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Background 
Knee function deficits may persist after anterior cruciate ligament reconstruction (ACLR). 
Return to sport (RTS) testing batteries assess recovery after ACLR and can guide RTS 
progression, but the ideal test components are debatable. The single leg vertical hop for 
height (SLVH) test using a commercially available jump mat may provide a valuable 
assessment of knee function. 

Hypothesis/Purpose 
The purpose of this study was to compare the limb symmetry index (LSI) of SLVH to 
horizontal hop testing in a cohort of National Collegiate Athletic Association (NCAA) 
Division 1 collegiate athletes after ACLR. The hypothesis was the SLVH would elicit 
significantly lower LSI than horizontal hop tests. 

Study design 
Cross-Sectional Study 

Methods 
Eighteen National Collegiate Athletic Association (NCAA) Division 1 collegiate athletes (7 
males, 11 females) at 7.33 ± 2.05 months after ACLR were included in this retrospective 
study. LSI was calculated for single hop for distance (SHD), triple hop for distance (THD), 
cross-over hop for distance (CHD), timed 6-meter hop (T6H), and SLVH. A repeated 
measures ANOVA was performed to identify differences in LSI for each test. Spearman’s 
Rho correlation coefficient was calculated to examine the relationship between LSIs for 
each test. 

Results 
The LSI for SLVH (84.48% ± 11.41%) was significantly lower than LSI for SHD (95.48 ± 
8.02%, p = 0.003), THD (94.40 ± 3.70%, p = 0.002), CHD (95.85 ± 7.00, p = 0.007), and T6H 
(97.69 ± 6.60%, p = 0.001). The correlation of LSI between SLVH and the horizontal hop 
tests was weak and non-significant for SHD (rs = 0.166, p = 0.509), CHD (rs = 0.199, p = 
0.428), and T6H (rs = 0.211, p = 0.401) and moderate and non-significant for THD (rs = 
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0.405, p = 0.096). 

Conclusions 
Individuals after ACLR had lower LSI on the SLVH than on horizontal hop tests and weak 
to moderate correlations between the tests suggest SLVH detects performance deficits not 
identified by the horizontal hop tests. 

Level of evidence 
3 

INTRODUCTION 

Over 120,000 anterior cruciate ligament (ACL) tears per year 
occur in the United States.1 In athletes, the majority of 
these tears are addressed with ACL reconstruction (ACLR) 
surgery.2 Post-operatively, rehabilitation is crucial to re-
store function and promote a safe return to activities of 
daily living and sport. Despite current rehabilitation stan-
dards and return to sport criteria, outcomes still may not 
be optimal. A systematic review of prospective studies that 
followed patients for at least five years post-surgery re-
ported in the pooled data that 5.8% of ipsilateral ACLR au-
tografts failed and 11.8% of patients had an ACL tear in the 
contralateral limb.3 Ardern et al. reported pooled return to 
sport rates of 74% to 87%, however, only 59% to 72% of 
patients returned to their preinjury sport, and only 46% to 
63% returned to competitive sports.4 Level of play is an im-
portant variable to consider after ACLR as it may help dis-
cern whether athletes are not doing as well as originally 
thought.5,6 

Return to sport (RTS) testing batteries are used by sports 
medicine and rehabilitation professionals to measure out-
comes and provide guidelines for clinical decision making 
during the RTS progression.7–12 They may be a helpful com-
ponent of the return to sport process and ultimately im-
prove outcomes by identifying athletes in need of continued 
rehabilitation. Traditional horizontal hop testing that mea-
sures the distance one can hop forward is a commonly used 
component of these batteries.7,13 These tests include a 
number of hopping tasks that assess either the distance one 
can hop in single or multiple unilateral jumps, or the time 
it takes an individual to hop on the impaired limb a speci-
fied distance. However, all of these tasks assess hopping in a 
primarily forward direction. In contrast, the single leg ver-
tical hop for height (SLVH) test measures the height that 
one can hop upward and is emerging as a useful assess-
ment of knee function after ACLR.14–17 This is because the 
SLVH test relies more heavily on the power generated by 
the quadriceps to create a vertical impulse than the tradi-
tional horizontal hop tests.15,18 Achieving ≥ 90% limb sym-
metry index (LSI), a value comparing the performance on 
the involved to the uninvolved limb, is often advocated as 
a marker of successful rehabilitation.10,11,19 A benefit of 
hop testing is that it is easy to perform in the clinic and 
has demonstrated appropriate reliability and validity to use 
after ACLR.20 Other common tests/measures include mea-
surements of strength, power, graft integrity, movement 
quality, psychological readiness, and patient reported out-
comes.5,9,15,21–27 However, controversy exists over the 
ideal combination of tests to use, if results on these tests 
are associated with better outcomes, and how these tests 

assess knee function.23,28–34 This conflicting information 
poses challenges to sports medicine and rehabilitation pro-
fessionals when considering how to objectively guide RTS 
decision making.35 

Further exploration of RTS testing options will allow 
clinicians to better select outcome measures that assess rel-
evant components of knee function.36,37 The SLVH test is 
easy to administer and may provide helpful information re-
garding knee function after ACLR.14,15,33 Taylor et al. found 
greater LSI asymmetries on the SLVH compared to horizon-
tal hop tests and poor correlation between SLVH and the 
horizontal hop tests, suggesting that SLVH may measure 
constructs that horizontal tests cannot.16 While promising, 
that study had wide inclusion criteria that analyzed individ-
uals many years (4.7 ± 2.6) after surgery and used 3D mo-
tion capture and force plate assessment, which may not be 
applicable to traditional rehabilitation settings. Exploration 
of SLVH performance earlier after ACLR through the lens of 
clinical practice and may help guide clinical decision mak-
ing during the later stages of rehabilitation. The purpose of 
this study was to compare the LSI of SLVH to horizontal hop 
testing in a cohort of National Collegiate Athletic Associa-
tion (NCAA) Division 1 collegiate athletes after ACLR. It was 
hypothesized that the SLVH would elicit significantly lower 
LSI than the horizontal hopping tests and provide unique 
information from the horizontal hopping tests to be used in 
clinical decision making after ACLR. 

METHODS 
PARTICIPANTS 

A retrospective review was conducted to examine a con-
secutive series of patients between August 2018- November 
2020 who met the inclusion criteria of NCAA Division 1 
collegiate athletes referred to the University of Maryland 
Sports Medicine practice to assess their recovery after uni-
lateral ACLR. Patients were excluded from the study for 1) 
a history of prior ACLR to either knee or 2) any other lower 
extremity musculoskeletal surgery within the previous two 
years. To determine sample size, an a priori power analysis 
was conducted based on the work of Taylor et al.16 A sample 
size of 14 was required to detect an effect size of 0.8 for the 
primary outcome measure, limb symmetry index (LSI), with 
α =0.05 and a power (1- β) = 0.80. The Institutional Review 
Board at the University of Maryland, Baltimore determined 
this study to be exempt. 

PROCEDURES 

The necessary demographic and hop testing data were ex-
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tracted and de-identified from subjects’ electronic medical 
records. Demographic data is included in Table 1. Hop test-
ing data collected included limb symmetry indices (LSIs) for 
a battery of single leg hop tests including: single hop for 
distance (SHD), triple hop for distance (THD), cross-over 
hop for distance (CHD), timed 6-meter hop (T6H), and sin-
gle leg vertical hop for height (SLVH). Data were collected 
as part of usual clinical practice by physical therapists (au-
thors MZ or RR) who are board-certified in either sports or 
orthopedic physical therapy and each have over eight years 
of experience working with patients with ACL injuries. 

Testing procedures were based upon previously pub-
lished instructions and included a warmup, two practice tri-
als, and two test trials; the two test trials were averaged 
for the final result for each test which was used for sta-
tistical analysis.7,8,14 Horizontal hop tests (SHD, THD, and 
CHD) were performed over ground and measured with a 
tape measure. The T6H was performed over ground and 
measured with a standard timer on a smart phone device. 
The SLVH was performed on the Just Jump System (JJS, Pro-
botics Inc, Huntsville, AL, USA), which is a commercially 
available jump mat that calculates jump height from flight 
time between foot contacts and is valid when compared to 
three-dimensional camera motion capture.38 

For the SHD, the instructions were to hop as far forward 
as possible and hold the landing on the testing leg for two 
seconds. For the THD and CHD, participants were in-
structed to perform three continuous forward hops and hold 
the final landing on the testing leg for two seconds. For 
the T6H, the instructions were to hop on the testing leg 
as fast as possible down a 6-meter course, with the time 
needed to complete the course recorded for analysis. For the 
SLVH (Figure 1), the instructions were to perform a coun-
termovement, single leg vertical hop as high as possible and 
hold the landing on the testing leg for two seconds. The pa-
tients were also instructed not to excessively flex their hips 
while in the air to prevent artificially increasing flight time 
but were allowed to use their arms. Limb symmetry indices 
(LSIs) were calculated by dividing the result on the involved 
limb by the result on the uninvolved limb and multiplying 
by 100 to produce a percentage. For the T6H, the numera-
tor and denominator were reversed in the calculation, as a 
lower time indicates better performance. Therefore, for all 
tests, a value less than 100% indicates a worse performance 
on the surgical limb compared to the non-surgical. 

STATISTICAL ANALYSIS 

Descriptive statistics (means and standard deviations) were 
calculated for all dependent variables. Shapiro-Wilk test 
was used to assess the normality of the LSI data for each 
hop test. Repeated measures ANOVAs (within-subject fac-
tor: test) were performed to identify differences in LSI 
across the tests. Post-hoc analysis was conducted when sig-
nificant main effects were found to evaluate pairwise com-
parisons for LSI between specific tests. As the Shapiro-Wilk 
test determined that the LSI for two of the five tests was 
not normally distributed, non-parametric Spearman’s Rho 
correlation coefficient was used to examine the relationship 
between limb symmetry index for each test. Additionally, 
this test has been reported to be more robust to outliers 

Table 1. Patient demographics 

Demographic variable All (n=18) 

Male: Number (%) 7 (39%) 

Female: Number (%) 11 (61%) 

Age, years 20.39 ± 1.11 

Height, meters 1.75 ± 0.09 

Weight, kilograms 75.61 ± 15.38 

Body mass index, kilograms/meters2 24.5 ± 0.40 

Time since surgery, months 7.33 ± 2.05 

Nominal data are displayed as number (%), interval and ratio data are displayed as mean 
± standard deviation 

than the traditional Pearson correlation coefficient.39 All 
statistical analyses were performed using SPSS version 27 
(IBM Corp.) with p ≤ 0.05 indicating statistically significant 
differences. 

RESULTS 

A total of 18 patients (7 males, 11 females) with an average 
age of 20.39 ± 1.11 years were included (Table 1). Sports 
played by patients are presented in Table 2. Data was not 
analyzed by sport, but this information helps characterize 
the sample. All patients had undergone primary ACLR with 
bone-patellar tendon-bone autograft and were an average 
of 7.33 ± 2.05 months since surgery. 

There was a difference in LSI across the hop tests, with a 
significant main effect of hop test on the LSI (F(4,14)=5.549, 
p = 0.007) seen across the participants (Figure 2). Post-hoc 
pairwise comparisons show that the LSI for SLVH (84.48% ± 
11.41%) was significantly lower than the LSI calculated for 
each of the horizontal hop tests: SHD (95.48 ± 8.02%, p = 
0.003), THD (94.40 ± 3.70%, p = 0.002), CHD (95.85 ± 7.00, p 
= 0.007), and T6H (97.69 ± 6.60%, p = 0.001). 

Fourteen patients (77.78%) scored ≥ 90% on all four hor-
izontal hop tests. In contrast, only six patients (33.33%) 
scored ≥ 90% on the SLVH. Of the fourteen patients who 
scored ≥ 90% on all four horizontal hop tests, only five pa-
tients (35.71%) scored ≥ 90% on the SLVH. None of the 
five patients who scored ≤ 90% on the horizontal hop tests 
scored ≥ 90% on the SLVH. 

There were no statistically significant correlations ob-
served between the LSI for the SLVH to the other four tests 
(Figure 3). Overall, there were weak correlations between 
the limb symmetry indices for the SLVH to the SHD (rs = 
0.166, p = 0.509), CHD (rs = 0.199, p = 0.428), and T6H (rs = 
0.211, p = 0.401) and a moderate correlation when compar-
ing the SLVH to the THD (rs = 0.405, p = 0.096). 

DISCUSSION 

The aim of this study was to compare LSI calculated from 
the SLVH to four horizontal hop tests after ACLR. The main 
findings supported the hypothesis that LSI of the SLVH test 
would be significantly lower than all horizontal hop tests. 
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Figure 1. Single Limb Vertical Hop for height, using the Just Jump System. 
A. Starting position, B. End of eccentric phase, C. Flight phase, D. Landing position 

Additionally, the non-signficiant, weak to moderate corre-
lations may indicate the SLVH and horizontal jump tests as-
sess different performance constructs. It is important to re-
call the context of these findings as the data in the current 
study is from patients during middle to later stages of reha-
bilitation after ACLR, all of whom had the goal of returning 
to sport. 

In this cohort, the asymmetry of LSI on the SLVH was 
approximately 10% or more than each of the horizontal 
hop tests. This large asymmetry is relevant to clinicians 
as the lower LSI on the SLVH compared to the horizontal 
hop tests may indicate that the SLVH test identifies per-
formance deficits that commonly used horizontal hop tests 
may not. The results are in agreement with those of Taylor 
et al. who found that participants after ACLR exhibited sig-
nificant side-to-side differences during the SLVH with the 
involved limb hopping to a lower height.16 Biomechanical 
studies have found that participants after ACLR demon-
strate a reduced angular impulse at the knee and greater 
inter-joint coordination asymmetry on the SLVH test.16,33 

King et al. demonstrated similar findings with large effect 
size differences in internal knee valgus moment and pos-
terior center of mass distance on a single leg drop jump 
task at nine months post ACLR.40 Performance deficits on 
the SLVH may correlate to these biomechanical deficits and 
may be clinically relevant for healthcare providers who use 
these tests in determining readiness for athletic activities or 
to guide rehabilitation. 

Previous authors have shown that the SLVH is positively 
correlated with patient-reported IKDC scores, Tegner ac-
tivity scale, ACL-RSI scale, isokinetic extensor muscle 
strength, carioca, and shuttle run tests.14,15,17,29 The re-
lationship between SLVH and quadriceps strength may be 
of particular importance as better quadriceps function after 
ACLR is associated with improved patient reported outcome 
measures, gait quality, and return to sport rates, and re-
duced risk of re-injury.10,15,41–44 These additional mea-
sures were not directly measured in this study, however the 
previously documented findings serve to justify the use of 
the simple clinical test. 

The weak correlations between the SLVH test and the 
horizontal hop tests indicate that the SLVH test likely pro-
vides a different assessment of the functional status of the 
knee. In this cohort, 77.78% of patients demonstrated LSI ≥ 
90% on all horizontal hop tests at 7.33 ± 2.05 months after 
surgery. The pass rate exceeds the pass rate of 52.5% at 12 
months after surgery reported by Logerstedt et al. from the 
Delaware-Oslo Cohort.45 This suggests the current cohort 

Table 2. Sports played by subjects 

Sport Played Number (n=18) 

Men’s Lacrosse 3 

Women’s Lacrosse 2 

Football 3 

Field Hockey 2 

Women’s Soccer 6 

Softball 2 

Figure 2. LSI results across the five hop tests, 
presented as %, with <100% indicating that the 
involved (surgical) limb performed worse than the 
non-surgical limb 

LSI: Limb Symmetry Index, SHD: Single hop for distance, THD: Triple hop for 
distance, CHD: Crossover hop for distance, T6H: Timed 6-meter hop SLVH: Sin-
gle leg vertical hop for height. 
* = statistically significant difference (p  0.05) 

was made up of high performers, however only 33.33% of 
patients demonstrated LSI ≥ 90% on the SLVH. This is clini-
cally relevant as the horizontal hop testing data would sug-
gest this group was made up of high performers, while the 
SLVH detected persistent knee function deficits. 

Traditional horizontal hop testing alone after ACLR may 
not capture bilateral or absolute deficits.36,46 Similarly, 
normal hopping function is difficult to define as even 
healthy athletes may not be symmetrical.47 Patterson et 

Single-Leg Vertical Hop Test Detects Greater Limb Asymmetries Than Horizontal Hop Tests After Anterior Cruciate Ligament...

International Journal of Sports Physical Therapy

https://ijspt.scholasticahq.com/article/29595-single-leg-vertical-hop-test-detects-greater-limb-asymmetries-than-horizontal-hop-tests-after-anterior-cruciate-ligament-reconstruction-in-ncaa-divisi/attachment/74333.tiff
https://ijspt.scholasticahq.com/article/29595-single-leg-vertical-hop-test-detects-greater-limb-asymmetries-than-horizontal-hop-tests-after-anterior-cruciate-ligament-reconstruction-in-ncaa-divisi/attachment/74336.tiff


Figure 3. LSI for the SLVH compared to the four horizontal hop test, with SLVH (y-axis) compared to the four 
horizontal hop tests (A-D, x-axis). 

LSI: Limb Symmetry Index, 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 

al. identified performance deterioration of the uninvolved 
limb between one and five years after ACLR suggesting in-
ter-limb comparisons may be flawed as the uninvolved limb 
may not be functioning optimally after surgery due to de-
conditioning.48 Acknowledging the importance of absolute 
values, Wellsandt et al. proposed testing the contralateral 
limb pre-operatively to establish a baseline value before 
surgery when using LSI as part of RTS decision making.30 It 
is important to acknowledge the limitations of hop testing. 

Even if LSI calculated on horizontal hopping perfor-
mance is to be used as part of the RTS decision, the strategy 
by which athletes hop must be considered. In their system-
atic review with meta-analysis of 624 patients after ACLR, 
Kotsifaki et al. found that athletes may demonstrate ade-
quate distance on the SHD by adopting hip, knee, and an-
kle strategies suggesting horizontal hop tests alone may be 
misleading.34 

Recent studies observing the validity of RTS testing and 
outcomes have shown no significant relationship between 
passing hop tests and re-injury.19,31,32 Similarly, passing 
RTS batteries may not guarantee successful return to sport 
or be associated with optimal knee function.31 However, 
other authors have suggested that RTS testing is associated 
with reduced re-injury risk.10–12 Clinical testing for RTS 
remains controversial however a primary benefit testing is 
that it provides the ability to longitudinally track progress 
over time. Clinical tests such as SLVH and horizontal hop 
testing are cost-effective, simple to perform, and empower 
both the patient and healthcare team to objectively assess 
recovery and guide functional progression through the re-
habilitation process. Additionally, more comprehensive 
testing procedures that include outcome measures such as 

diverse hopping tasks, strength, power, movement quality, 
and psychological status can provide valuable information 
and more broadly assess recovery and may add 
value.26,27,49,50 A holistic approach to RTS testing can help 
clinicians carefully assess and guide each patient through 
return to sport rather than be used as a simple pass or fail 
concept.37,51–53 

While the data from this study adds to the discussion 
regarding hop testing, there are several limitations. This 
study was a retrospective cohort analysis, which could in-
troduce selection bias. Careful consideration was given to 
the inclusion and exclusion criterion to minimize this risk. 
Similarly, in this cohort, only the included hop tests were 
uniformly performed and reported on. Other assessments 
of function, strength, power, and patient-reported outcome 
measures were used, but in an evolving manner that reflects 
clinical practice and were not identical among subjects or 
appropriate to report. Relationships between these addi-
tional measures and SLVH are purely speculative. All sub-
jects were NCAA Division 1 collegiate athletes, played a 
variety of sports, and were operated on and provided re-
habilitation by providers from a single institution; the re-
sults therefore cannot be generalized to all patients. Fur-
thermore, the horizontal hop test pass rates at 7.33 ± 2.05 
months after surgery exceeded previously reported pass 
rate at 12 months and likely do not reflect the performance 
of all patients after ACLR. Tests with high inter-rater reli-
ability were used to minimize error.20 For example, jump 
mats are accurate, reliable, and cost efficient when com-
pared to a 3-dimensional motion capture system and is cor-
related with force plate assessment of jump height.38,54–56 

The T6H test, which was timed with a standard timer may 
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result in faster times compared to automatic timers and 
should be interpreted with caution.57 Additionally, it is im-
portant to consider other variables that could affect jump 
height such as jump type, strategy, and instructions.54,57–60 

Therefore, instructions were to perform countermovement, 
single leg vertical hop as high as possible and hold the land-
ing on the testing leg for two seconds and not excessively 
flex the hips while in the air to prevent artificially increas-
ing flight time. 

Future studies should assess the relationship between 
SLVH and other assessments and include longer tracking 
of outcomes related to autograft failures, contralateral ACL 
tears, and return to performance. 

CONCLUSION 

The results of this study indicate that SLVH elicits different 
LSI values after ACLR than horizontal hop tests. In this co-

hort, the majority of patients who performed well on hori-
zontal hop tests did not perform as well on the SLVH. Clin-
icians should strive to use the most valid and appropriate 
tests to assess outcomes after ACLR and should consider 
using SLVH as horizontal hop testing may not capture all 
deficits in performance. 
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