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Background

Outcomes after anterior cruciate ligament reconstruction (ACLR) may not be optimal,
with poor physical and psychological function potentially affecting return to sport (RTS)
ability. Understanding the relationship between commonly used hop tests and the
Anterior Cruciate Ligament — Return to Sport Index (ACL-RSI) may improve
rehabilitation strategies and optimize patient outcomes.

Hypothesis/Purpose

The purpose of this study was to examine the relationship between ACL-RSI scores and
limb symmetry index (LSI) for the single hop for distance (SHD), triple hop for distance
(THD), crossover hop for distance (CHD), timed 6-meter hop (T6H), and single leg
vertical hop (SLVH) in a cohort of National Collegiate Athletic Association (NCAA)
Division 1 collegiate athletes after ACLR. The hypothesis was that SLVH LSI would be
more highly correlated with ACL-RSI score than all horizontal hop tests.

Study design

Cross-Sectional Study

Methods

Twenty-one National Collegiate Athletic Association (NCAA) Division 1 collegiate
athletes (7 males, 14 females) at 6.62 = 1.69 months after ACLR were included in this
retrospective study. Primary outcomes were ACL-RSI score and LSI for SHD, THD, CHD,
T6H, and SLVH. The relationship between ACL-RSI scores and performance on hop tests
(LSIs) was evaluated using correlation analysis and step-wise linear regression (p < 0.05).

Results

There were significant correlations found when comparing ACL-RSI and the LSI for SHD
(r,=0.704, p < 0.001), THD (1, = 0.617, p = 0.003), CHD (r, = 0.580, p = 0.006), and SLVH
(rg = 0.582, p = 0.006). The CHD explained 66% (R2 value of 0.660) of the variance in the
ACL-RSI, while the other hop tests did not add to the predictive model.

a Corresponding author:
Michael Zarro
100 Penn St
Allied Health Building, Room 240l
Baltimore, MD 21201
(410) 706-3449 (phone)
(410) 706-6387 (fax)
Michael.zarr m.umarylan


https://orcid.org/0000-0001-7255-3980
https://doi.org/10.26603/001c.86130
mailto:Michael.zarro@som.umaryland.edu
https://doi.org/10.26603/001c.86130

Hop to It! The Relationship Between Hop Tests and The Anterior Cruciate Ligament — Return to Sport Index After Anterior...

Conclusions

Physical function has the capacity to influence psychological status after ACLR.
Clinicians should recognize that SLVH, SHD, THD, and CHD are correlated with ACL-RSI
and improvements in physical function during rehabilitation may improve psychological

status and optimize RTS after ACLR.

Level of evidence
Level 3

INTRODUCTION

There are over 120,000 anterior cruciate ligament (ACL)
tears per year in the United States.! In athletes, the ma-
jority of these tears are addressed with ACL reconstruction
(ACLR) surgery.2 Post-surgical rehabilitation attempts to
restore knee function and promote return to activities of
daily living (ADLs) and sport. However, despite surgery and
rehabilitation, outcomes after ACLR may not be optimal. A
systematic review of prospective studies found that 5.8% of
patients sustained an ipsilateral ACLR autograft failure and
11.8% of patients had an ACL tear in the contralateral limb
within the first five years after surgery.3 Ardern et al. re-
ported that while 74% to 87% of patients returned to sports,
only 59% to 72% of patients returned to their pre-injury
sport, and only 46% to 63% of patients returned to compet-
itive sports.# Furthermore, fear of re-injury may contribute
to the inability to return to sport. Kvist et al. found in a sur-
vey of patients after ACLR, of the 47% that had not returned
to their pre-injury activity, with 24% of those patients re-
porting fear of re-injury as the reason.>

To optimize outcomes, sports medicine and rehabilita-
tion professionals should attempt to restore patients to
their prior level of function, including pre-injury physical
and psychological performance. Clinicians may use return
to sport (RTS) testing batteries to measure these outcomes
and guide rehabilitation and return to sport after ACLR.6-10
A common return to sport test battery may include a series
of horizontal and vertical hops.®11-16 These tests are pro-
posed to evaluate lower extremity status in a manner that
is relevant to athletic ability by assessing dynamic move-
ment in multiple planes.&!1:15 Patient reported outcome
measures (PROMs) such as the Anterior Cruciate Ligament
- Return to Sport Index (ACL-RSI) may also be included in
RTS testing batteries after ACLR to quantify subjective in-
formation regarding patients’ psychological status, an area
of paramount importance that may influence return to play
ability and fear of re-injury.17-22

Many other RTS tests have been described to assess var-
ious physical, neurocognitive, and psychosocial outcomes
however it is difficult to design the optimal RTS battery as
the evidence is emerging (and is mixed) regarding the asso-
ciation between RTS testing, successful return to play, and
future injury risk.23 Sports medicine and rehabilitation pro-
fessionals must balance the challenges of clinical practice
with a detailed understanding of RTS testing options in or-
der to provide optimal care to patients after ACLR.23-30

Despite the challenges of RTS testing, hop testing and
collection of PROMs are simple, low cost, and easy to per-
form in the clinic. They have demonstrated appropriate re-

liability and validity to evaluate outcomes after ACLR.18:31
The purpose of this study was to examine the relationship
between patient-reported ACL-RSI scores and limb symme-
try indices (LSIs) for single hop for distance (SHD), triple
hop for distance (THD), crossover hop for distance (CHD),
timed 6-meter hop (T6H), and single leg vertical hop
(SLVH) in a cohort of National Collegiate Athletic Associa-
tion (NCAA) Division 1 collegiate athletes after ACLR. Fur-
ther research into the intersection between psychological
status and functional performance may provide valuable in-
sight into drivers of optimal outcomes after ACLR. The hy-
pothesis was that SLVH LSI would be more highly correlated
with ACL-RSI score than all other hop tests after ACLR as its
vertical component may better reflect perceived knee func-
tion and influence self-reported psychological status.

METHODS
PARTICIPANTS

A retrospective review was conducted to examine a con-
secutive series of patients between August 2018-May 2022
who met the inclusion criteria of 1) being an NCAA Division
1 collegiate athlete referred one of two Sports Medicine
practices and 2) having undergone unilateral ACLR. Pa-
tients were excluded from the study for 1) a history of prior
ACLR to either knee or 2) any other lower extremity muscu-
loskeletal surgery within the previous two years. Based on
previous studies, an a priori power analysis was conducted
to determine that a sample size of 14 was required to detect
an effect size of 0.8 for the primary outcome measure, ACL-
RSI, with a < 0.05 and a power (1- ) = 0.80.11:14 The Insti-
tutional Review Board at the University of Maryland deter-
mined this study to be exempt.

PROCEDURES

Demographic and outcomes data were extracted and de-
identified from subjects’ electronic medical records. Demo-
graphic data is included in Tables 1 and 2. Outcomes in-
cluded LSI for SHD, THD, CHD, T6H, and SLVH and ACL-RSI
score and are reported in Table 3. Data were collected as
part of usual clinical practice by two physical therapists
who are board-certified in either sports or orthopedic phys-
ical therapy and each have over nine years of experience
working with patients with ACL injuries.

Testing procedures for hop tests included standardized
instructions, warmup, and two practice trials followed by
two test trials. Test trials were averaged and included in
statistical analysis.®3! The testing order began with the
SHD, THD, and CHD which were performed over ground and
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measured with a tape measure. The T6H followed and was
performed over ground and measured with the stopwatch
function on a smart phone. The SLVH was last and was
performed using the Just Jump System (JJS, Probotics Inc,
Huntsville, AL, USA), a commercially available jump mat
that calculates jump height and is valid when compared to
three-camera motion analysis.32

For all hop tests, LSIs were calculated by dividing the re-
sult on the involved limb by the result on the uninvolved
limb and multiplying by 100 to produce a percentage, ex-
cept for the T6H, when the numerator and denominator
were reversed as a lower time indicates better performance.
For all hop tests, an LSI less than 100% indicates a worse
performance on the surgical limb compared to the non-sur-
gical limb while a value greater than 100% indicated better
performance on the surgical limb compared to the non-sur-
gical limb.

The ACL-RSI is a twelve-item PROM that evaluates emo-
tions, confidence in performance and risk appraisal and
has been validated for use after ACLR.18 It was adminis-
tered electronically using a smart phone application after
all completion of all hop tests with the final score expressed
as a percentage out of 100% (Felipe Andai Ignacio, Or-
thosoft ©).18 A higher percentage on the ACL-RSI indicates
greater psychological function in the context of return to
sporting activity.

STATISTICAL ANALYSIS

Descriptive statistics (means and standard deviations) were
calculated for demographic data and all dependent vari-
ables (hop test LSI and ACL-RSI score). Normality of the
primary outcome measures was assessed using Shapiro-
Wilk test. Due to a significant Shapiro-Wilk test for five
of the six variables (indicating non-normal nature of the
data), a non-parametric Spearman’s Rho correlation coef-
ficient was used to determine if a significant relationship
exists between LSI for each hop test and ACL-RSI. Signif-
icance level was determined a priori as p < 0.05. Correla-
tions were qualified as very strong (r = 0.90-1.00), strong (r
= 0.70-0.89), moderate ( r= 0.40-0.69), weak (r = 0.10-0.39)
or negligible (r = 0.00-0.10).33

Finally, LSI variables determined to have a significant
correlation with RSI were then utilized in a step-wise linear
regression model to determine which hop tests (indepen-
dent variables) best predicted the ACL-RSI (dependent vari-
able). All statistical analyses were performed using SPSS
version 28.0.0.1 (14) (IBM Corp.).

RESULTS

A total of 21 patients (7 males, 14 females) with an average
age of 20.38 * 1.67 years were included (Table 1). Sport
played by each patient is displayed in Table 2. All patients
had undergone primary ACLR with bone-patellar tendon-
bone autograft and were an average of 6.62 * 1.69 months
since surgery. Descriptive statistics (means and standard
deviations) for all outcome measures are included in Table
3.

Table 1. Patient demographics (Nominal data are
displayed as number (%), interval and ratio data are
displayed as mean * standard deviation)

Demographic variable All (n=21)
Male: Number (%) 7 (33%)
Female: Number (%) 14 (67%)
Age, years 20.38£1.67
Height, meters 1.74+1.12
Weight, kilograms 73.31+14.81
Body mass index, 24.05+2.54
kilograms/meters?2
Time since surgery, months 6.62+1.69
Table 2. Sport Played by Patients
Sport Played All (n=21)
Women's Soccer 3
Men's Soccer 1
Women'’s Lacrosse 5
Men’s Lacrosse 3
Field Hockey 2
Volleyball 1
Gymnastics 2
Track & Field 1
Football 3

Table 3. Descriptive Statistics (Means * Standard
Deviations) for Primary Outcome Measures

Outcome Measure Mean + Standard Deviations
SHD LSI 88.64 +13.92%
THD LSI 90.09 + 11.63%
CHD LSI 92.31+12.38%
T6H LSI 96.31+14.95%
SLVH LSI 76.25+14.68%
ACL-RSI 78.76 £16.73%

ACL-RSI: Anterior Cruciate Ligament — Return to Sports Index, LSI: Limb Symmetry In-
dex, SHD: Single hop for distance, THD: Triple hop for distance, CHD: Crossover hop for
distance, T6H: Timed 6-meter hop, SLVH: Single leg vertical hop for height

There were significant correlations found between ACL-
RSI and SHD, THD, CHD, and SLVH (Figure 1). Overall,
the correlation was strong when comparing ACL-RSI and
the LSI for SHD (rg = 0.704, p < 0.001), moderate when
comparing ACL-RSI and the LSI for THD (rg = 0.617, p =
0.003), CHD (rg = 0.580, p = 0.006), and SLVH (ry = 0.582,
p = 0.006). There was a poor correlation (non-significant)
between ACL-RSI and the LSI for the T6H (rg = 0.252,
p=0.271).

While the LSI for SHD, THD, CHD, and SLVH were signif-
icantly correlated with ACL-RSI, when all four of these vari-
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Figure 1. Relationship between ACL-RSI and LSI for each of the five hop tests, with ACL-RSI (y-axis) compared to

each horizontal hop tests (A-E, x-axis)

ACL-RSI: Anterior Cruciate Ligament — Return to Sports Index, LSI: Limb Symmetry Index, SHD: Single hop for distance, THD: Triple hop for distance, CHD: Crossover hop for dis-

tance, T6H: Timed 6-meter hop, SLVH: Single leg vertical hop for height

Regression coefficients
Adjusted SE of

Predictor variables R R? R2 R? change | estimate Unstandardized B p
Constant -22.529 0.197
Crossover hop for distance 0.812 | 0.66 0.642 0.66 10.02
(CHD) 1.097 <0.001

Partial

Excluded variables g in t p correlation
Single hop for distance (SHD) | 0.127 | 0.528 | 0.604 0.123
Triple hop for distance (THD) 0.107 | 0.43 0.673 0.101
Single limb vertical hop (SLVH)| 0.31 | 1.747 0.098 0.381

Table 4. Regression model developed to predict ACL-RSI

ACL-RSI: Anterior Cruciate Ligament — Return to Sports Index, LSI: Limb Symmetry Index, SHD: Single hop for distance, THD: Triple hop for distance, CHD: Crossover hop for dis-

tance, T6H: Timed 6-meter hop, SLVH: Single leg vertical hop for height

ables were entered into the stepwise regression model, only
CHD remained in the model as a significant predictor for
the primary outcome of ACL-RSI. The CHD explained 66%
(R2 value of 0.660) of the variance in ACL-RSI (Table 4).

DISCUSSION

The initial hypothesis that SLVH LSI would be more highly
correlated with ACL-RSI score than all horizontal hop tests
was not supported. The correlation between ACL-RSI and
SLVH was moderate, as were the correlations between ACL-

RSI and THD and CHD. The correlation was strongest be-
tween ACL-RSI and SHD. Additionally, the CHD explained
66% of the variance in ACL-RSI and was the strongest pre-
dictor variable shown in the regression analysis.

The SHD, THD, and CHD require the patient to decel-
erate horizontal momentum in the sagittal plane.34 These
tests may simulate deceleration and landing in the context
of sport and explain their correlation with ACL-RSI. Fur-
thermore, the patients can self-reflect on their outcomes
as the tape measure in the testing area provides immediate
feedback regarding hop distance while providing an exter-
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nal focus of attention. The perception of successful per-
formance on horizontal hop tests may influence ACL-RSI
scores as patients may be more likely to believe that they
will perform well on deceleration and landing tasks in
sport.

Furthermore, the CHD provides an additional challenge
to frontal and transverse plane stability that may be more
related a change of direction or cutting activity, directly
stressing the function of the ACL.635 Approximately 70%
of ACL injuries are non-contact and caused by multidi-
rectional forces during landing, cutting, and deceleration
movements during sport.36-38 Patients may be familiar with
these tasks and their relationship to injury mechanism
which may indicate why performance on the CHD explained
approximately two-thirds of the variance in ACL-RSI score
and remained the best predictor variable in the overall re-
gression model.

Despite not demonstrating the highest correlation with
ACL-RSI, the SLVH was moderately correlated and does
carry clinical value. For example, this test requires concen-
tric impulse to achieve high jump heights, likely making it
a good proxy for quadriceps function which may influence
overall psychological status.11:13,14,16,39,40 preyious re-
search has demonstrated that SLVH is sensitive to capacity
at the knee joint and patients typically exhibit greater
asymmetries when compared to horizontal hop tests sug-
gesting it is relevant to a comprehensive evaluation.11,14:16

Testing order may also have affected the results as SLVH
was performed as the final hop test. Though there has been
no published research specifically evaluating the effect of
test order on performance after ACLR, there is evidence
that neuromuscular fatigue can diminish functional perfor-
mance, knee stability, and increase forward tibial transla-
tion.#! This is problematic as authors have proposed that
neuromuscular fatigue is a risk factor for ACL injury and re-
injury.42 Interestingly, during RTS testing, fatigue may de-
creased performance more in the involved limb than the in-
volved limb after ACLR.43 In the case of the present study,
SLVH performance could be decreased on the uninvolved
limb as it was tested last, altering LSI asymmetry. This
may result in a weaker correlation and variance relationship
with ACL-RSI compared to horizontal hop tests performed
earlier in the testing battery and should be considered in
future studies.

Criterion- and performance-based testing remains a crit-
ical component of the return-to-sport process. Without
these objective measures, the clinical decision process
would rely on time since surgery or other non-performance
related factors.44 However, there is considerable need to
optimize criterion-based return-to-sport testing batteries
that typically include a series of strength, performance,
neurocognitive, and patient reported outcome measures.
Webster and Hewett indicate that only 23% of athletes fully
pass a testing battery before returning to sport.23 Further,
passing a return-to-sport test may not reduce the overall
risk of a subsequent ACL injury, potentially reducing the
risk of graft rupture but increasing the risk of contralateral
injury.23 A 2021 consensus statement suggested that re-
turn-to-sport testing should also involve the assessment of

specific functional skills, psychological readiness, and con-
textual factors such as type of sport, time of season, and
level of competition.#4

Both the ACL-RSI and single-leg hop tests used in this
study can inform return to play decisions. They require
minimal equipment or expertise to reliably carry out in a
standard clinical setting. Most standard paradigms utilize
distances or LSIs as outcome measures of these hop tests,
though advanced technology like three-dimensional mo-
tion capture systems and force platforms may allow for
more discrete measures and analysis and may become more
available in the future.45:46

While the data and interactions between ACL-RSI and
hop tests is interesting, there are several limitations to con-
sider. First, the study was retrospective in nature, which
could introduce selection bias and is limited by the accuracy
of the electronic medical record. Strict inclusion and ex-
clusion criteria and careful data extraction by two authors
were emphasized to reduce error. Similarly, despite exceed-
ing the number of subjects determined by power analysis,
the sample included twice as many females than males and
were all NCAA Division 1 collegiate athletes; therefore, the
results cannot be generalized to all patients after ACLR.
Lastly, as psychological status is multifactorial, the present
study is unable to draw conclusions regarding several im-
portant variables such as gender, injury mechanism, or
playing surface, which likely have a large influence on ACL-
RSI. Future studies should investigate these variables to
improve the overall understanding of predictors of psycho-
logical status after ACLR.

CONCLUSION

The results of this study suggest that physical function has
the capacity to influence psychological status after ACLR.
To improve outcomes, clinicians should consider this im-
portant relationship and recognize that SLVH, SHD, THD,
and CHD are correlated with ACL-RSI but the psychomotor
properties of each test likely relate to their clinical utility.
Specifically, CHD explained the greatest variance in ACL-
RSI and may be relevant due to the multiplanar nature of
ACL injury. All horizontal hop for distance tests are valu-
able in that deceleration and landing in the sagittal plane
are important qualities to consider as well. The clinical rel-
evance of SLVH lies with its ability to assess knee function
with a vertical propulsion bias. Lastly, the T6H did not cor-
relate with ACL-RSI however continuous hopping for speed
may still be part of the overall clinical picture. All together
these tests appear to influence ACL-RSI through different,
yet converging, avenues and carry value as combing them
may enhance the robustness of clinical assessment after
ACLR. Clinicians should consider the emerging data regard-
ing the benefits and shortcomings of various hop tests to
promote a comprehensive approach to rehabilitation and
optimize outcomes after ACLR and better appreciate the in-
tersection between physical and psychological function.
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