the control group scored significantly higher

than the HQ and LQ groups (P<.001) (FIGURE 2). Between the strength groups, the LQ had

a lower IKDC score than the HQ group (FIGURE 2), but this did not reach significance with

our corrected alpha level (P = .052). On all of the hop tests, there were no statistically

significant differences between the control and HQ groups (P≥.14). The LQ group

performed worse than the HQ and control groups for the single- and triple-hop tests (P≤.

016), and worse than the control group on the crossover- and timed-hop tests (P≤.003)

(FIGURE 3). On the crossover hop, the HQ group performed better than the LQ group, but

this did not reach statistical significance (P = .06) (FIGURE 3B).

Regression Analysis

The regression analyses were performed with the entire ACLR cohort (n = 55) for the 2 hop

tests that were different between the HQ and LQ groups (the single- and triple-hop tests).

Hierarchical multiple regression was used to assess the ability of the QI to predict

asymmetry on the hop tests, after controlling for graft type, presence of meniscus injury,

knee pain, and knee symptoms. For the single hop, knee pain (R2 change = 0.152, P = .007)

was a significant predictor of performance. Graft type (R2 change = 0.041, P = .178),
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presence of meniscus injury (R2 change = 0.021, P = .328), and knee symptoms (R2 change

= 0.052, P = .095) did not reach statistical significance as predictors. After controlling for

the influence of all of these variables, the QI was a unique and significant predictor of

single-hop test performance (R2 change = 0.141, P = .004). In the final model (R2 = 0.408),

the QI (β = .446, P = .004) was the only statistically significant predictor. Similar results

were found for the triple-hop test. Knee pain was a significant predictor (R2 change = 0.100,

P = .030) and, after controlling for the influence of pain and all other variables, the QI was a

significant predictor of performance (R2 change = 0.092, P = .029). In the final model (R2 =

0.280), the QI was the only statistically significant predictor of triple-hop test performance

(β = .360, P = .029).

DISCUSSION

The purpose of this study was to investigate the impact of QF strength at the time of return

to high-level sport activities on the function and performance of individuals following

ACLR. All participants in the ACLR group had been cleared for, and intended return to,

unrestricted participation in cutting and pivoting sports. The ACLR cohort was weaker and

demonstrated decreased function compared to the uninjured control group. Within the

ACLR cohort, greater QF strength deficits were associated with lower self-report and

performance-based measures of function. IKDC scores were lowest among individuals with

ACLR with the largest QF strength deficits (LQ group). Hop test scores also discriminated

functional ability, as those with the largest QF strength deficits (LQ group) performed worse

on the hop tests compared to the HQ and control groups. Furthermore, confirming our

hypothesis, QF strength deficits predicted performance-based function even after the

contributions of graft type, presence of meniscus injury, knee pain, and knee symptoms. To

our knowledge, this is the first report of QF strength impairments and function specifically

at the time of return to sport in individuals following ACLR. The decision to return to sport

is a critical point in the rehabilitation and medical decision-making process. Clearance for

return to sport indicates the medical and rehabilitation team’s confidence in the readiness of

the individual to participate in activities that place a large, and sometimes unanticipated,

demand on knee joint structures and musculature, mainly the QF muscles. The results of this

study indicate that deficits in isometric QF strength negatively impact functional

performance. Whether the impact of QF strength deficits extends into the biomechanics of

the knee joint and movement patterns is the focus of our current work.

In the literature, clinical milestones and criterion performance related to return to sport vary

widely and typically involve vague criteria, such as resolution of impairments and adequate

functional performance.2,7,10,14,18,34,35,47,53,63,66 Our inclusion criteria specified inclusion

of individuals who were cleared for unrestricted participation in high-level activities;

however, the participants in our study demonstrated a range of abilities in terms of isometric

QF strength impairments and functional status. In the ACLR group, 44% demonstrated

strength deficits greater than 15% (QI range, 30%-84%). The variability of isometric QF

strength measures among those cleared for return to sport indicates lack of standard of care

in determination of readiness for sport participation. The findings of this study provide

evidence of the need to empirically develop objective, criterion-based QF strength

guidelines for return to sport after ACLR.
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Although this study was not designed to specifically delineate a criterion value for QF

strength and return-to-sport criteria, the results do indicate that isometric QF strength

deficits of greater than 15% negatively impact function and performance. The single-leg hop

tests used in this study were chosen because of their clinical utility to assess functional

performance capacity and dynamic neuromuscular control mechanisms in a controlled

manner during activities that challenge knee stability and mimic the greater demands

imposed on the knee during higher-level activity.16,27,28,57 Although many factors other

than muscle strength contribute to functional performance capacity, the results of this study

provide initial insight into QF muscle strength criterion values that may allow for optimal

performance during high-level activities that are indicators of sport performance. In the

literature, the most common recommendations for return to activity are side-to-side

differences of QF strength no greater than 10% to 15%,24,26,37,41,54 corresponding to QI

values between 85% and 90%. Our results indicate that individuals with a QI of 90% or

greater perform similarly to uninjured individuals. Future plans include further comparisons

of the function and performance of individuals in our study with a QI from 85% to 89%;

however, we were unable to do so in this study due to the small sample size of this group.

The discrimination of an appropriate QF strength criterion (QI of 85% versus QI of 90% or

another value) remains a focus of our ongoing work.

The current findings are consistent with previous studies reporting QF strength deficits at

similar and longer times following ACLR.7,34,53,65 At an average of 6.5 months (26 weeks)

following ACLR, Wilk and colleagues65 reported that 59% of their sample demonstrated

greater than 21% side-to-side QF deficits (a QI of 79% or less). Deficits in QF strength

persist after ACLR, as significant differences in QF muscle capacity have been reported at

an average of 18 and 22 months following surgery.7,34 At 2 years following surgery, Risberg

and colleagues53 reported greater than 15% QF deficit in over a quarter (28%) of their

sample. In the current study, the time of testing (time of return to sport) was an average of

6.9 months following ACLR. Our future analysis on this cohort from subsequent testing

sessions will provide insight as to whether these QF strength deficits will persist in our

sample, as was previously described in other studies.

The relationship between QF muscle strength and hop test scores is inconsistent among

previous works.16 Methodological differences among studies, such as sample characteristics,

time from ACLR, hop tests performed, and method of muscle performance, contributed to

the various findings. For the hop tests used in our study, fair to good correlations (r =

0.36-0.69) with QF strength have previously been reported.47,53,65 In this study, the unique

contribution of QF strength deficits to hop test scores was specifically assessed with

hierarchical regression analysis. In the regression, potential factors that could impact

performance, such as graft type, presence of meniscus injury, knee pain, and knee

symptoms, were accounted for in the analysis. There are other potential factors that may

influence performance on hop tests, which is indicated by the moderate R2 values resulting

from our analysis. Nonetheless, our results show the QI to be a unique and significant

predictor of performance on single- and triple-hop tests, even after controlling for graft type,

presence of meniscus injury, knee pain, and knee symptoms. Between the LQ and HQ

groups in this study, differences in distance-hop scores were apparent, whereas timed-hop
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scores were similar. This is consistent with previous work that has found the timed-hop test

to be less discriminatory of function compared to distance-hop tests.21,40 It is likely that the

demand on the QF muscle is less during the timed-hop test compared to the distance-hop

test. During the distance hops, individuals are instructed to “jump as far as possible and stick

the landing,” requiring them to land the hop “in control.” The combination of a maximum

concentric QF effort on take-off and the eccentric demand on the QF musculature to execute

a controlled landing is likely more discriminatory of QF strength ability. For the timed-hop

test, the hops occur in quick succession and it is likely that there is much less focal demand

on the QF muscles, and this may allow individuals with QF weakness to compensate with

other musculature.

Typically, muscles around the knee function to protect joint structures, such as articular

cartilage, by controlling joint motion and attenuating joint forces. When muscle strength is

compromised, movement patterns may be altered and excessive forces may be transferred

directly to the joint surfaces,36 which could promote cartilage damage. Limb asymmetries

during squatting, landing, and jumping activities15,19,39,42,43,45,58,64 and ensuing

compensation patterns observed in individuals with ACLR may be related to deficits in QF

strength.8 At this time, it is not known whether QF strength deficits demonstrated at the time

of return to sport are associated with altered movement patterns or long-term joint

morbidity. It is the focus of ongoing work in this subject cohort to evaluate the influence of

QF strength deficits on movement patterns and joint biomechanics.

Study Limitations

QF muscle strength performance is a commonly used clinical criterion related to return to

sport in individuals following ACLR. The importance of QF muscle performance in this

patient population and the absence of empirical information regarding clinical milestones for

return to sport prompted this study. There are many potential contributing factors beyond

QF muscle strength that impact function and performance, which the present study did not

address. A number of studies have indicated the importance of hip and trunk muscle strength

and activation for lower extremity control and knee biomechanics.20,46,49,68 Lack of

proximal muscle control has been implicated as a risk for both initial ACL injury20,49,68 and

second ACL injury following ACLR and return to sport.46 In this study, we did not analyze

the contributions of proximal muscle function to overall function and performance. It is

likely that consideration of both proximal muscle and QF muscle function is important in

guiding rehabilitation. The study sample of young, active individuals was specifically

chosen with regard to the prevalence of ACL injury within this demographic. However, the

results of this study provide insight into the impact of QF strength deficits on functional

performance, and consideration of the findings may be appropriate for a broader spectrum of

individuals following ACLR when establishing return to activity or physical therapy

discharge criteria. Consideration for the young, female athlete is appropriate, as recent

studies have reported sex differences in movement patterns and second injury following

ACLR in young athletes.44,45 The ratio of females to males between the ACLR and control

groups in this study was not similar, but sample size limited further analysis of the influence

of sex on our study. In this analysis, we accounted for sex as a covariate in our statistical
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models; however, the influence of sex on strength and limb asymmetries following ACLR in

young, active individuals remains a focus of our ongoing work.

CONCLUSION

In young, active Individuals at the time of return to sport following ACLR, QF strength

deficits were associated with decreased function and predictive of functional performance

beyond the influences of knee pain, knee symptoms, or graft type. Specifically, QF strength

deficits greater than 15% on the involved limb (QI of less than 85%) negatively affected

function and performance. Individuals with more symmetrical QF strength (side-to-side

differences of 10% or less and a QI of 90% or greater) demonstrate functional performance

similar to that of uninjured individuals. Further investigation of the impact of QF strength

deficits and other potential contributing factors on joint mechanics, sport performance,

reinjury, and long-term joint integrity is warranted.
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KEY POINTS

FINDINGS

At the time of return to sport, individuals post-ACLR have weaker QF muscles (QI of

less than 85%), report worse function, and perform worse on hop tests compared to an

uninjured control group and individuals post-ACLR who have a QI equal to or greater

than 90%. QF strength deficits predict hop test performance beyond the influences of

graft type, presence of meniscus injury, knee pain, and knee symptoms.

IMPLICATIONS

Despite being cleared for return to sport, QF weakness and functional deficits are

observed in young, active individuals following ACLR.

CAUTION

Due to the study design, specific recommendations for the QF strength criterion value for

return to sport cannot be made.
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FIGURE 1.
Performance of the single-leg hop tests (top), including the single hop for distance (cm),

triple hop for distance (cm), crossover hop for distance (cm), and 6-meter timed hop

(seconds). For the single-, triple-, and crossover-hop tests, the goal was to hop forward as far

as possible, while maintaining a controlled landing on the ipsilateral limb. For the timed-hop

test, the goal was to hop on the single limb, as quickly as possible, over a distance of 6 m.

For this study, 2 measurement trials were obtained for each limb, tested in random order,

and the average of the trials for each limb was used to calculate a limb symmetry index

(LSI) for distance-hop tests (Equation 2) and the timed-hop test (Equation 3). The bottom

panels show an example of a participant completing the single hop for distance. For the

single hop for distance, the participant starts in a single-limb stance position on the test limb

(A), moves into a semi-crouched position (B), utilizes upper extremity swing and test-limb

extension to propel forward (C), and hops forward as far as possible (D), to land on the same
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limb (E) and maintain control of the landing without loss of balance or contralateral foot

contact (F).
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FIGURE 2.
Scores on the International Knee Documentation Committee Subjective Knee Evaluation

Form, where higher scores indicate better function. (A) *ACLR group significantly less than

control group (P<.001). (B) *Control group significantly greater than both the HQ and LQ

groups (P<.001). Abbreviations: ACLR, anterior cruciate ligament reconstruction; HQ, high

quadriceps; LQ, low quadriceps.
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FIGURE 3.
Limb symmetry index scores on the single-leg hop tests, where scores below 100% indicate

deficits in the involved limb. (A) *ACLR group significantly lower than control group for

all 4 hop tests (P≤.03). (B) *LQ group significantly lower than HQ and control groups (P≤.

016). †LQ group significantly lower than control group (P<.003). Abbreviations: ACLR,

anterior cruciate ligament reconstruction; CH, crossover hop; HQ, high quadriceps; LQ, low

quadriceps; SH, single hop; TiH, timed hop; TrH, triple hop.
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TABLE 1
Participant Characteristics

ACLR Group (n = 55) Control Group (n = 35) P Value

Age, y* 17.3 ± 2.6 17.0 ± 2.3 .59

Height, m* 1.68 ± 0.09 1.68 ± 0.09 .69

Weight, kg* 69.7 ± 17.3 63.6 ± 13.7 .06

Sex, n …

 Female 40 22

 Male 15 13

Graft type, n …

 PT BTB 29 …

 Hamstring tendon 20 …

 Allograft 6 …

Level of sport participation, n (%) …

 Competitive collegiate 9 (16%) 13 (37%)

 Competitive middle/high school or club 43 (78%) 22 (63%)

 Recreational 3 (6%) 0 (0%)

Abbreviations: ACLR, anterior cruciate ligament reconstruction; PT BTB, patellar tendon bone-tendon-bone graft.

*
Data are mean ± SD.
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TABLE 2
Participant Characteristics by Strength Group

LQ Group (n = 24)* HQ Group (n = 23)†
Control Group

(n = 35) P Value

Age, y‡ 17.7 ± 3.1 17.4 ± 2.2 17.0 ± 2.3 .574

Height, m‡ 1.69 ± 0.11 1.68 ± 0.09 1.68 ± 0.09 .735

Weight, kg‡ 75.4 ± 20.2 64.1 ± 11.0 63.6 ± 16.1 .005§

Sex, n …

 Female 16 17 22

 Male 8 6 13

Graft type, n …

 PT BTB 18 6 …

 Hamstring tendon 4 14 …

 Allograft 2 3 …

Time from ACL reconstruction, mo‡ 6.7 ± 1.8 70 ± 1.5 … .570

Abbreviations: ACL, anterior cruciate ligament; HQ, high quadriceps; LQ, low quadriceps; PT BTB, patellar tendon bone-tendon-bone graft.

*
Individuals with a quadriceps index less than 85%.

†
Individuals with a quadriceps index greater than or equal to 90%.

‡
Data are mean ± SD.

§
LQ greater than HQ (P = .024); LQ greater than control (P = .008).
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