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OBJECTIVES—To use modified NFL Combine testing methodology to test for functional

deficits in athletes following anterior cruciate ligament (ACL) reconstruction following return to

sport.

BACKGROUND—There is a need to develop objective, performance-based, on-field assessment

methods designed to identify potential lower extremity performance deficits and related

impairments in this population.

METHODS—Eighteen patients (mean ± SD age, 16.9 ± 2.1 years; height, 170.0 ± 8.7 cm; body

mass, 71.9 ± 21.8 kg) who returned to their sport within a year following ACL reconstruction

(95% CI: 7.8 to 11.9 months from surgery) participated (ACLR group). These individuals were

asked to bring 1 or 2 teammates to serve as control participants, who were matched for sex, sport,

and age (n = 20; mean ± SD age, 16.9 ± 1.1 years; height, 169.7 ± 8.4 cm; body mass, 70.1 ± 20.7

kg). Functional performance was tested using the broad jump, vertical jump, modified long

shuttle, modified pro shuttle, modified agility T-test, timed hop, triple hop, single hop, and

crossover hop tests. A 1-way multivariate analysis of variance (MANOVA) was used to evaluate

group differences for dependent performance variables.

RESULTS—The functional performance measurements of skills requiring bilateral involvement

of both lower extremities showed no group differences between the ACLR and control groups (P>.

05). An overall group difference (P = .006) was observed for the combined limb symmetry index

(LSI) measures. However, the modified double-limb performance tasks (long shuttle, modified

agility T-test, and pro shuttle) were not, independently, sufficiently sensitive to detect limb deficits

in individuals with ACL reconstruction. Conversely, the LSI on the distance measures of the

single-limb performance tasks all provided moderate to large effect sizes to differentiate between

the ACLR and control groups, as the individuals who had ACL reconstruction demonstrated

involved limb deficits on all measures (P<.05). Finally, the LSI for the timed hop test was not

different between groups (P>.05).

CONCLUSIONS—These findings indicate that, while unilateral deficits are present in

individuals following ACL reconstruction, they may not be evident during bipedal performance or

during modified versions of double-limb performance activities. Isolation of the involved limb

with unilateral hopping tasks should be used to identify deficits in performance.

Keywords

anterior cruciate ligament; hop tests; knee; prevention

In the past 25 years, study of the anterior cruciate ligament (ACL) has resulted in nearly 10

000 scientific articles indexed on Medline that focus on the investigation of injury incidence,

mechanism of injury, surgical repair techniques, and rehabilitation of this important knee-

stabilizing ligament. Due to the significant detrimental effects of ACL injury in young

athletes, such as loss of entire seasons of sports participation and possible scholarship

funding, significantly decreased academic performance,9 long-term disability, and up to 105

times greater risk of radiographically diagnosed osteoarthritis,3 research efforts have focused

on optimization of interventions to improve outcomes following surgical reconstruction.

Reconstruction procedures consistently restore joint stability to the previous level, and

advances in graft reconstruction and fixation techniques have led to the development of

accelerated rehabilitation programs.46,47 These rehabilitation protocols include progression

through the acute, subacute, functional, and return-to-activity51 phases of rehabilitation.

Often, the focus is on the management of the acute and subacute phases, with relatively

stringent guidelines regarding progression of weight-bearing and range of motion (ROM),

and the selection of specific types of exercises. These guidelines and supervised therapy can

significantly improve the early post-surgical outcomes.14 In contrast, guidelines in the final
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phases of rehabilitation are typically more general, with more global categorizations of

appropriate exercises and progressions and the goal of transitioning the athlete following

ACL reconstruction from the ability to perform activities of daily living (ADL) to

proficiency with higher level sport-related activities.16,45,50,51 For instance, the typical ACL

reconstruction protocols lack objective guidelines to systematically transition the athlete’s

rehabilitation from activities focused on restoring techniques in uniplanar planned

movements to those that develop proficiency with multiplanar movements and ultimately

train mastery of dynamic neuromuscular control requiring power generation and

absorption.29

A significant goal of the final return-to-sport phase of rehabilitation is to functionally

progress and transition the athlete towards proficient performance of higher level sport-

related activities.16,45,50,51 The “release for full activity” is a potentially sensitive landmark

for the athlete who has a strong desire to return to immediate high-level sports participation.

Rehabilitation guidelines for appropriate transition and integration into high-level activities

are not well documented. For the treating clinician and recovering athlete, this phase of

rehabilitation is often further complicated by pressure from coaches, parents, and teammates

to accelerate the return-to-sport timeline. During this phase of rehabilitation, the treating

clinician must be especially cognizant of the potential gap between the athlete’s perceived

versus actual sports readiness, as subjective scores often do not correlate to quantified

function and strength scores in athletes with ACL injuries and reconstructions.30,32,42 In the

absence of objective measures that identify potential deficits,11 it may be difficult for

clinicians to justify continued sport restriction and to identify and address persistent

functional deficits related to the initial ACL injury or reconstruction.

The limiting of financial resources allocated to healthcare has increased the role of on-the-

field individuals in the progression and transition of athletes’ return to sport following ACL

reconstruction. As such, the reintegration of athletes into unrestricted sports participation is

often characterized by participation in progressively challenging on-field activities with the

team (eg, drills and technique training) under the guidance of the field clinician. These sport

reintegration activities emphasize proper technique, as well as performance training, to

prepare the athlete for unrestricted sport participation. However, the commonly used drills

and performance-based training activities, such as those performed in the NFL Combine, are

bilateral in their task demands, and the performance of bilateral drills and activities may

mask deficits of the involved lower extremity that persist into this phase of rehabilitation.

Following ACL reconstruction, deficits in the involved lower extremity persist long after

individuals return to full activity. Several studies document reduced functional scores,

asymmetries in performance-based measures of function, and deficits in quadriceps femoris

muscle strength after return to activity and up to 18 to 24 months following

reconstruction.2,18,19,39,41,52,53 Single-limb hop tests are often used to identify persistent

limb asymmetries in performance of higher level tasks, and deficits are quantified with a

limb symmetry index (LSI) [(involved side performance/uninvolved side performance) ×

100%].6,44 Deficits in performance on single-leg hop tests and quadriceps muscle strength

are often present in athletes following ACL reconstruction when they are cleared for

unrestricted sport participation.44 Impairments and performance limitations that persist in

the end stages of rehabilitation and beyond may be masked during on-field participation of

predominantly bilateral, performance-based tasks. As such, it is likely that athletes will

participate in the on-field sport reintegration stage of rehabilitation with persisting unilateral

deficits.

There is a need to develop objective, performance-based, on-field assessments designed to

identify potential lower extremity deficits in the late stage of rehabilitation following ACL
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reconstruction. In an attempt to fill this need, we developed a series of tests based on the

activities performed during the NFL Combine, which were modified to perform cutting and

shuffling movements in a unilateral manner. Performance tests were taken and modified

from the NFL Combine, as these activities are routinely used to assess and train performance

across many different sports and athletic levels.

The purpose of this study was to determine if existing bilateral tests can be modified to

expose unilateral lower limb deficits and to compare them to single-leg hop tests presently

used for this purpose. We hypothesized that the modified NFL Combine testing (modified

double-limb performance testing) and single-limb performance testing (single-leg hop tests)

would identify deficits in the involved limb of athletes following ACL reconstruction who

were cleared for unrestricted return to sport. We further hypothesized that athlete

performance on NFL Combine activities (double-limb performance testing) would show

performance equal to uninjured individuals.

METHODS

Participants

Eighteen individuals (mean ± SD age, 16.9 ± 2.1 years; height, 170.0 ± 8.7 cm; body mass,

71.9 ± 21.8 kg) who had undergone a unilateral ACL reconstruction (ACLR group) and

returned to their primary sport (football, soccer, basketball, or volleyball) within a year

following reconstruction (95% CI: 7.8 to 11.9 months from surgery) were recruited to

participate. Participants in the ACLR group were asked to bring 1 or 2 teammates with them

to serve as control group participants matched for activity level, sex, sport, and age (n = 20;

mean ± SD age, 16.9 ± 1.1 years; height, 169.7 ± 8.4 cm; body mass, 70.1 ± 20.7 kg).

Informed written consent was obtained from all participants (legal guardian if under 18

years of age) and approved by The Institutional Review Board of Cincinnati Children’s

Hospital Medical Center. After informed consent was obtained, height and weight were

measured and recorded. Participants were given a questionnaire to report their prior history

of knee injury, which was corroborated by a personal interview with the investigator.35

Concomitant injuries (eg, meniscal, other ligamentous, chondral) and specifics regarding

surgical procedure (eg, graft type) were documented but were not further analyzed in this

study.

Procedures

The current report provides an approach to applying objective field-testing methodology

with functional tests designed to identify lower extremity asymmetry and to demonstrating

the potential use of these tests as reliable measures. These data were collected in a large-

scale 1-day field setting designed to replicate NFL Combine testing procedures, though with

some additional modifications. Athletes were randomly assigned to 1 of the 9 testing

stations and proceeded through testing in a systematic manner. At each testing station, the

same researcher instructed participants in performing the appropriate test then demonstrated

its performance. If a task was not performed according to instructions or data could not be

recorded, the participant immediately stopped and rested. The participants in both groups

were athletes involved in running and cutting sports, with previous experience performing

activities similar to the demands of the tasks used for testing. Accordingly, proper test

performance was most often obtained after only 1 practice trial by each participant. Limb

testing order was counterbalance randomized. After each test station, participants were given

a minimum of 2 minutes’ rest and were encouraged to wait until they achieved full recovery

before testing the opposite limb or transferring to the next station.
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Double-Limb Performance Testing

Broad Jump—The broad jump distance was measured on a testing mat and recorded to the

nearest centimeter (FIGURE 1). Athletes were instructed to start with the toes of both feet

on a line and to use arm swing to leap forward as far as possible. Distance was measured

from the start line to where the closest body segment touched on the test mat. Athletes were

allowed 2 trials to achieve maximum broad jump distance to be recorded for analysis.

Vertical Jump—Vertical jump height was measured on an MX1 vertical jump trainer

(MXP Sports, Reading, PA) (FIGURE 2). Prior to the test, each participant’s overhead reach

was determined by having the participant reach directly overhead with both hands up

towards the ball, with the midline of the basketball aligned with the distal interphalangeal

joint of the right and left middle fingers. The participant was told to use a natural overhead

reach (no exaggerated superior rotation of the shoulder girdle). The digital readout of the

system was zeroed to subtract overhead reach from jump height and thus to provide actual

vertical displacement during the vertical jump testing. Each participant stood 30.5 cm

behind the midpoint of the MX1 ball attachment and performed a countermovement vertical

jump off both feet and grabbed the ball with both hands. The height of the MX1 was

adjusted to the maximum height from which the participant could grab the ball and maintain

grip on the ball until landing. The ball height was raised incrementally (2–5 cm), until the

athlete could not pull the ball down from a height after 3 successive trials. The highest

successful attempt was recorded. Prior authors have demonstrated countermovement vertical

jump testing to have a test-retest reliability of 0.993.48 We previously observed that adding a

goal provides a valuable extrinsic motivator to encourage maximal effort during the task.8

Modified Double-Limb Performance Testing

The T-test, pro shuttle, and long shuttle activities are used in field and NFL Combine

settings to determine timed performance on tasks related to sports that require quick starts,

dynamic changes in direction, and efficient movement. However, the standard performance

of each of these tests combines left and right directional changes. While this is functionally

ideal for individuals who require cutting from both sides, it is not as useful for evaluation

and comparison of potential unilateral deficits. Therefore, the tests were modified to isolate

cutting and shuffles in a unilateral manner.29

Modified Agility T-Test—The modified agility T-test (FIGURE 3) was developed from

the standard T-test to evaluate lower extremity side-to-side differences in cutting and

running maneuvers. The start limb for the modified agility T-test was counterbalance

randomized. The participant was initially guided through the course by the test

administrator, who emphasized the importance of performing a shuffling movement and not

running or using crossover steps during the lateral movement portions of the test. The

participants informed the investigators when they were ready to begin the test, and timing

gates were zeroed. Each athlete initiated movement at a self-selected time of readiness, and

timing began when any portion of the athlete’s body bisected the timing gate. All trials were

electronically timed with SPARQ XLR8 digital timing system (Nike Inc, Beaverton, OR).

After the participants felt they had an adequate rest (at least 2 minutes), the contralateral

direction was tested. The total time was recorded for each limb. One successful trial was

performed per limb, and the test run with shuffle push-off limb (the involved limb driving

push-off during the lateral shuffle) was categorized as the involved trial. We have previously

demonstrated that the modified T-test has good reliability in NFL Combine testing

methods.13

Modified Pro Shuttle—The pro shuttle was modified from the standard NFL Combine

testing to force the athlete to complete the task in each direction instead of self-selected
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preference only (FIGURE 4). The participant was initially guided through the task by the

test administrator, who emphasized the importance of performing a shuffling movement and

not running or using crossover steps during the lateral movement portions of the test. Each

athlete was instructed to begin in a 3-point stance, with either the right or left hand touching

the ground directly in front of, and in line with, the middle cone and the feet straddling the

line. The participant was instructed to initiate the movement with a self-selected starting

point. Timing began when hand pressure was no longer sensed by the timing pad. The

athlete’s movement was initiated in the left-hand direction if the left hand was touching the

ground, or in the right-hand direction if the right hand was touching the ground. Once

movement was initiated, the athlete was instructed to sprint to, and touch with the outside

hand, the cone 15 ft (4.57 m) from the middle, then to reverse direction, run to the opposite

cone 30 ft (9.14 m) away, and touch that line with the outside hand. To finish, the athletes

were instructed to reverse direction again and sprint through the electronic timing gate

(SPARQ XLR8 digital timing system) extending from the middle cone. After the

participants felt that they had an adequate rest (at least 2 minutes), they performed the

modified pro shuttle facing the opposite (180° from previous test) direction. The total time

was recorded to complete the task for each limb. One successful trial was performed per

limb, and the test run with initial shuffle push-off limb (the limb with ACL reconstruction

driving initial push-off) was categorized as the involved trial. The start limb for the modified

pro shuttle was counterbalance assigned.

Modified Long Shuttle—The long shuttle was modified from the NFL Combine long

shuttle to isolate the push-off limb during the activity (FIGURE 5). The start limb for the

modified long shuttle was counterbalance assigned. The participant was initially guided

through the course by the test administrator, who emphasized the importance of performing

a shuffling movement and not running or using crossover steps during the lateral movement

portions of the test. From a starting line, the participants were instructed to shuffle (without

crossover steps) 15 ft (4.57 m), to touch the line or over the line with their fingers, to sprint

back to the starting line touch point, then to shuffle (without crossover steps) to the 30-ft

(9.14 m) touch point and sprint back to start touch point, and finally to shuffle (without

crossover steps) to the 45-ft (13.72 m) touch point and sprint back, breaking through the

electronic timing gate. Athletes were required to bend down and touch the line at each 15-,

30- and 45-ft interval, for a total of 5 line touches. After the participants felt they had an

adequate rest (at least 2 minutes), they performed the modified long shuttle facing the

opposite direction (180° from previous test). The total time was recorded to complete the

task for each limb. The limb that was isolated during the shuffle push-offs was categorized

as the testing side during the trials. One successful trial was performed per limb.

Single-Limb Performance Testing

Single Hop for Distance—The athlete’s starting position for this maneuver was a semi-

crouched position on the single limb being tested. The athlete was instructed to initiate the

hop by swinging the arms forward, simultaneously extending at the hip and knee, and

hopping forward as far as possible while being able to land safely on the same limb. A

stabilized, 1-second landing on the hop limb was required for a successful trial (FIGURE

6A). Of the 2 trials, that with the greatest distance was used for further analysis. Testing was

performed for both limbs, and the first limb tested was determined with counterbalance

randomization. Distance was measured to the nearest centimeter on a standard measuring

tape affixed to the floor.

Crossover Hop for Distance—The starting position for this maneuver was with the

athlete in a semi-crouched position on the single limb being tested. The athlete was

instructed to initiate the hop by swinging the arms forward and hopping forward as far as the
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athlete could and land safely on the same foot but on the opposite side of the line medial to

the stance limb. Athletes were instructed to immediately redirect into 2 subsequent forward-

directed hops, crossing over the midline with each hop. The final landing on the hop limb

was required to be stabilized and held for 1 second to be recorded as a successful trial

(FIGURE 6B). The trial with the greatest distance out of 2 trials was used for further

analysis. Both limbs were tested, with the first limb to be tested determined by

counterbalance randomization. Distance was measured to the nearest centimeter on a

standard measuring tape affixed to the floor.

Triple Hop for Distance—The starting position for this maneuver was a semi-crouched

position on the single limb being tested. The athlete was instructed to initiate the hop by

swinging the arms forward, while hopping forward as far as possible and safely landing on

the same limb, and to immediately redirect into 2 subsequent hops, holding the third landing.

The final landing on the hop limb had to be stabilized and held for 1 second to be recorded

as a successful trial (FIGURE 6C). The trial with the greatest distance out of 2 trials was

used for further analysis. Testing was performed for both limbs, and the limb tested first was

determined with counterbalance randomization. The distance was measured to the nearest

centimeter on a standard measuring tape affixed to the floor.

Six-Meter Timed Hop—The starting position for this maneuver was with the athlete in a

semi-crouched position on the single limb being tested. The athlete began with the toe on the

start transmitter. Timing began when toe pressure was removed and ended when the athlete

interrupted the infrared beam at the distance of 6 m from the starting line. The athlete was

instructed to hop on the single limb as fast as possible to reach the finish line. The fastest

time of 2 successful trials measured using the Speed Trap II timing system (Brower Timing

Systems, Draper, UT) (FIGURE 6D) was used for data analysis. Testing was performed for

both limbs, and the limb to be tested first was determined with counterbalance

randomization.

Statistics

Two separate 1-way multivariate analyses of variance were employed to investigate the

group differences (ACLR versus control) for the double-limb performance measures and

LSI measures for the modified double-limb and single-limb performance tests. LSI for the

distance performance measurements was calculated as the ratio of the value for the involved

side, divided by the value for the uninvolved side, multiplied by 100; LSI for the timed

performance measurements was calculated as the ratio of the value for the uninvolved side,

divided by the value for the involved side, multiplied by 100. LSI values are, therefore,

expressed in percentages, with a score lower than 100% indicating a deficit (less distance

covered or more time used) of the involved side. The dominant limb was determined by

asking the participants which leg they would use to “kick a ball as far as possible.” The

involved limb of individuals in the ACLR group was matched to the nondominant limb of

individuals in the control group. Preliminary assumption testing was performed to check for

univariate and multivariate outliers, normality, and multicollinearity, with no serious

violations noted. Statistical analyses were conducted in SPSS Version 18.0 (SPSS Inc,

Chicago, IL). Statistical significance was established a priori at P<.05.

RESULTS

The participants in the ACLR group were not different from those in the control group for

age, height, and mass (P>.05). TABLES 1 and 2 present the absolute performance scores,

split by group for the male and female participants. The double-limb performance tests

showed no group differences between ACLR and control groups (P>.05). The ACLR group
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demonstrated a mean ± SD countermovement vertical jump maximum height of 40.1 ± 11.3

cm, compared to 41.3 ± 7.2 cm for the control group (P>.05). The broad jump distance was

also similar between the ACLR (176.3 ± 34.0 cm) and control (169.7 ± 28.3 cm) groups

(P>.05).

A separate 1-way multivariate analysis of variance was employed to investigate the group

(ACLR versus control) differences in LSI measures for the 7 tests categorized as either

modified double-limb performance tasks or single-limb performance tasks. There was a

statistically significant main effect for group for the combined dependent variables (P = .

006), with a large effect size observed (partial eta-squared, 0.458). Upon evaluation of the

results for each of the LSI measures, a distinct group difference was noted for the single-

limb performance tests, while the modified double-limb performance tasks were not

sufficiently sensitive to detect limb deficits in individuals after ACL reconstruction.

Specifically, the LSI for the long shuttle, modified agility T-test, and pro shuttle were not

different between ACLR and control groups (P>.05), with very small effect sizes to

differenti-ate between groups (partial eta-squared values lower than 0.05).

The LSI for single-limb tests indicated significant deficits in the ACLR group. The LSI for

the single hop test was 92% in the ACLR group, compared to 100% in the control (P<.001)

group, with a large effect size (partial eta-squared, 0.36). The triple hop LSI was

significantly lower (P<.001) in the ACLR group (91%) compared to the control group

(100%), with a large effect size (partial eta-squared, 0.31). Similar results were found for the

crossover hop LSI (ACLR, 92%; control, 97%; P = .03), with a moderate effect size (partial

eta-squared, 0.13). Finally, the LSI for the timed hop test was not different between groups

(ACLR, 96%; control, 100%; P>.05), with a small to moderate effect to determine group

differences (partial eta-squared, 0.06).

DISCUSSION

Asymmetries in limb performance during athletic tasks may be potential risk factors for

lower extremity injury, particularly second ACL injury, and should be minimized prior to

return to sport following ACL reconstruction.38 All stages of rehabilitation following ACL

reconstruction should attempt to identify and minimize these limb asymmetries, not only

with strength but with performance of athletic maneuvers. Side-to-side asymmetries are

evident during drop landing4 and drop vertical jump34 in patients following ACL

reconstruction for up to 2 years. Athletes who demonstrate side-to-side differences in

biomechanical measures during a drop vertical jump are at increased risk of ACL injury,

when compared to those with more symmetrical lower extremity biomechanics.12 A 5-year

follow-up for a cohort with asymmetrical limb-to-limb biomechanics related to their initial

injury also demonstrated a very high rate of secondary injury (44%).12

Following ACL reconstruction, patients frequently demonstrate asymmetrical force

distribution in the lower extremities when performing high-level tasks such as landing5 and

less dynamic tasks such as squatting.31 Neitzel et al27 demonstrated that, during squatting,

individuals with ACL reconstruction were unable to balance side-to-side loading equal to

that of controls until 12 to 15 months following surgery. The individuals with ACL

reconstruction demonstrated side-to-side deficits between 33% and 48% at 1.5 to 4 months

postsurgery and deficits between 21% and 28% at 6 to 7 months postsurgery. Asymmetrical

limb loading is likely influenced by side-to-side imbalances in muscular strength, flexibility,

and coordination, all of which may be important predictors of increased injury risk.1,12,15

Knapik et al13 demonstrated that side-to-side balance in strength and flexibility is important

for the prevention of injuries, and that athletes are more injury prone when asymmetries are

present. Baumhauer et al1 also found that individuals with muscle strength imbalances
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exhibited higher incidence of injury. Paterno and colleagues33 reported that, after an athlete

is released to return to sport post ACL reconstruction, altered neuromuscular control of the

hip and side-to-side asymmetry in knee joint recruitment during a dynamic landing task are

predictors of a second ACL injury.37 Side-to-side asymmetries may increase injury risk for

both limbs. Overreliance on the uninvolved limb can put greater stress and torques on that

knee, while the involved limb may be at risk due to an inability of the musculature to

effectively absorb the high forces associated with sporting activities. Considering the

potential for side-to-side biomechanical differences to increase risk for subsequent ACL

injury, identification of limb asymmetries and appropriate intervention are necessary prior to

reintegration into sport competition.

While the standard T-test, pro shuttle, and long shuttle are basic criteria for the assessment

of sports-related agility,10,38,49 they may not adequately measure side-to-side differences,

due to the equalization of cutting directions in performance of the test. For this reason, we

modified these agility measures to increase reliance on a single limb during the task. We

hypothesized that this modification would identify the differences between an athlete’s

involved and noninvolved sides better than the standard tests used to assess sports-related

agility. Despite the modifications, we did not find asymmetries during these tasks. It may be

that despite the modifications, the repeated bilateral nature of the tasks may allow the

uninvolved limb to mask deficits of the involved lower extremity that were evident from the

single-limb task testing. These data indicate that these types of modifications to bilateral

agility tasks may not be adequate to identify involved limb deficits of the magnitude seen in

this group of athletes.

Isolated single-limb performance tasks, such as the single-leg hop tests used in this study,

may provide a critical component to field-based functional performance testing to identify

persistent deficits in lower limb performance, including deficits in functional power, force

attenuation, and postural stability. Specifically, single-leg hop tests, such as the single hop

for distance, triple hop for distance, and crossover hop for distance, demonstrated potentially

significant functional deficits in athletes released to full sport reintegration. The ability to

generate and maintain isolated single-limb power is important during single-limb cutting

maneuvers in sport. Also, improved ability to attenuate force on a single limb and the

regeneration and redirection of motion may be relevant to reducing in injury risk in various

single-limb actions in sports.17,22,32 Specifically, athletes who use a landing strategy

characterized by decreased knee flexion may increase out-of-plane loads, increase ground

reaction forces, and subject their limb to abrupt bone-to-bone stress at the knee.20,25 This

may be evident in increased landing forces and could be a result of decreased thigh muscle

strength.17 If tasks that isolate single-limb performance are sensitive to involved limb

deficits, then these athletes may be targeted with neuromuscular training that increases hip

and thigh muscle strength,21,26 improves postural stability,35 and increases single-limb force

generation and attenuation.22,26 In addition, neuromuscular training can also reduce side-to-

side deficits in single-limb force attenuation,22 which may provide the ultimate benefit to

athletes who have had ACL reconstruction and desire return to sport.27

Following ACL reconstruction, the athletes who participated in this study demonstrated

greater limb asymmetry on the performance of single-limb tasks compared to control

participants. These findings are similar to those of our previous research in athletes

following ACL reconstruction at the time of return to sport. We identified significant limb

asymmetries in performance during single-limb hop tests and in knee joint mechanics during

a bilateral landing-jump task.43,44 Munro and colleagues reported that the current hop tests

provided reliable scores for use with subjects in a clinical or team sport environment. In

addition, based on their normal subjects’ scores of greater than 90% LSI on all 4 hop tests,

they recommend that a minimum limb symmetry value of greater than 90% be utilized
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during rehabilitation and conditioning rather than previously recommended 85%.21 The

current results support the possibility that the 85% LSI criterion may not be sufficiently

sensitive to capture residual deficits in athletes following ACLR.

Residual biomechanical and neuromuscular deficits may increase reinjury risk during early

sports reintegration. However, we do not know the criterion performance values that would

lead to increased risk of injury following ACL reconstruction. Although limb asymmetries

were identified, 1 of the limitations of these types of tasks (single hop, triple hop, etc) is the

inability to account for overall quality of movement (dynamic valgus, decreased knee

flexion, altered trunk mechanics, etc) while performing these tasks. Clinic-based

assessments that also evaluate quality of movement may be beneficial to include in

assessment of athletes who wish to return to sport and should be further investigated to

validate their utility for use in criterion-based return-to-sport guidelines.7,24,25,29,40

CONCLUSION

Single-limb tasks identified significant residual deficits in individuals who had been allowed

full unrestricted return to sport following ACL reconstruction. Modification of bilateral limb

tasks with tests focused to isolate single-limb performance did not provide enough

sensitivity to identify these deficits. The development of sensitive test protocols that can be

incorporated into bilateral, field-based movement patterns should be further investigated.
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KEY POINTS

FINDINGS

Single-limb tasks identified significant residual deficits in individuals allowed full

unrestricted return to sport following ACL reconstruction. Modification of bilateral limb

tasks with tests focused to isolate single-limb performance did not provide sufficient

sensitivity to identify these deficits.

IMPLICATIONS

The unilateral functional deficits identified in patients following ACL reconstruction in

the current study may place them at greater risk of reinjury.

CAUTION

There may be other combinations of single- and double-limb tasks that will help to

further quantify functional deficits following ACL reconstruction. These measurements

may not measure the quality of movement (eg, lower limb alignment) during these

challenging tasks, which may also be predictive determinants of second injury following

ACL reconstruction.
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FIGURE 1.
Broad jump test.
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FIGURE 2.
Standing vertical jump test and measurement.
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FIGURE 3.
Modified agility T-test.
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FIGURE 4.
Modified pro shuttle.
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FIGURE 5.
Modified long shuttle.
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FIGURE 6.
Hop tests.
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TABLE 1

Mean Absolute Scores on the Tests for Male Participants*

Test/Participant Group Control ACLR

Vertical jump, cm 49.3 (15.3, 23.5) 49.9 (14.8, 24.5)

Broad jump, cm 201.4 (66.4, 92.2) 213.0 (63.6, 104.2)

Long shuttle, s†

 Uninvolved/dominant† 8.7 (8.0, 9.3) 8.7 (7.0, 10.4)

 Involved/nondominant‡ 8.5 (7.6, 9.4) 8.7 (6.9, 10.5)

MAT, s

 Uninvolved/dominant† 10.0 (8.7, 11.3) 10.3 (8.0, 12.6)

 Involved/nondominant‡ 10.1 (8.5, 11.6) 10.4 (7.2, 13.6)

Pro shuttle, s

 Uninvolved/dominant† 5.2 (5.0, 5.5) 5.3 (4.4, 6.3)

 Involved/nondominant‡ 5.3 (5.2, 5.4) 5.2 (4.0, 6.5)

Single hop, cm

 Uninvolved/dominant† 194.3 (158.0, 230.5) 197.3 (142.0, 252.5)

 Involved/nondominant‡ 199.2 (166.8, 231.7) 184.9 (108.4, 261.4)

Triple hop, cm

 Uninvolved/dominant† 539.0 (387.4, 690.5) 541.8 (300.3, 783.2)

 Involved/nondominant‡ 546.8 (422.1, 671.5) 513.3 (230.9, 795.6)

Crossover hop, cm

 Uninvolved/dominant† 504.4 (360.2, 648.6) 499.0 (245.0, 753.0)

 Involved/nondominant‡ 496.8 (377.2, 616.4) 468.5 (177.6, 759.4)

Timed hop, s

 Uninvolved/dominant† 2.5 (2.0, 3.0) 2.4 (1.7, 3.0)

 Involved/nondominant‡ 2.4 (2.0, 2.9) 2.6 (1.1, 4.1)

Abbreviations: ACLR, individuals following unilateral anterior cruciate ligament reconstruction; MAT, modified agility T-test.

*
Values are mean (95% confidence interval).

†
Uninvolved side for those in the ACLR group and dominant side for those in the control group.

‡
Involved side for those in the ACLR group and nondominant side for those in the control group.
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TABLE 2

Mean Absolute Scores on the Tests for Female Participants*

Test Control ACLR

Vertical jump, cm 38.6 (14.3, 16.2) 35.9 (12.1, 16.1)

Broad jump, cm 159.1 (58.2, 67.1) 160.7 (58.3, 68.2)

Long shuttle, s

 Uninvolved/dominant† 9.1 (8.6, 9.6) 9.4 (8.9, 9.8)

 Involved/nondominant‡ 9.1 (8.7, 9.5) 9.3 (8.9, 9.7)

MAT, s

 Uninvolved/dominant† 10.5 (10.0, 11.0) 10.8 (10.1, 11.5)

 Involved/nondominant‡ 10.4 (9.9, 10.9) 10.8 (10.2, 11.5)

Pro shuttle, s

 Uninvolved/dominant† 5.8 (5.5, 6.0) 5.7 (5.5, 5.9)

 Involved/nondominant‡ 5.6 (5.4, 5.8) 5.7 (5.5, 5.9)

Single hop, cm

 Uninvolved/dominant† 169.7 (160.6, 178.8) 172.6 (162.3, 182.8)

 Involved/nondominant‡ 168.1 (159.3, 176.9) 157.6 (143.3, 171.9)

Triple hop, cm

 Uninvolved/dominant† 469.2 (444.0, 494.3) 485.8 (444.9, 526.6)

 Involved/nondominant‡ 464.1 (440.8, 487.5) 434.1 (387.2, 481.0)

Crossover hop, cm

 Uninvolved/dominant† 438.8 (418.5, 459.2) 434.0 (399.5, 468.6)

 Involved/nondominant‡ 424.6 (400.1, 449.2) 397.5 (354.0, 441.1)

Timed hop, s

 Uninvolved/dominant† 2.5 (2.4, 2.6) 2.5 (2.3, 2.7)

 Involved/nondominant‡ 2.5 (2.3, 2.7) 2.6 (2.4, 2.8)

Abbreviations: ACLR, individuals following unilateral anterior cruciate ligament reconstruction; MAT, modified agility T-test.

*
Values are mean (95% confidence interval).

†
Uninvolved side for those in the ACLR group and dominant side for those in the control group.

‡
Involved side for those in the ACLR group and nondominant side for those in the control group.
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TABLE 3

Mean Limb Symmetry Index Scores on the Tests for All Participants*

Test Control ACLR

Long shuttle 101 (98, 103) 101 (99, 103)

MAT 101 (98, 103) 100 (97, 102)

Pro shuttle 102 (99, 105) 99 (96, 103)

Single leg hop 100 (98, 103) 92 (89, 95)

Triple hop 100 (97, 103) 91 (88, 94)

Crossover hop 97 (94, 101) 92 (89, 95)

Timed hop 100 (96, 104) 96 (91, 100)

Abbreviations: ACLR, individuals following unilateral anterior cruciate ligament reconstruction; MAT, modified agility T-test.

*
Values are mean (95% confidence interval).
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