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Background

Limitations exist with current ACLR functional testing assessments that may be
mitigated by including single-leg multi-directional testing.

Hypothesis/Purpose

To compare Anterior Cruciate Ligament-Return to Sport after Injury Scale (ACL-RSI)
scores, limb symmetry index (LSI) of the single-leg vertical jump (SLVJ), single-leg medial
rotation hop (SLMRH), single-leg lateral hop (SLLH), and isokinetic quadriceps strength
between participants with an ACLR and healthy controls and assess predictors of
quadriceps strength asymmetry. It was hypothesized that ACL-RSI scores and LSIs for all
tests would differ between ACLR and healthy control groups and within the ACLR group a
strong correlation would exist between all outcome measures and quadriceps strength.

Study Design

Cross-Sectional Study

Methods

Twenty-six participants with an ACLR (median 13 months after surgery) and twenty-six
matched healthy controls were recruited to participate in this study. Performance was
assessed via SLV], SLMRH, SLLH, and isokinetic quadriceps strength. Between-group
comparisons were made with independent t-tests and Mann-Whitney U test. Within the
ACLR group, bivariate correlation and multivariate regression analysis were performed to
assess the relationship between the outcome measures and quadriceps strength

asymmetry.
Results

Significant between-limb differences were only identified in the ACLR group (p< 0.05):
SLV] LSI: 88.5%, SLMRH LSI: 93.6%, SLLH LSI: 92.7%, quadriceps strength LSI 80.9% -
83.9%, which were significantly lower (p <0.05) than the healthy control group. Within
the ACLR group, a moderate-strong significant (p < 0.05) correlations existed with
quadriceps strength and SLV] (r=0.44-0.65), SLMRH (r =0.43-0.83), and SLLH
(r=0.54-0.63); while ACL-RSI had a weak non-significant (p > 0.05) correlation with
quadriceps strength (r= 0.12-0.30).
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Conclusion

Single-leg multidirectional test LSIs were less in ACLR participants than matched healthy
controls and all were directly related to quadriceps strength. Psychological readiness to
return to sport was not related to quadriceps strength.

INTRODUCTION

Anterior cruciate ligament (ACL) tears are devastating in-
juries to both civilian athletes and military service mem-
bers.! Due to the physical occupation demands military ser-
vice members have a ten times greater incidence of ACL
injuries than the general population.2 Most athletes and
military service members with ACL tears elect to undergo
anterior cruciate ligament reconstruction (ACLR).3 Despite
evolving surgical procedures and post-operative rehabilita-
tion, 2 -38% of athletes rupture their ACLR graft,%® up to
19% have a contralateral ACL rupture,’ and only 55% return
to competitive sport.8 Military personnel have similar chal-
lenges as only 47% of service members return to full duty
status after an ACLR.?

A crucial decision point during ACLR rehabilitation is
determining when to return the athlete to sport or the ser-
vice member to full military duty. Numerous factors are in-
corporated into this decision including type of sport/mil-
itary occupation, prior medical history, and time from
surgery, as well as psychological readiness, strength, and
functional objective assessments.!0 These assessments are
essential as post-ACLR patients may have neuromuscular
deficits for years!112 and up to 24% of athletes do not re-
turn to sports due to fear of re-injury.13

Quadriceps strength is a standard post-ACLR assessment
with isokinetic dynamometer being the gold standard for
assessing quadriceps strength.l4 Athletes with symmetric
quadriceps strength after ACLR have a decreased injury
risk.15 As isokinetic dynamometers are expensive, clini-
cians frequently utilize field expedient single-leg sagittal
hops (SLSH) solely or in addition to quadriceps strength as-
sessments to quantify lower extremity strength and func-
tional asymmetry.16:17 Test results are typically displayed
as a ratio of the operated limb to the non-operated limb, re-
ferred to as a limb symmetry index (LSI). A commonly em-
ployed LSI cutoff is > 90% before an athlete may be cleared
to return to sports,!518 Nine months after ACLR surgery
quadriceps strength LSI can range from 37% to 93%.19-22
and SLSH LSI can range from 52% to 98%.19,22.23

Clinicians commonly utilize patient-reported outcomes
such as the Anterior Cruciate Ligament-Return to Sport Af-
ter Injury (ACL-RSI) to assess psychological return to sport
readiness after ACLR.24 The ACL-RSI has been explicitly de-
signed for and validated within an ACLR population4 with
scores >65 indicating a favorable prognosis to return to the
same level of sports two years after ACLR.25

Several limitations exist with the current ACLR func-
tional assessments. Only 23-43% of athletes pass the test
batteries post-ACLR and passing may not be associated
with lower re-injury rates.l” Furthermore, Webster et al.
reported an increased risk of a contralateral ACL injury
for those who passed return to sport testing.1® The com-
monly utilized SLSH may overestimate quadriceps strength

and lower extremity symmetry.19-21.26.27 Dye to high re-in-
jury rates, ambiguous validity of return to sport test bat-
teries, and individual test limitations, additional research is
needed to optimize ACLR functional assessments.

Recent research has suggested that multidirectional sin-
gle-leg testing such as the single-leg vertical jump (SLV]),
single-leg medial rotation hop (SLMRH), and single-leg lat-
eral hop (SLLH) warrant inclusion in ACLR return to sport
assessments. The SLV] has a greater association with
quadriceps strength than the SLSH,!1923 identifies func-
tional impairments in ACLR patients one year from
surgery,28 and correlates with the ACL-RSI.2% The SLMRH
can identify asymmetry in ACLR patients six months after
surgery.30 The SLLH can identify asymmetry in ACLR pa-
tients twelve months from surgery,3! and is associated with
quadriceps strength.32 It remains unknown whether all of
these single-leg multidirectional tests are associated with
validated confidence or quadriceps strength measures.

The purpose of this study was to compare ACL-RSI
scores and LSIs of the SLV], SLMRH, SLLH, and quadriceps
strength between two groups of United States Military
Academy (USMA) Cadets: those with an ACLR within 10
to 38 months and a healthy control group. The time from
ACLR was chosen to be consistent with previous research
conducted at our institute. The second aim was to examine
if relationships exist among quadriceps strength LSI and
ACL-RSI, and LSIs of the SLV], SLMRH, and SLLH in USMA
cadets with a recent ACLR. It was hypothesized that ACL-
RSI scores and LSIs for all tests would differ between the
ACLR and healthy control groups. It was also hypothesized
that within the ACLR group, a strong correlation would ex-
ist between quadriceps strength LSI and SLV] LSI, SLMRH
LSI, SLLH LSI, and ACL-RSI.

METHODS

STUDY DESIGN

This was a case-control study among United States Military
Academy (USMA) Cadets. A-priori power analysis using G
power software (Heinrich-Heine Universitdt, Diisseldorf,
Germany) indicated a necessary sample size of twenty-six
participants in both groups for the first aim (effect size =
0.7 from prior research conducted by the researchers’ in-
stitute,33 o = 0.05, power= 0.8, two-tailed). For the sec-
ond aim, twenty-six ACLR participants were required (ef-
fect size = 0.39 from prior research conducted by the
researchers’ institute,33 o = 0.05, four predictors, power =
0.8, two-tailed). The Naval Medical Center Portsmouth In-
stitutional Review Board approved this study. All partici-
pants provided written informed consent before data col-
lection.
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PARTICIPANTS

USMA Cadets with an ACLR prior to or after matriculation
to USMA were invited to participate. All participants in the
ACLR group had completed or were finishing their reha-
bilitation and were cleared for testing. ACLR group inclu-
sion criteria consisted of ages 18-27 years (17 years if an
emancipated Cadet), fluent in English, a history of a uni-
lateral ACLR within 10 to 38 months to be consistent with
prior research conducted at the researachers’ institute,33
and cleared by a medical provider to perform jump, hop,
and strength testing. Potential participants were excluded
if they had: a history of bilateral ACLR, any lower extrem-
ity surgery other than concomitant ACLR procedures (i.e.
meniscal repair), a lower extremity injury within the prior
six months, were currently pregnant, or had a medical con-
dition that would preclude them from participating.

Healthy control group members were matched based on
biological sex, height, weight, and collegiate athletic skill
level to the ACLR participants. Healthy control group inclu-
sion criteria consisted of ages 18-27 years (17 if an eman-
cipated Cadet) and fluent in English. Participants were ex-
cluded if they had: a history of a lower extremity injury
within six months, any lower extremity surgery, were cur-
rently pregnant, or had a medical condition that would pre-
clude them from participating.

PROCEDURE

Participants wore their own athletic clothes and athletic
shoes. All data were collected on a single visit. After con-
senting, all participants completed intake documentation:
demographic information, collegiate athletic skill level,
surgical information, and the ACL-RSI. Before testing, all
participants performed a warm-up on a stationary bicycle
for five minutes at a low, self-determined intensity.34 They
were also offered an optional non-standardized stretching
or foam rolling period of five minutes.34 Participants com-
pleted testing in a standardized order ([1] SLVJ, [2] SLMRH,
[3] SLLH, and [4] isokinetic quadriceps strength testing).
Before performing the SLV], SLMRH, and SLLH, the exam-
iner provided verbal instructions on how to perform the
task. Alternating between limbs, each participant per-
formed three practice repetitions per limb, and then three
successful trials per limb. Each test commenced with the
non-operated or non-dominant limb. The participant’s
dominant limb was defined by their preferred limb to kick a
ball.35 For the SLVJ, SLLH, and SLMRH a thirty-second rest
period was provided between test repetitions.3¢

ANTERIOR CRUCIATE LIGAMENT-RETURN TO SPORT
AFTER INJURY (ACL-RSI)

The ACL-RSI is a twelve-question questionnaire scored
from 0 to 100.37 Greater scores indicate a positive psy-
chological response for sport resumption following ACLR.24
Nine months after surgery, ACLR patients typically have an
ACL-RSI score of 50-7229:38 and scores <47 indicate a de-
creased likelihood of returning to sports.24.38

SINGLE-LEG VERTICAL JUMP (SLv])23

The SLV] was performed on the commercially available Just
Jump System (JPS, Probotics Inc, Huntsville, AL, USA). The
Just Jump system is a portable, inexpensive, valid, and re-
liable tool (intrasession intraclass correlation coefficient
[ICC]reliability of 0.90-0.92 compared to a three-camera
motion analysis system)3? that calculates jump height from
flight time between foot contacts.49 Participants were in-
structed to stand on a single-leg, perform a maximum
countermovement single-leg vertical jump, use their arms
when jumping, and land on the jumping leg. Tests were ex-
cluded and reperformed if the participant excessively flexed
their hips, any part of their foot landed off the mat, lost
their balance, or their hands or the contralateral limb
touched the floor.

SINGLE-LEG MEDIAL ROTATION HOP (SLMRH)30

The SLMRH is a reliable assessment (ICC reliability of 0.93-
0.95) of functional performance following ACLR.30 Partici-
pants were instructed to stand on a single-leg with the me-
dial aspect of their foot perpendicular to the direction of
travel, perform a maximum hop while rotating 90° in the
medial direction, allowing use of their arms when perform-
ing the hop, and land on the jumping leg. The distance was
measured from the medial aspect of the foot on the starting
line to the participant’s toes at landing. The test was ex-
cluded and reperformed if the participant lost their balance,
their hands or the contralateral limb touched the floor, or >
10° difference in the direction the participant’s foot should
be pointing.

SINGLE-LEG LATERAL HOP (SLLH)3!

The SLLH is also a reliable assessment (ICC reliability of
0.91-0.95)41 of functional performance after ACLR.3! Par-
ticipants were instructed to stand on a single-leg with the
lateral aspect of their foot perpendicular to the hop direc-
tion, perform a maximum single-leg lateral hop, use their
arms when performing the hop, and land on the jumping
leg. The distance was measured from the lateral aspect of
the foot on the starting line to the lateral aspect of the par-
ticipant’s foot at landing. The test was excluded and reper-
formed if the participants lost their balance, either of their
hands or the contralateral limb touched the floor, or > 10°
difference in the direction the participant’s foot should be
pointing.

QUADRICEPS ISOKINETIC STRENGTH TESTING

Maximum isokinetic strength testing was performed with
the Cybex HUMAC dynamometer Model 502140 (CSMi,
Stoughton, MA, USA) or Biodex dynamometer (Biodex
Medical Systems, Shirley, NY, USA). Both provide reliable
assessments of quadriceps strength and present similar val-
ues (ICC reliability 0.88-0.92).42 Participants were seated
and secured with straps over their torso and thigh, hips
flexed to approximately 90°, knees flexed to approximately
90°, femoral condyles of the tested limb aligned with the ro-
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tation axis of the torque meter, and straps over their legs.
For familiarization, the participants performed three sub-
maximal knee extension/flexion repetitions. Participants
rested for one minute after familiarization and between
each strength test which consisted of five maximum con-
secutive concentric contractions of knee extension and
flexion. Isokinetic strength was tested at angular velocities
of 60°, 180°, and 300° per second. Participants were pro-
vided with standardized vigorous verbal encouragement.

STATISTICAL ANALYSIS

The final analysis utilized the average score (height or dis-
tance) for each hop/jump test and the maximum peak
quadriceps torque for each isokinetic angular velocity.
Quadriceps torque was normalized to the participant’s body
mass. For ACLR participants, an LSI was calculated for each
test with the following formula%3:

LST aorp = Surgical Limb

x 100
Nonsurgical Limb

LSI was calculated for healthy participants with the follow-
ing formula for each test44:
Nondominant Limb

LSIHealthy Control = x 100

Dominant Limb

Normality was assessed using the Shapiro-Wilk test. The
group differences in demographic data, single-leg multidi-
rectional tests, ACL-RSI, and quadriceps strength were an-
alyzed using chi-square, Fischer’s exact test, independent
t-test, or Mann-Whitney U test with two tails. Pearson’s
product correlation coefficients were calculated to inves-
tigate association between time from surgery and all LSIs
for SLV], SLMRH, SLLH, and quadriceps strength. Spear-
man correlation was calculated to investigate association
between the ACL-RSI and the strength and functional as-
sessments. The strength of associations was determined as
weak: < 0.3, moderate: > 0.3 to < 0.5: and strong > 0.5.4°
A priori, it was determined to enter each independent vari-
able (ACL-RSI, SLV] LSI, SLMRH LSI, and SLLH LSI) with
the dependent variable being quadriceps strength (for each
angular velocity) into multivariable backward stepwise lin-
ear regression models. Multicollinearity and model diag-
nostics were assessed for each final model. a = 0.05 was
used for all statistical tests. All statistical analyses were
performed with SPSS software (version 28.0.1.1 for Win-
dows; SPSS, Chicago, IL, USA).

RESULTS

Participant characteristics are presented in Table 1. No sig-
nificant differences were found in biological sex, collegiate
athletic skill, age, height, weight, and body mass index be-
tween the ACLR and healthy control groups. The median
time from surgery for the ACLR group was 13.0 months.
Functional and isokinetic quadriceps testing outcomes
for participants in both groups are presented in Table 2.
For the ACLR group, the surgical limb scored significantly
(p< 0.001) less than the non-surgical limb for all single-
leg multidirectional and strength tests. No significant be-
tween-limb differences were identified within the healthy

control group. The healthy control group had significantly
greater ACL-RSI scores (p <0.001) and greater limb sym-
metry on the SLVJ (p < 0.001), SLMRH (p= 0.016), SLLH
(p< 0.001), and quadricep strength (p<0.05) than the ACLR
group. The non-surgical limb for the ACLR group was
stronger compared to the non-dominant limb of the
healthy control group but was not statistically significantly
different (p> 0.05). Sub-group analysis within the ACLR
group for time from surgery, athletic group, gender, graft
type, and meniscal procedure did not identify a significant
difference between sub-groups.

Correlation coefficients between the ACL-RSI, single-leg
multidirectional test LSI, and quadriceps strength LSI for
the ACLR group are shown in Table 3. The SLV]J LSI (r:
0.44-0.67) (Figure 1), SLMRH LSI (r values range from
0.43-0.83) (Figure 2), and SLLH LSI (r: 0.54-0.63) (Figure
3) all had a significant positive moderate-strong correlation
with quadriceps strength LSI (p< 0.05). ACL-RSI did not
have a significant correlation with quadriceps strength LSI.
Time from surgery had a moderate-strong significant corre-
lation with quadriceps strength LSI (r: 0.41-0.60) (p<0.05).

Table 4 displays the results of the multiple regression
analysis. A priori (Model 1) only the ACL-RSI, SLV] LSI,
SLMRH LSI, and SLLH LSI were entered into the backwards
regression analysis for each quadriceps isokinetic angular
velocity LSI. As a significant correlation exists between
time from surgery and quadriceps strength LSI, the analysis
was repeated with time from surgery as an additional factor
(Model 2). For Model 1, only one variable was retained
(SLMRH LSI or SLLH LSI) for each isokinetic velocity LSI,
accounting for 31.6% to 68.2% of the model variance. For
Model 2 there was no change for extension 60°/sec LSI;
however, for extension 180°/sec LSI and 300 °/sec LSI time
since from surgery increased the explained variance from
46.7% to 57.7% and 31.6% to 62.9%.

Only four ACLR participants achieved > 90% LSI on all
tests. The proportion of ACLR participants who achieved
the > 90% LSI cutoff was greater for the single-leg mul-
tidirectional tests than for the quadriceps strength tests.
Table 5 displays the results of the SLV] LSI and SLMRH LSI
compared to the reference standard of quadriceps extension
60°/sec with > 90% LSI. Both tests over-estimated quadri-
ceps strength symmetry; however, the SLV] only had four
false-negatives for quadriceps strength symmetry com-
pared to nine for the SLRMH. This contributes to the
greater sensitivity in detecting quadriceps strength asym-
metry with the SLV] (73.3%) compared to the SLMRH
(40.0%) (Table 6).

DISCUSSION

This study assessed the ability of the SLV], SLMRH, SLLH,
and quadriceps strength to detect single-leg asymmetries
between ACLR participants and healthy controls. The sec-
ond aim examined the relationship between ACL-RSI, SLV]
LSI, SLMRH LSI, and SLLH LSI to quadriceps strength LSIs.
The results partially confirmed the hypotheses. The ACL-
RSI, SLV], SLMRH, SLLH, and quadriceps strength testing
differentiated between ACLR participants and healthy con-
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Table 1. Participant characteristics

ACLR Control p value
(n=26) (n=26)
Sex (male/female) 14/12 14/12 1.00
Activity Level
Intramurals Athletes 12 12 0.29
Club Athletes 3 7
NCAA Athletes 11 7
Age, years (mean = SD) 20.7+14 21.3+1.6 0.23
Height, m (mean £ SD) 1.72+£0.07 1.73+0.08 0.64
Weight, kg (mean = SD) 74.6+9.2 75.1+£9.9 0.84
BMI (mean + SD) 252+28 253+17 0.96
Time from Surgery, months (median, interquartile range) 13.0(9.8) N/A N/A
Injured dominant limb 11 N/A N/A
Autograft Type 16 QT,8BTB, 2 HS N/A N/A
Meniscus Repair (Yes) 16 N/A N/A

Abbreviations: ACLR, Anterior Cruciate Ligament Reconstruction; SD, standard deviation;
graft; NCAA, National Collegiate Athletic Association; QT quadriceps tendon autograft

trols; however, only the SLV] LSI, SLMRH LSI, and SLLH LSI
were associated with quadriceps strength asymmetry. Func-
tional assessments consistently overestimate the strength
present in the ACLR participants. In the regression analy-
sis, time from surgery and the SLMRH LSI or SLLH LSI were
the only retained factors to predict quadriceps strength
asymmetry when accounting for the other variables. This is
the first study to assess the association between the SLMRH
and quadriceps strength asymmetry and identify single-leg
multidirectional asymmetries in a military population after
an ACLR. Additionally, these results contribute to the over-
all knowledge of single-leg multidirectional tests.
Single-leg hop and jump asymmetries were identified in
the ACLR participants (median 13 months from surgery):
SLV] LSI of 88.5%, SLMRH LSI of 93.6%, and SLLH LSI of
92.7%. These results are consistent with prior ACLR re-
search that identified an SLV] LSI of 83.4%-90.4%,19.23,29,31
SLMRH LSI of 86.6%,30 and SLLH LSI of 82.2%-87.5%.31:46
Those results are similar to the current results despite sev-
eral study design differences: most studies had ACLR par-
ticipants only with HS autografts while only two (8%) of
the ACLR participants in the current study had an HS au-
tograft and most prior research had subjects six to nine
months compared to the current study that had a median
time of 13 months from surgery.19:29-31,46,47 The ability of
the SLV], SLMRH, and SLLH to identify single-leg asymme-
tries in ACLR patients up to 38 months from surgery and
with different graft types indicates that these tests warrant
consideration as part of ACLR functional testing batteries.
Only four of the twenty-six ACLR participants (15%)
achieved an LSI threshold of at least 90% for all strength
and functional tests. A greater proportion of ACLR partic-
ipants achieved a 90% LSI for the strength than the func-
tional tests; however, the SLV] had a greater diagnostic
ability to rule out quadriceps asymmetry than the SLMRH
(sensitivity of 73.3% vs 40.0%). The results of the current
study are consistent with a meta-systematic review that

BMI, body mass index; BTB, bone-patellar tendon-bone autograft; HS, hamstring auto-

identified that only 23% of individuals could pass the test
batteries with similar LSI thresholds.!® The finding that
ACLR participants have greater single-leg functional than
quadriceps strength symmetry is consistent with prior re-
search.46:48:49 This study is the first to investigate this for a
greater range of isokinetic velocities and with three single-
leg multi-directional movements.

Following ACLR, quadriceps muscle atrophy is com-
mon,>0 therefore a goal of ACLR rehabilitation is to im-
prove quadriceps strength which may reduce the risk of
re-injury.!> As most clinicians do not possess expensive
dynamometers>! they must rely upon other assessments
such as single-leg hops to identify and quantify quadriceps
strength asymmetry.16 Moderate -strong correlations (p >
0.05) were identified between quadriceps strength asym-
metry and the single-leg multidirectional tests, which ex-
plain up to 68% of quadriceps strength asymmetry variance.
When time from surgery was included in the regression
analysis, the explained variance increased by another
10.0-31.3% for the faster quadriceps isokinetic velocities.
The results are consistent with prior research identifying
a moderate-strong correlation between SLV] height and
quadriceps strength!92948,52 and a significant correlation
between SLLH and quadriceps strength.4¢ Within our study,
ACLR participants with QT autographs tended to have
weaker quadriceps strength compared to ACLR participants
with BTB grafts (86.9% compared to 74.7% for quadriceps
isokinetic velocity of 60 °/sec, p =0.351). This is consistent
with observations from the authors’ clinic that patients
with QT often have persistent quadriceps activation
deficits. After ACLR, patients with QT autografts may have
quadriceps neuromuscular inhibition compared to those
with HS and BTB autografts,53 which may result in long-
term muscle fiber type changes.50 A recent meta-analysis
identified that patients with QT grafts may have similar
strength outcomes to those with BTB grafts, but strength
deficits persist for 24 months.5* Future research may better
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Table 2. Anterior cruciate ligament return to sport injury scale, single-leg multidirectional tests, and quadriceps

strength results

ACLR (n= 26) 290% LSI, ACLR n (%) Control (n=26) p value
(mean £ SD) (mean £ SD)

ACL-RSI Score 66.6+17.0 97.9+4.2 <0.001

SLVJ
LSI (%) 88.5%x11.6 13 (50%) 98.4+90 <0.001
Surgical/Dominant Limb (cm) 28.0+6.7 30.6+5.8
Non-surgical/Non-Dominant Limb (cm) 31.6+6.9 30.2+6.6

SLMRH
LSI (%) 93.6+9.0 20(77%) 98.9+6.4 0.016
Surgical/Dominant Limb (cm) 153.6 +29.9 165.2 +30.7
Non-surgical/Non-Dominant Limb (cm) 164.4+32.0 163.1+£29.6

SLLH
LSI (%) 92.7+10.6 17 (65%) 101.8+7.0 <0.001
Surgical/Dominant Limb (cm) 116.4+26.4 122.2+29.6
Non-surgical/Non-Dominant Limb (cm) 125.7 £26.1 123.7+£28.3

Extension 60%sec
LSI (%) 80.9£26.5 11 (42%) 98.5+15.8 0.006
Surgical/Dominant Limb (Nm/kg) 1.8+0.5 22+0.5
Non-surgical/Non-Dominant Limb (Nm/kg) 2.3+0.5 22+0.7

Extension 180%sec
LSI (%) 825%17.8 9(35%) 93720 0.035
Surgical/Dominant Limb (Nm/kg) 1.3+04 14+04
Non-surgical/Non-Dominant Limb (Nm/kg) 1.5+04 1.3+x04

Extension 300%sec
LSI (%) 83.9+28.3 8(31%) 102.6 +23.9 0.002
Surgical/Dominant Limb (Nm/kg) 0.9+04 1.0+04
Non-surgical/Non-Dominant Limb (Nm/kg) 1.1+04 0.9+0.3

Abbreviations: ACL-RSI, Anterior Cruciate Ligament-Return to Sport after Injury; ACLR, anterior cruciate ligament reconstruction; LSI, limb symmetry index; SLLH, single-leg lateral

hop; SLMRH, single-leg medial rotation hop; SLV], single-leg vertical jump

examine this relationship to better inform research strate-
gies.

The results of this study indicated that despite the SLV],
SLMRH, and SLLH possessing a moderate-strong correla-
tion with quadriceps strength those assessments may over-
estimate quadriceps strength symmetry in ACLR patients.
Despite the SLMRH possessing the largest correlation mag-
nitude with quadriceps strength, the SLMRH has lower sen-
sitivity than the SLV] in detecting quadriceps strength
asymmetry. Therefore, the SLV] may be a more useful
screening tool than the SLMRH to rule out quadriceps
strength asymmetry. Similarly, researchers have identified
the SLSH has a moderate-strong correlation with quadri-
ceps strength but may overestimate quadriceps strength!%
43 as SLSH improves faster than quadriceps strength.43:55
These findings have stimulated researchers to investigate
the merit of including multidirectional single-leg tests in
post-ACLR functional assessments.19 The SLV] may be a
better assessment of knee function which contributes to
approximately a third of SLV] height and only an eighth
of SLSH distance.>¢ Limited biomechanical research specif-

ically for the hip exists for the SLMRH and SLLH.#! As the
current study illustrates the value of single-leg multidirec-
tional tests in ACLR functional assessments, future biome-
chanical research should examine lower extremity muscle
and joint kinetics for both the SLLH and SLMRH.
Interestingly, as the speed of quadriceps isokinetic con-
traction increased, the magnitude of the correlation be-
tween SLV] LSI and quadriceps strength LSI decreased. This
is counterintuitive as theoretically lower isokinetic quadri-
ceps angular velocities are associated with maximal muscle
strength, while higher velocities are associated with power
movements such as a vertical jump.57 Previous research on
ACLR participants has identified that as quadriceps isoki-
netic velocity increased the strength of the correlation be-
tween SLV] jump height and peak quadriceps torque in-
creased.19 Research studies with healthy individuals have
revealed conflicting results. Faster isokinetic velocities in-
creased the magnitude of correlation between jump height
and quadriceps peak torque,>8 as isokinetic speed increased
to 300 °/sec the correlation magnitude between jump
height and quadriceps peak torque decreases®® and a sig-
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Table 3. Correlation coefficients (ACLR group)

Time from ACL- SLV) SLMRH SLLH Extension Extension Extension
Surgery RSI 60%sec 180%sec 300°%sec
Time from
1

Surgery
ACL-RSI 0.10 1
SLVJ 0.25 0.20 1
SLMRH 0.37 0.07 0.86** 1
SLLH 0.25 0.08 0.81** 0.73** 1
Extension 0.45* 0.12 0.67** 0.83** 0.54* 1
60°%sec
Extension o wox o . .
180%sec 0.60 0.30 0.60 0.68 0.63 0.77 1
Extension 0.41* 0.26 0.44* 0.43* 0.56* 0.56* 0.73* 1
300%sec

Pearson correlation coefficients, except for ACL-RSI, which are Spearman correlations

Abbreviations: ACL-RSI, Anterior Cruciate-Ligament Return to Sport after Injury; LSI, limb symmetry index; SLLH, single-leg lateral hop; SLMRH, single-leg medial rotation hop;

SLV]J, single-leg vertical jump

*Correlation is significant at the 0.05 level (2-tailed)

**Correlation is significant at the 0.01 level (2-tailed)
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Extension 60°sec LSI (%)

Figure 1. Scatterplot between single-leg vertical jump (SLVJ) limb symmetry index (LSI) and quadriceps

extension 60°/sec LSI (ACLR group)

nification relationship did not exist between jump height
and quadriceps peak torque.® There are methodological
differences between those studies; however, it appears a re-
lationship between SLV] jump height and quadriceps peak
torque exists; however, how this relationship is related to
isokinetic angular velocity (during testing) after ACLR is
not clearly understood.

Clinicians typically include patient self-reported mea-
sures such as the ACL-RSI to determine an ACLR athlete’s
psychological readiness to return to sport.6! Within the
ACLR group, the mean ACL-RSI score was 67, which is con-

sistent with previous studies2>¢0 and greater than the pro-
posed >65 threshold to return an ACLR athlete to sport.2>
Contrary to the stated hypothesis, results of this study
identified a weak non-significant relationship between the
ACL-RSI and the single-leg multidirectional tests and
quadriceps strength assessments. Several researchers have
identified a moderate-strong association between the ACL-
RSI and functional hops29:33:46 while two large cohorts did
not identify a significant relationship.37-47 These results in-
dicate that patient-reported function is multifactorial and
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Figure 2. Scatterplot between single-leg medial rotation (SLMRH) limb symmetry index (LSI) and quadriceps

extension 60°/sec LSI (ACLR group)
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Figure 3. Scatterplot between single-leg lateral hop (SLLH) limb symmetry index (LSI) and quadriceps extension

60°/sec LSI (ACLR group)

dependent upon factors other than just physical perfor-
mance.

This study does have limitations. A larger sample size
would have allowed additional sub-analysis according to
athletic ability, time from surgery, and graft types. Second,
these study data were collected cross-sectionally. A lon-
gitudinal study design could assess performance measure-

ments at multiple time points and therefore ascertain the
temporal relationship between single-leg multidirectional
and quadriceps strength tests. Finally, the generalizability
of these results may be limited as the participants were all
current or recent graduates of the USMA and sixteen of the
twenty-six participants in the ACLR group had a QT auto-
graft.
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Table 4. Backwards linear regression analysis to predict quadriceps strength limb symmetry index

R2

Dependent Variable Model Retained Variable(s) Beta p value
1 SLMRH LSI 68.2% 243 <0.001
Extension 60%sec LSI
2 SLMRH LSI 68.2% 243 <0.001
1 SLMRH LSI 46.7% 1.35 <0.001
Extension 180%sec LSI SLMRH LSI 1.06
2 57.7% <0.001
Time From Surgery 0.98
1 SLLH LSI 31.6% 1.50 0.003
Extension 300%sec LSI SLLH LSI 1.30
2 62.9% <0.001
Time From Surgery 1.13

Model 1 variables: ACL-RSI, SLV], SLMRH, SLLH

Model 2 variables: Time from Surgery, ACL-RSI, SLV], SLMRH, SLLH

Abbreviations: ACL-RSI, Anterior Cruciate Ligament-Return to Sport after Injury; LSI, limb symmetry index; SLLH, single-leg lateral hop; SLMRH, single-leg medial rotation hop;
SLVJ, single-leg vertical jump

Table 5. Relationship between quadriceps extension 60°/sec limb symmetry index (LSI), single-leg vertical jump,
and single-leg medial rotation hop LSI with cutoff of 90% LSI.

Extension 60°%sec Extension 180°%sec

LSl LSl
< 90% 290% Sum < 90% 2 90% Sum

SLVJ < 11 2 13 SLMRH < 6 0 6
LSl 90% LSI 90%

> 4 9 13 > 9 11 20

90% 90%

Sum 15 11 26 Sum 15 11 26
p=0.015 p=0.017

Abbreviations: LSI, limb symmetry index; SLMRH, single-leg medial rotation hop; SLV], single-leg vertical jump

Table 6. Diagnostic accuracy of single-leg vertical jump and single-leg medial rotation hop to predict quadriceps
strength at 60 deg/sec limb symmetry > 90%.

Sensitivity Specificity
SLVJ LSI 73.3% 81.8%
SLMRH LSI 40.0% 100.0%

Abbreviations: LSI, limb symmetry index; SLMRH, single-leg medial rotation hop; SLV], single-leg vertical jump
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Clinicians, especially those who do not own isokinetic dy-
namometers, may utilize the SLV], SLMRH, and SLLH to
identify asymmetrical single-leg function in ACLR patients.
Those tests have a strong-moderate direct correlation to
quadriceps strength but may under-represent strength
deficits. The ACL-RSI has a weak relationship with func-
tional and strength testing and thus be interpreted with
caution.
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