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Abstract
There has been a move towards a criterion-based return to play in recent years, with 4 single-leg hop tests commonly used to 
assess functional performance. Despite their widespread integration, research indicates that relationships between ‘passing’ 
‘hop test criteria and successful outcomes following rehabilitation are equivocal, and, therefore, require further investiga-
tion. This critical review includes key information to examine the evolution of these tests, their reliability, relationships 
with other constructs, and sensitivity to change over time. Recommendations for how measurement and administration of 
the tests can be improved are also discussed. The evidence presented in this review shows that hop tests display good reli-
ability and are sensitive to change over time. However, the use of more than 2 hop tests does not appear to be necessary due 
to high collinearity and no greater sensitivity to detect abnormality. The inclusion of other hop tests in different planes may 
give greater information about the current function of the knee, particularly when measured over time using both relative 
and absolute measures of performance. It is recommended that the contralateral limb be tested prior to surgery for a more 
relevant benchmark for performance, and clinicians are strongly advised to measure movement quality, as hop distance alone 
appears to overestimate the recovery of the knee.

 *	 William T. Davies 
	 williamdavies740@gmail.com

1	 Aspetar, Orthopaedic and Sports Medicine Hospital, Sports 
City Street, P.O. Box 29222, Doha, Qatar

2	 Division of Sports Medicine, The SPORT Center, Cincinnati 
Children’s Hospital Medical Center, Cincinnati, OH, USA

3	 Departments of Pediatrics and Orthopaedic Surgery, College 
of Medicine, University of Cincinnati, Cincinnati, OH, USA

4	 The Micheli Center for Sports Injury Prevention, Waltham, 
MA, USA

1  Introduction

Return to sport (RTS) decision making following anterior 
cruciate ligament reconstruction (ACLr) is a complex pro-
cess [1]. It has been indicated that between 65 and 79% 
of elite athletes return to their prior injury level of com-
petition [2–4]; however, 12 and 23% of elite athletes have 
been shown to either reduce their playing level or end their 
careers, respectively, within a 3-year follow-up period [4]. In 
addition, there is a relatively high risk of re-injury, whereby 
up to 20–25% of athletes will experience a contralateral tear 

or graft re-rupture [5, 6]. A high prevalence of chronic knee 
pain and functional limitations has also been reported in 
athletes following ACLr [7].

Within the available literature, RTS has been defined 
using varied terminology [3, 4, 8], making comparisons 
of the findings across different studies challenging. RTS 
should be viewed as a continuum paralleled with recovery 
and rehabilitation inclusive of return to participation, fol-
lowed by competitive sport, with the aim of returning to 
performance [9]. Thus, generally, RTS is most commonly 
defined as a return to unrestricted training or competition 
[3, 4, 8]. Traditionally, the time frame from reconstruction 
has been used as the main criteria to establish whether an 
athlete is ready to RTS (Fig. 1) [10–12]. An average time 
frame of approximately 7 months has been reported [13], 
although accelerated rehabilitation programs have been 
advocated which target RTS before 6 months [13, 14]. More 
recent evidence indicates that re-injury rates can be reduced 
by 50% for every month return to sport is delayed up to 
9 months, with no further reductions in risk shown after 
this point [15]. Some evidence suggests that time frames 
of up to 2 years may even be necessary to moderate risk 
of re-rupture [16, 17]. These inconsistencies in the current 

http://orcid.org/0000-0001-6850-7105
http://crossmark.crossref.org/dialog/?doi=10.1007/s40279-019-01221-7&domain=pdf


486	 W. T. Davies et al.

Key Points 

While the ACL hop tests display adequate reliability, 
the current evidence indicates a lack of consistency in 
their capacity to predict successful outcomes following 
rehabilitation, either in terms of returning to previous 
performance levels, or identifying those at a greater risk 
of re-injury.

The current practice of using 4 hop tests to inform deci-
sion making appears to be unnecessary. Using fewer 
horizontal hop tests provides clinicians with an opportu-
nity to examine a wider range of physical constructs that 
may offer broader insights into the athlete’s readiness to 
return to sport.

Hop distance/time should not be the sole measure or per-
formance, and other factors relating to movement control 
should be assessed and form part of the RTS decision-
making process. In addition, measuring the trajectory 
of progress over time may also give the clinician more 
useful information for decision making.

and clinical heterogeneity. Thus, it is prudent to more closely 
examine the constructs of existing RTS assessments.

A battery of single leg hop tests (Fig. 2) has most fre-
quently been used within the available literature to assess 
‘functional’ performance and has become the staple (in 
addition to isokinetic testing) of an ACLr RTS test battery 
[3, 15, 22, 25–27]. The adoption of these tests is likely in 
part due to their practical utility and ease of administra-
tion. Objective decisions can be made by directly comparing 
the reconstructed to uninvolved leg, creating a limb sym-
metry index (LSI). Scores greater than 90% LSI have been 
suggested as a clinical criterion to ‘pass’ and subsequently 
complete rehabilitation [28, 29]. A recent study showed that 
at 6 months, each of the 4 hop tests could predict return to 
previous levels of sport at 2 year post-surgery [30] and that 
patients with single hop for distance (SHD) and triple hop 
for distance (THD) scores greater than 85% LSI at time of 
RTS were more likely to return to their previous levels [31]. 
Specifically, the 6 m timed hop (T6H) and SHD have been 
shown to be the strongest predictors of those who are more 
likely to RTS [30–32] and THD scores (relative to body 
height and LSI) displayed the strongest predictive ability 
for re-injury [33].

In spite of the widespread integration of ‘hop testing’, 
recent literature has shown that athlete performance during 
these tests at 6 month post-surgery was unable to predict 
return to play at 12 months after rehabilitation, whereas 
strength testing and the subjective patient rating of func-
tion provided more relevant information [3, 25]. In addition, 
single leg hop for distance test scores have not been able to 
differentiate athletes who had RTS 2 years following recon-
struction versus those who had not [34]. Similarly, passing 
a battery of hop tests has been associated with lower re-rup-
ture rates; however, in these studies, only isokinetic strength 
measures showed direct associations with ACL re-injury rate 
[15, 22]. Cumulatively, these data indicate that a critical 

0

10

20

30

40

50

60

70

80

90

Time Strength SLH THD CHD TH6 Other hops

N
um

be
r o

f s
tu

di
es

 (%
)

Criteria for return to sports

Fig. 1   Criteria most used as part of the return to sport decision (data 
extracted from Burgi et  al. [8]). SHD single hop for distance, THD 
triple hop for distance, CHD cross-over hop for distance, 6TH 6  m 
timed hop

literature concerning when an athlete should RTS indicate 
that the use of temporal guidelines alone to measure readi-
ness to RTS should be avoided.

In light of the fact that no associations have been observed 
between time from surgery and functional deficits in athletes 
who are in the process of completing their RTS [18, 19], a 
progressive shift towards a more criterion-based progression 
has ensued. A range of tests are utilized in various combina-
tions, including isokinetic strength assessment of the quadri-
ceps and hamstrings, single leg hop testing and other func-
tional movement patterns (Fig. 1) [10, 11, 20, 21]. Available 
evidence indicates that passing a battery of assessments for 
RTS, including strength and hop tests, reduces the risk of re-
injury [15, 22]. However, a recent report indicates patients 
who returned earlier because of passing designated criteria 
had an increased risk of contralateral ACL injury but they 
also displayed superior knee function and higher activity lev-
els at the mid-term (4-year) follow-up [23]. When interpret-
ing these data, it should be considered that those with better 
function normally return to a higher level of competition and 
have greater exposure which was not controlled for in this 
study. A more recent meta-analysis has also questioned the 
validity of current RTS test protocols, reporting no associa-
tions between re-injury [20] and even greater risk on the 
contralateral limb [21]. However, these findings have been 
challenged recently [24], with the authors questioning the 
validity of pooling studies with substantial methodological 



487A Critical Review of ACL Hop Tests

examination of ‘hop tests’ is warranted to determine their 
suitability to identify functional deficits following ACLr.

1.1 � The Evolution of Hop Testing as Measurement 
Tool to Assess Function Following ACLr

Hop testing was first cited in the early 1980s with a num-
ber of papers espousing their use to evaluate closed chain 
performance in athletes with ACL injury [35, 36]. These 
studies utilized the SHD to quantify function and concluded 
the test may be useful in guiding RTS [36]. The remaining 
3 hop tests first appeared in the literature during the early 
1990s, with the introduction of the T6H, followed by the 
cross-over hop for distance (CHD) and the THD [37, 38]. 
These studies were among the first to objectively assess 
functional performance as part of a criteria driven RTS pro-
cess. A limb symmetry index ratio (sum of the involved leg/
uninvolved leg × 100) was proposed to assess the likelihood 
of a ‘functional abnormality’ in the ACL reconstructed knee. 
Data from a non-injured population indicated that 81% of 
people displayed symmetry greater than 90%; 93% of the 
cohort-achieved symmetry greater than 85%, and all had LSI 
values greater than 80% [37]. As a result, target guidelines 
for injured athletes to achieve were set at 85%, with lower 
values considered as abnormal symmetry [37, 39]. Shortly 
after, a study reporting differences in LSI between athletes 
who returned to high-level sports, and those who failed reha-
bilitation demonstrated that successful subjects averaged 
over 90% LSI in their functional hop tests, whereas those 
who failed (6 subjects) had scores lower than 90% [28]. The 
requirement for a higher LSI threshold was also shown in a 

more recent study, with 100% of a ‘normal’ uninjured popu-
lation demonstrating symmetry values greater than 90% for 
all 4 hop tests [29]. These studies have helped to shape cur-
rent guidelines, providing an objective measure for use in 
evaluating performance during RTS testing [15, 22].

2 � Examination of the Hop Tests 
(Measurement Error, Performance 
Constructs and Temporal Evaluation)

2.1 � Reliability

Early research has shown the three hops for distance tests to 
demonstrate excellent rank-order repeatability (ICC > 0.95), 
with the authors stating that due to a low standard error 
mean, any discrepancy within the measures would occur 
within an acceptably small range [40]. Strong reliability of 
the LSI has also been indicated, with ICC values of 0.92, 
0.88, and 0.84 reported for single, triple, and cross-over hop 
for distance, respectively [41]. The T6H has consistently 
reported lower values (ICC = 0.66 and 0.82) [40, 41]. This 
in part may be due to the protocol frequently adopted within 
the available literature which has used a stopwatch for meas-
urement. These protocols can demonstrate good reliability; 
however, there is a trend of systematic bias and faster times 
when compared to automatic timers [42, 43]. In addition, 
larger absolute errors are present [44] compared to automatic 
timing devices (photocells etc.). Furthermore, more bias is 
observed, as protocol completion time is reduced [45], which 
may have implications when comparing inter limb measures, 

Fig. 2   Depiction of the 4 single 
leg hop tests commonly used 
in return to sport protocols: a 
single hop for distance, b triple 
hop for distance, c cross-over 
hop for distance, d 6-m timed 
hop
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particularly in the timed hop tests (duration: ~ 1.6–2 s). The 
timer starts when the athlete’s heel leaves the ground at 
the beginning of the test and stops when the athlete com-
pletes the 6-m distance; thus, clinicians encounter 4 poten-
tial sources of error (1) heel raise; (2) hit start; (3) visually 
observe the athlete complete the 6 m distance; and (4) hit 
stop. There will also be normal variation (typical error) in 
the performance of the athlete. Cumulatively, these factors 
suggest that caution should be applied when using this test 
(and in particular a stopwatch) to determine an athlete’s 
readiness to return to sport, as there may be potential for 
misclassification due to the inherent range of error sources 
present in the test.

When deciding testing criteria, clinicians should be cog-
nizant of how they can determine if changes in performance 
over time (i.e., through rehabilitation) are ‘real’, accounting 
for the typical measurement error. Importantly, longitudinal 
tracking during rehabilitation is needed to create a trajec-
tory and allow clinicians to make more informed decisions. 
In the available literature, the error shown for all 4 hop 
tests appears acceptable [38]. Previous data indicate that 
the SHD displays the lowest percentage change required 
to detect meaningful change beyond typical error (8.09%), 
with the highest values reported for the T6H (12.96%) [38]. 
Practically, this means that larger performance changes are 
required in the execution of the timed hop vs. the other hop 
tests (and in particular the SHD) to be confident of a mean-
ingful improvement. Target scores for individual athletes 
(for both hop distance and symmetry) may also be required 
that consider their specific measurement error, and level of 
performance, to determine if changes observed in response 
to targeted rehabilitation are meaningful.

Finally, athlete familiarization is also an important con-
sideration which is often not applied in clinical practice. 
Reid et al. [41] showed that although LSI was consistent 
over the first 3 tests, absolute hop distance was not, show-
ing improvements over tests 1 and 2. This indicates that a 
learning effect which needs to be acknowledged to ensure 
the athlete’s maximum performance is measured. In addi-
tion, the previous data suggest that hop distance (relative to 
body height) is a predictor for re-injury, alongside LSI in the 
THD [33]. Therefore, adequate exposure to testing protocols 
prior to data collection is essential, and relative hop scores 
need to be considered to ensure that a minimum level of 
performance is obtained.

2.2 � Relationships with Strength

An understanding of the contributing factors that underpin 
successful hop performance can help clinicians identify 
potential deficiencies. Asymmetries during the hop for dis-
tance tests have been associated with deficits in strength in 
the involved limb [46–49], and lower knee joint moments 

and power [50, 51]. However, it is important to recognize 
that correlation does not equal causation, and often, the 
strength of these relationships is low to moderate [52, 53], 
suggesting that other factors are present. Peak torque and 
rate of torque development have been shown as predictive 
factors for both single (R2 = 60.9%) and triple hop for dis-
tance (R2 = 61.8%) [54, 55]. However, maximal rebound 
hopping requiring multiple contacts appears to be distinct 
from a single hop and stick task, as reactive strength index 
(jump height/ground contact time) was included in the 
regression model for the THD and not the SHD [54].

The CHD and THD share similar qualities or are co-lin-
ear, with strong correlations between the two tests (r = 0.76) 
[56]. This might be expected, as the protocol for triple and 
cross-over hop is inherently similar (Fig. 1), the main dif-
ference being that the cross-over hop requires a 15 cm 
medial–lateral deviation across a tape measure. However, 
the literature indicates that they may be measuring slightly 
different constructs. Regression analysis completed for all 4 
hop tests showed that asymmetry of strength was a predic-
tive factor for asymmetry in the SHD and THD, but not the 
CHD and T6H [47]. When interpreting strength data and 
associations with function, clinicians should consider that 
only peak knee extensor torque was measured which may not 
reflect the additional strength qualities that underpin func-
tional performance (reactive, eccentric, rate of force devel-
opment, frontal and transverse plane control etc.) [57], as 
well strength in different anatomical locations. For example, 
hip external rotation strength has been shown to indepen-
dently predict re-injury risk [58], as well as hop distance 
deficits in ACLr patients, which are observed throughout 
rehabilitation [59], yet has received little attention in RTS 
protocols, or by way of comparisons between hop tests. 
Cumulatively, the data indicate that performance on differ-
ent hop tests may provide specific information. For exam-
ple, higher LSI on a SHD, with lower values in the triple 
hop, may be indicative of good strength and rate of torque 
development, but limitations in the ability of the limb to 
generate sufficient breaking forces, and transmit these into 
the propulsive phase (reactive strength).

2.3 � Relationships with Subjective Function

There may also be a psychological component that accounts 
for some of the deficits observed during hop tests [53]. Pre-
vious research has indicated the CHD shows the strongest 
relationship with self-reported knee function [60, 61]. This 
may be due to the greater medio lateral force application 
during the cross-over deviation which is associated with the 
injury mechanism [62, 63], resulting in lower confidence 
levels when an athlete is asked to perform maximally on 
the involved limb. However, other research has shown that 
the CHD is the only hop test which is not associated with 
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self-reported knee function [64]. The T6H also appears to 
have strong associations with perceptions of lower limb per-
formance capacity [49, 60, 61, 64]. For this test, it is more 
difficult to determine these associations. Perhaps, the dis-
tance covered and number of repetitions at high speed may 
create a more cautious approach from the athlete. In addi-
tion, there is also evidence that psychological factors may 
contribute to SHD and THD performance [60, 64, 65], with 
Muller et al. [32] demonstrating the SHD to be the strongest 
predictor of self-reported knee function 1 year after surgery 
when all 4 tests were used. Cumulatively, relationships with 
self-reported function would appear to be equivocal, with 
variation seen across the range of studies.

2.4 � Temporal Evaluation (Which Tests Should We 
Use to Detect Change Over Time?)

While the hop tests have often been used as a ‘discharge’ 
protocol, it is also advised that clinicians monitor function 
during rehabilitation. Significant changes over time in the 
injured versus the uninjured limb have been observed for 
all 4 hop tests [41]; however, a trend for an earlier return 
to limb symmetry appears to exist for the T6H relative to 
the other hop tests (Fig. 3) [28, 66–69]. For example, the 
T6H was the only hop test which was not different between 
ACL-reconstructed athletes and healthy-matched controls 
at the time of RTS during a modified NFL combine test 
[68] and has been unable to differentiate between patient 
success when monitoring RTS outcomes [32]. These find-
ings might be explained by Hopper et al. [70], who reported 
that the early normalization shown in the T6H, in compari-
son with the CHD and single leg vertical jump, may be due 
to the relatively low demands of the activity. The goal of 

the task is to hop as fast as you can; thus, athletes tend to 
adopt more frequent and shorter steps. Consequently, the 
mechanical joint loads and breaking forces that are required 
on each ground contact are likely to be lower (although to 
date no studies have tested this). In addition, the require-
ment for maximal, rapid deceleration is lower by remov-
ing the stop requirement, whereas the other 3 hop tests all 
require the ability to stick and hold the final hop landing. 
Comparatively, the SHD appears in a number of studies to 
have marginally lower values at each time point measured 
compared to the other three hop tests (Fig. 3), suggesting 
that it may be a more sensitive temporal measure to differ-
entiate between the previously injured and non-injured limb 
as well as improvement in overall functional symmetry over 
time [28, 41, 71]. Strikingly, it can be seen that knee func-
tion as measured by each of the hop tests does not appear to 
plateau over the testing time points commonly used in the 
ACLr literature (Fig. 3). Although LSI values are within the 
acceptable range (> 90%) at 52 weeks post-surgery, the data 
indicate that even at this late stage, the subject’s recovery 
is still on an upward trajectory. A further assessment time 
point may have shown diminishing returns from rehabilita-
tion, and perhaps greater readiness to RTS and highlights the 
potential need for a strategy that looks to record individual 
progress over time, so the decision about RTS can be based 
on longitudinal progress, rather than a one-off test.

2.5 � Do We Need 4 Hop Tests?

The utility of a test to correctly differentiate an abnormal-
ity when one is present (sensitivity), is essential for a clini-
cian to be able to determine whether a genuine deficit is 
present. Individually, the hop tests show poor sensitivity 

Fig. 3   Changing limb sym-
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[38, 63], 26 weeks [38, 63, 66], 
and 52 weeks [63, 66] (Reid 
et al. [38] data were taken at 
16 and 22 weeks, and have 
been included as part of the 
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in their ability to identify deficits (using an LSI threshold 
of > 85%), with values ranging from 44 to 58% [38, 60, 72]. 
Even though utilization of 3 or 4 hop tests as the ‘func-
tional’ component in RTS assessment is common [3, 15, 22, 
25–27], the ability to observe an abnormality in an ACLr 
patient using all 4 tests as a ‘battery’ appears to be no greater 
than just using 2; however, more than one hop test may be 
required to increase their sensitivity (50% vs. 62% for 1 and 
2 tests, respectively) [38]. In addition, there were no 2 hop 
tests that when performed together, showed any greater sen-
sitivity compared to any other combination of 2 tests [38]. 
Conversely, Wilk et al. [60] reported the T6H to have a sen-
sitivity of only 26% which is markedly lower than those gen-
erally found for the other 3 hop tests; although, when used 
along with the CHD, this combination showed the highest 
sensitivity [60]. However, the THD was not included in this 
study making direct comparisons difficult. A more recent 
study showed the SHD alone demonstrated equivalent sen-
sitivity to any other two combinations of the hop tests [65]. 
Overall, these data suggest that using all 4 tests simultane-
ously is likely surplus to requirements in terms of their abil-
ity to detect abnormality.

Correlational analysis (which is not without its limita-
tions) also supports the need for a more selective approach 
in the use of hop testing. The SHD and THD have reported 
strong associations (r = > 0.8) [56, 72, 73], and similar val-
ues have been observed between the SHD and T6H (r = 0.89) 
[74]. Only the SHD and CHD have been shown to have a 
relatively low correlation (r = 0.56) [56], perhaps indicating 
that these two hops may be measuring different constructs. 
In addition, a recent study reported that although all 4 tests 
were consistent predictors of return to high level sporting 
activities, it was the T6H which contributed most to the 
regression model at 12 months’ post ACLr, with a quarter 
of the variance explained by this functional test (R2 = 0.22). 
At 24 months, a combination of the SHD and T6H predicted 
almost half of the variance in RTS at the same pre-injury 
level, with the other hops adding little to the overall model 
[30].

Cumulatively, the data indicate that the inclusion of all 4 
hop tests as an assessment battery may not be necessary to 
enhance RTS decision making. The inclusion of more tests 
that measure similar constructs increases the inherent error 
associated with execution which comes from many sources 
(athlete fatigue, motivation, tester error etc.). The inclusion 
of only 2 tests may also provide additional time to test other 
important constructs to further guide the clinician regarding 
the function of their athlete’s knee. Further investigation is 
warranted to determine if an optimal combination of tests 
exists that provides the clinician with the most insight into 
the athlete’s state of readiness to return to play.

3 � Other Unilateral Jump Test Alternatives 
to Single Leg Hop Protocols

In addition to streamlining the horizontal hop testing, it may 
be pertinent to consider other jump and hop tests to ensure 
all relevant physical constructs are being examined as these 
may load the knee differently and provide broader challenges 
for the athlete. For example, lower extremity joint contribu-
tions during bilateral jumping showed that the contribution 
of the knee during the propulsive phase of the horizontal 
jump was only 4%, compared to 24% in the vertical jump, 
with the ankle predominantly making up the difference [75]. 
This suggests that the vertical jump may prove to be a bet-
ter indicator of the functional capabilities of the knee joint 
and could be considered as a pertinent test to examine per-
formance following ACLr. In addition, lateral, vertical and 
horizontal hops could be considered distinctly different tasks 
by virtue of their moderate associations (r < 0.64) [76]. By 
testing the patient in different planes of motion, the clinician 
can more clearly identify movement deficits that are relevant 
in the context of their sport, and these can be subsequently 
developed through targeted training interventions.

3.1 � Unilateral Vertical Hop

The goal of this test is to achieve maximum vertical displace-
ment in a unilateral stance and land under control. Excellent 
reliability has been shown in both healthy (r = 0.86) [73] and 
ACLr patients (r < 0.88) [72, 77, 78]. Heightened between 
limb differences are expected during this test in healthy pop-
ulations, with 6% of the cohort showing a limb symmetry 
score of < 85%, compared to 0% in a horizontal hopping task 
[73], and 11% scoring lower than 90% LSI [72]. However, 
while this test may display lower specificity, in comparison 
with horizontal hops, its sensitivity to identify individuals 
with a history of ACLr is greater, with values of 86% versus 
63% in the vertical jump and SHD, respectively [72]. This is 
supported by several studies that indicate a delay in athletes 
achieving 90% single leg vertical jump height symmetry 
when compared to horizontal hopping after ACLr [79, 80]. 
However, these findings are not universal with vertical hop 
demonstrating similar progressions to the CHD, but a trend 
for slower normalization compared to the T6H [70], as well 
as greater symmetry throughout rehabilitation compared to 
the T6H and SHD [71]. The observed differences between 
studies may be indicative of the prescribed rehabilitation 
protocols that address distinct physical qualities and move-
ment patterns, as well as variations in test methodologies, 
and support the need to unify testing protocols and for fur-
ther research to examine the biomechanics and performance 
constructs of the individual hop tests.
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3.2 � Unilateral Repeated Vertical Hop/Rebound Test

Another protocol that has been used within the available 
literature requires subjects to hop as fast and high as possi-
ble for a period of 10 s [39] When using jump height as the 
variable measured, the sensitivity for this test at 54 weeks’ 
post-surgery was reported as higher than horizontal hopping 
at 72% vs. only 28%, and 16% for the SHD and THD, respec-
tively. Specificity was also equal in this test when compared 
to the two horizontal tests (96%), making it an appealing 
option to detect abnormalities in the injured population. 
However, although Petschnig et al. [39] reported ICCs above 
0.89 for 10 s of hopping, another study using cyclic vertical 
hopping reported values for the dominant and non-domi-
nant legs of 0.71 and 0.81, respectively [73]. In addition, the 
same author found specificity to be lower at higher LSI cut 
offs compared to vertical and horizontal hops, with 39% of 
healthy subjects demonstrating asymmetry < 90% LSI. This 
suggests caution must be applied when using higher cut off 
values of > 90% for this test as it is possible that injured 
subjects who have a healthy knee may still report an abnor-
mality in this test when one is not present. Recently, single 
leg drop jumps have been utilized and have shown greater 
biomechanical deficits for the involved leg 9 months after 
reconstruction compared to the single leg hop [81]. This 
suggests it may be a more sensitive measure to abnormal 
function over time compared to the horizontal hop; however, 
further reliability studies and sensitivity testing need to be 
conducted in ACLr populations to confirm its value as an 
addition to RTS testing protocols.

3.3 � Side Hop/Rotational Hops

The protocol for the side hop involves 30 s of medial–lateral 
displacement, back and forth between 2 markers placed on 
the floor positioned 40 cm apart. Mediolateral forces at the 
knee are considered to be high risk during dynamic move-
ments [62, 63] and so an evaluation of performance in this 
plane of motion may provide useful information. The test 
has been shown to have good reliability (r > 0.85) [72], and 
heightened sensitivity in comparison with horizontal hop-
ping, with values of 77% in the side hops, although this was 
lower than the vertical hop which was 87% in ACLr subjects 
[72]. However, the same author also reported low specificity 
of 87% when LSI was set at 90%, suggesting that in healthy 
subjects, 13% would show up as having an abnormal knee 
when no injury was present, whereas SHD specificity was 
at 100%. Similarly, Dingenen et al. [82] reported excel-
lent reliability (r > 0.9) in a triple lateral hop for distance, 
and single rotational hop for distance, and also observed 
a lower percentage of ACL patients passed the 90% LSI 
threshold for these tests 6 months after surgery compared 
to SHD and THD. However, it was also reported that in the 

healthy population only 69% had a limb symmetry threshold 
in excess of this cut off, compared to 93% in the horizontal 
hops. Low test specificity is a key consideration for deter-
mining optimal time frames for successful RTS. If the tests 
selected are prone to identifying an abnormality when there 
is not one (false-positive), we are potentially withholding 
an otherwise healthy athlete from returning to sport. This is 
an important consideration, particularly for the longer term. 
Thomee et al. [79] reported that only about 50% and 60% 
of patients had passed the side hop and countermovement 
jump, respectively, compared to approximately 85% for the 
single hop at 2 years post reconstruction using a 90% LSI cut 
off. This indicates a need to reduce the LSI percentage for 
these tests to ensure greater accuracy of decisions; however, 
reducing the target LSI percentage value for these tests will 
in turn reduce the test’s sensitivity. Furthermore, rehabilita-
tion programs may wish to consider including protocols to 
address these deficits by targeting factors which improve 
mediolateral force production.

4 � Can We Use the Contralateral Limb 
to Guide Performance?

Recent concerns have been raised regarding the use of the 
uninjured limb as an index measurement during rehabili-
tation. It is possible that as a result of reduced loading, a 
progressive detraining effect may result during the period 
immediately after the injury, and through early rehabilita-
tion. A number of studies have demonstrated reduced abso-
lute distance deficits in both the involved and uninvolved 
limb of ACLr patients in comparison with healthy-matched 
controls or preoperative values [26, 83] for up to 24 month 
post-surgery [84]. Wren et al. [83] observed that although a 
number of ACLr patients demonstrated limb symmetry, they 
hopped shorter distances on the uninjured leg compared to 
asymmetric patients, and a healthy-matched control group. 
The authors suggest that this may be as a result of decon-
ditioning, fear or lack of motivation, but it also raises the 
concern that athletes, consciously or subconsciously, may 
be able to manipulate test performance to expedite their 
return to play. A practical strategy (in the absence of pre-
injury data) that may be implemented to avoid these issues 
requires conducting assessments on the contralateral limb 
preoperatively. This would direct the focus during rehabilita-
tion to not only matching LSI, but will also provide an aim 
of achieving their pre-injury capacity in the contralateral 
limb. Wellsandt et al. [85] tested the non-injured limb pre-
operatively and at the point of return to play. They reported 
that only 29% of patients met hop distance criteria (90% 
LSI) when using preoperative distance as the comparative 
measurement, versus 57% when using the non-injured limb 
post-operative performance as the index measurement. 
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Importantly, when using the preoperative hop distance 
with the non-injured leg as the reference for symmetry, the 
data showed greater ability to predict a second ACL injury. 
Therefore, obtaining data for the contralateral limb as soon 
as possible after the injury (or surgery if no pre-op values 
were obtained), and reporting symmetry and relative hop 
distance performance trajectory on each limb in the later 
stages of rehabilitation in a performance context as well as 
just the LSI may give the clinician a more accurate bench-
mark and estimation of the athlete’s state of readiness for 
RTS.

4.1 � The Importance of Assessing Movement Quality

Although performance outcomes (hop distance/time) may 
suggest that acceptable symmetry between limbs has been 
achieved, these measures do not take into consideration 
information about how the task is executed in terms of 
movement quality. Quantification of performance outcome 
measures alone may not be enough. Paterno et al. [58] dem-
onstrated that lower extremity biomechanics during a verti-
cal landing may be predictive of ACL re-injury; specifically, 
an increase in knee valgus, and greater asymmetry in inter-
nal knee extensor moments at initial contact. When tested 
at the point of return to sports, differences in loading have 
been observed in the ACL injured limb [18, 50, 86], which 
may persist for up to 7 years after surgery [87]. Xergia et al. 
[88] measured joint angles and moments at the hip, knee, 
and ankle in a group of ACLr patients during a single hop 
for distance and reported no relationship between the LSI 
for the variables, when compared to asymmetries in distance 
hopped, 6–9 months after surgery. Similarly, although LSI 
single hop scores of > 90% were achieved in patients after 
ACLr, reductions in peak knee flexion were evident on the 
involved limb, indicating a compensatory strategy [89]. This 
either implies that movement quality might appear to pro-
gress at a different rate to performance measurements, or 
that using current LSI guidelines derived from hop distance 
measured are not suitable guidelines to determine movement 
quality. Supporting this, Wren et al. [83] showed that the 
involved knee at ~ 6 month post-surgery displayed reduced 
knee flexion at initial contact, peak knee flexion, and knee 
flexion excursion, even though the mean LSI hop distance 
was 92%. Interestingly, patients who were more asymmetric 
tended to offload more towards the ankle and symmetric 
patients towards the hip, suggesting that symmetric patients 
passed the hop test by developing a more successful com-
pensation strategy in which the load is distributed towards 
the larger musculature involved in knee joint stabilization. 
These data indicate that utilizing hop distance alone may not 
give a full picture of the status of the athlete’s knee func-
tion at the time of return, and suggest that while assessing 
performance during the test (attempting to maximize hop 

distance), other factors relating to neuromuscular control 
should also be examined and form part of the RTS decision-
making process.

In spite of these findings, it should also be considered 
that the hop tests were originally developed and widely 
adopted due to their practical utility and time efficiency. 
Measurement of biomechanics during these tests has not 
been commonplace, likely due to the expensive equipment 
and labor-intensive analysis procedures. The use of video 
cameras positioned in the frontal and sagittal plane has been 
shown to provide a practically viable option for clinicians, 
whereby the data captured can be exported and analyzed 
using freely available software [89]. Recent improvements 
in wearable technology also provide more feasible options 
for clinicians which allow them to make more informed and 
objective decisions. For example, inertial sensors can easily 
attach to the thigh and shank, to measure knee joint kinemat-
ics and have been shown to provide accurate and reliable 
measures of angular velocity associated with deficits in knee 
power in ACL injured athletes [90]. Peebles et al. [86] used 
a “relatively inexpensive” single sensor force insole that can 
be inserted into the patient’s shoe to provide real time feed-
back on impact force, loading rate, and impulse with good 
reliability [91]. These variables displayed enough sensitivity 
to confirm limb asymmetries in loading between the injured 
and uninjured limb. Further research is warranted using a 
range of wearable technologies to identify what is consid-
ered ‘normal’ for a range of pertinent variables provided 
from such devices in both athletes with a history of ACLr 
and matched controls. However, clinicians are encouraged 
to thoroughly research the product and, where possible, per-
form the required analysis to determine their validity and 
reliability.

5 � Conclusion

The current evidence indicates a lack of consistency in the 
ability of hop testing used as a measure to assess function 
following ACLr to predict successful outcomes following 
rehabilitation, either in terms of returning to previous per-
formance levels, or identifying those at a greater risk of re-
injury. In addition, the current practice of using all 4 tests to 
inform decision making appears to be unnecessary, with the 
evidence, suggesting that the single hop and triple hop for 
distance appear to give the clinician sufficient information, 
as well as providing an assessment of distinctly different 
physical constructs. Eliminating the need to perform all 4 
hop tests allows the inclusion of other ‘hops’ that may offer 
different insights into the functional status of the knee, and 
the athlete’s readiness to return to sport. Moving forwards, 
other factors relating to neuromuscular/movement control 
(as an additive to just hop distance/time) should be examined 
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and form part of the RTS decision-making process. Finally, 
the use of pre-injury hop distance on the contralateral leg as 
an index measure is recommended, not only as a gauge for 
reducing re-injury risk, but also as a target to help the athlete 
to reach the previous performance capacity.

Acknowledgements  Open Access funding provided by the Qatar 
National Library.

Compliance with Ethical Standards 

Funding  No sources of funding were used to assist in the preparation 
of this article.

Conflict of interest  Will Davies, Gregory Myer, and Paul Read declare 
that they have no conflicts of interest relevant to the content of this 
review.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Ardern CL. Anterior cruciate ligament reconstruction-not exactly 
a one way ticket back to pre-injury level: a review of contex-
tual factors affecting return to sport after surgery. Sports Health. 
2015;7:224–30.

	 2.	 Ardern CL, Taylor NF, Feller JA, Webster KE. Fifty-five per cent 
return to competitive sport following anterior cruciate ligament 
reconstruction surgery: an updated systematic review and meta-
analysis including aspects of physical functioning and contextual 
factors. Br J Sports Med. 2014;48:1543–52.

	 3.	 Toole AR, Ithurburn MP, Rauh MJ, Hewett TE, Paterno MV, 
Schmitt LC. Young athletes cleared for sports participation after 
anterior cruciate ligament reconstruction: How many actually 
meet recommended return-to-sport criterion cut offs? J Orthop 
Sports Phys Ther. 2017;47(11):825–33.

	 4.	 Walden M, Hagglund M, Magnusson M, Ekstrand J. ACL injuries 
in men’s professional football: a 15-year prospective study on time 
trends and return-to-play rates reveals only 65% of players still 
play at the top level 3 years after ACL rupture. Br J Sports Med. 
2016;50:744–50.

	 5.	 Walden M, Hagglund M, Ekstrand J. High risk of new knee injury 
in elite footballers with previous anterior cruciate ligament injury. 
Br J Sports Med. 2006;40(2):158–62.

	 6.	 Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D, Webster 
KE, Myer GD. Risk of secondary injury in younger athletes after 
anterior cruciate ligament reconstruction: a systematic review and 
meta-analysis. Am J Sports Med. 2016;44(7):1861–76.

	 7.	 Lohmander LS, Ostenberg A, Englund M, Roos H. High preva-
lence of knee osteoarthritis, pain, and functional limitations in 
female soccer players 12 years after anterior cruciate ligament 
injury. Arthritis Rheum. 2004;50(10):3145–52.

	 8.	 Lai CCH, Feller JA, Webster KE. Fifteen-year audit of anterior 
ligament reconstructions in the Australian football league from 
1999 to 2013: return to play and subsequent re injury. Am J Sports 
Med. 2018;46(14):3353–60.

	 9.	 Arden C, Glasgow P, Schneiders A, Witvrouw E, Clarsen B, 
Cools A, et al. 2016 Consensus statement on return to sport from 
the First World Congress in Sports Physical Therapy, Bern. Br J 
Sports Med. 2016;50:853–64.

	10.	 Burgi CR, Peters S, Ardern CL, Magill JR, Gomez CD, Sylvain 
J, et al. Which criteria are used to clear patients to return to sport 
after primary ACL reconstruction? A scoping review. Br J Sports 
Med. 2019. https​://doi.org/10.1136/bjspo​rts-2018-09998​2.

	11.	 Rambaud AJM, Ardern CL, Thoreux P, Regnaux J-P, Edouard 
P. Criteria for return for running after anterior cruciate ligament 
reconstruction: a scoping review. Br J Sports Med. 2018. https​://
doi.org/10.1136/bjspo​rts-2017-09860​2.

	12.	 Barber-Westin SD, Noyes FR. Factors used to determine return 
to unrestricted sports activities after anterior cruciate ligament 
reconstruction. Arthroscopy. 2011;27(12):1697–705.

	13.	 Roi GS, Creta D, Nanni G, Marcacci M, Zaffagnini S, Snyder-
Mackler L. Return to official Italian first division games within 
90 days after anterior cruciate ligament reconstruction: a case 
report. J Orthop Sports Phys Ther. 2006;25(2):52–67.

	14.	 Beynnon BD, Johnson RJ, Naud S, Fleming BC, Abate JA, Bratt-
bakk B, et al. Accelerated versus nonaccelerated rehabilitation 
after anterior cruciate ligament reconstruction: a prospective, ran-
domized, double blind investigation evaluating knee joint laxity 
using roentgen stereophotogrammetric analysis. Am J Sports Med. 
2011;39(12):2536–48.

	15.	 Grindem H, Snyder-Mackler L, Moksnes H, Engebretsen L, Ris-
berg MA. Simple decision rules reduce injury risk after anterior 
cruciate ligament reconstruction: the Delaware–Olso cohort study. 
Br J Sports Med. 2016;50(13):804–8.

	16.	 Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett TE. 
Incidence of second ACL injuries 2  years after primary 
ACL reconstruction and return to sport. Am J Sports Med. 
2014;42(7):1567–73.

	17.	 Nagelli CV, Hewett TE. Should return to sport be delayed until 
2 years after anterior cruciate ligament reconstruction? Biological 
and functional considerations. Sports Med. 2017;47:221–32.

	18.	 Myer GD, Martin L, Ford KR, Paterno MV, Schmitt LC, Heidt 
RS, et al. No associations of time from surgery with functional 
deficits in athletes after anterior cruciate ligament reconstruction. 
Am J Sports Med. 2012;40(10):2256–63.

	19.	 Menzer H, Slater LV, Diduch D, Miller M, Norte G, Goetschius 
J, et al. The utility of objective strength and functional perfor-
mance to predict subjective outcomes after anterior cruciate 
ligament reconstruction. Orthop J Sports Med. 2017. https​://doi.
org/10.1177/23259​67117​74475​8.

	20.	 Losciale JM, Zdeb RM, Ledbetter L, Reiman MP, Sell TC. The 
association between passing return-to-sport criteria and second 
anterior cruciate ligament injury risk: a systematic review with 
meta-analysis. J Orthop Sports Phys Ther. 2019;49(2):43–54.

	21.	 Webster KE, Hewett TE. What is the evidence for and validity of 
return-to-sport testing after anterior cruciate ligament reconstruc-
tive surgery? A systematic review and meta-analysis. Sports Med. 
2019. https​://doi.org/10.1007/s4027​9-019-01093​-x.

	22.	 Kyritsis P, Bahr R, Landreau P, Miladi R, Witvouw E. Liklihood 
of ACL graft rupture: not meeting six clinical discharge criteria 
before return to sport is associated with a four times greater risk 
of rupture. Br J Sports Med. 2016;50(15):946–51.

	23.	 Sousa PI, Krych AJ, Cates RA, Levy BA, Stuart MJ, Dahm DL. 
Return to sport: does excellent 6-month strength and function 
following ACL reconstruction predict midterm outcomes? Knee 
Surg Sports Traumatol Arthrosc. 2017;25:1356–63.

	24.	 Capin JJ, Snyder-Mackler L, Risberg MA, Grindem H. Keep calm 
and carry on testing: a substantive reanalysis and critique of ‘what 
is the evidence for and validity of return-to-sport testing after 
anterior cruciate ligament reconstruction surgery? A systematic 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/bjsports-2018-099982
https://doi.org/10.1136/bjsports-2017-098602
https://doi.org/10.1136/bjsports-2017-098602
https://doi.org/10.1177/2325967117744758
https://doi.org/10.1177/2325967117744758
https://doi.org/10.1007/s40279-019-01093-x


494	 W. T. Davies et al.

review and meta-analysis. Br J Sports Med. 2019. https​://doi.
org/10.1136/bjspo​rts-2019-10090​6.

	25.	 Edwards PK, Ebert JR, Joss B, Ackland T, Annear P, Buelow 
J-U, et al. Patient characteristics and predictors of return to sport 
at 12 months after anterior cruciate ligament reconstruction: the 
importance of patient age and postoperative rehabilitation. Orthop 
J Sports Med. 2018. https​://doi.org/10.1177/23259​67118​79757​5.

	26.	 Gokeler A, Welling W, Benjamese A, Lemmink K, Seil R, Zaff-
agnini S. A critical analysis of limb symmetry indices of hop tests 
in athletes after anterior cruciate ligament reconstruction: a case 
control study. Orthop Traumatol Surg Res. 2017;103:947–51.

	27.	 Davies GJ. Individualizing the return to sports after anterior cruci-
ate ligament reconstruction. Oper Tech Orthop. 2017;27:70–8.

	28.	 Fitzgerald GK, Axe MJ, Snyder-Mackler L. A decision-making for 
returning patients to high-level activity with non-operative treat-
ment after anterior cruciate ligament rupture. Knee Surg Sports 
Traumatol Arthrosc. 2000;8:76–82.

	29.	 Munro AG, Herrington LC. Between session reliability of 
four hop tests and the agility t test. J Strength Cond Res. 
2011;25(5):1470–7.

	30.	 Nawasreh Z, Logerstedt D, Cummer K, Axe M, Risberg MA, 
Snyder-Mackler L. Functional performance 6 months after ACL 
reconstruction can predict return to participation in same preinjury 
activity level 12 and 24 months after surgery. Br J Sports Med. 
2018;52:375–83.

	31.	 Ardern CL, Webster KE, Taylor NF, Feller JA. Return to the 
preinjury level of competition after anterior cruciate ligament 
reconstruction surgery: two thirds of patients have not returned 
by 12 months after surgery. Am J Sports Med. 2011;39:538.

	32.	 Muller U, Kruger-Franke M, Schmidt M, Rosemeyer B. Predictive 
parameters for return to pre-injury level of sport 6 months follow-
ing anterior cruciate ligament reconstruction surgery. Knee Surg 
Sports Traumatol Arthrosc. 2015;23:3623–31.

	33.	 Paterno MV, Huang B, Thomas S, Hewett TE, Schmitt LC. Clini-
cal factors that predict a second ACL reconstruction and return to 
sport. Preliminary development of a clinical decision algorithm. 
Orthop J Sports Med. 2017. https​://doi.org/10.1177/23259​67117​
74527​9.

	34.	 Jang SH, Kim JG, Ha JK, Wang BG, Yang SJ. Functional per-
formance tests as indicators of returning to sports after anterior 
cruciate ligament reconstruction. Knee. 2014;21:95–101.

	35.	 Daniel DM, Malcom L, Stone ML, Perth H, Morgan J, Riehl B. 
Quantification of knee stability and function. Contemp Orthop. 
1982;5:83–91.

	36.	 Tegner Y, Lysholm J, Lysholm M, Gillquist J. A performance test 
to monitor rehabilitation and evaluate anterior cruciate ligament 
injuries. Am J Sports Med. 1986;14(2):136–9.

	37.	 Barber SD, Noyes FR, Mangine RE, McCloskey JW, Hartmen W. 
Quantitative assessment of functional limitations in normal and 
anterior cruciate ligament-deficient knees. Clin Orthop Relat Res. 
1990;255:204–14.

	38.	 Noyes FR, Barber SD, Mangine RE. Abnormal lower limb sym-
metry determined by function hop tests after anterior cruciate 
ligament rupture. Am J Sports Med. 1991;19:513–8.

	39.	 Petschnig R, Baron R, Albrecht M. The relationship between 
isokinetic quadriceps strength test and hop tests for distance and 
one-legged vertical jump test following anterior cruciate ligament 
reconstruction. J Orthop Sports Phys Ther. 1998;28(1):23–31.

	40.	 Bolgla LA, Keskul DR. Reliability of lower extremity functional 
performance tests. J Orthop Sports Phys Ther. 1997;26(3):138–42.

	41.	 Reid A, Birmingham TB, Stratford PW, Alcock GK, Giffin R. 
Hop testing provides a reliable and valid outcome measure during 
rehabilitation after anterior cruciate ligament reconstruction. Phys 
Ther. 2007;87(3):337–49.

	42.	 Hetzler RK, Stickley CD, Lundquist KM, Kimura IF. Reliability 
and accuracy of handheld stopwatches compared with electronic 

timing in measuring sprint performance. J Strength Cond Res. 
2008;22(6):1969–76.

	43.	 Mann JB, Ivey PJ, Brechue WF, Mayhew JL. Validity and reli-
ability of hand and electronic timing for 40-yd sprint in college 
football players. J Strength Cond Res. 2015;29(6):1509–14.

	44.	 Mayhew JL, Houser JJ, Briney BB, Williams TB, Piper FC, Bre-
chue WF. Comparison between hand and electronic timing of 
40-yd dash performance in college football players. J Strength 
Cond Res. 2010;24(2):447–51.

	45.	 Kim M, Won CW. Combinations of gait speed testing protocols 
(automatic vs manual timer, dynamic vs static start) can sig-
nificantly influence the prevalence of slowness: results from the 
Korean frailty and aging cohort study. Arch Gerontol Geriatr. 
2019;81:215–21.

	46.	 Lepley LK, Palmieri-Smith RM. Quadriceps strength, muscle 
activation failure, and patient-reported function at the time of 
return to activity in patients following anterior cruciate ligament 
reconstruction: a cross sectional study. J Orthop Sports Phys Ther. 
2015;45(12):1017–25.

	47.	 Schmitt LC, Paterno MV, Hewett TE. The impact of quadriceps 
femoris strength asymmetry on functional performance at return 
to sport following anterior cruciate ligament reconstruction. J 
Orthop Sports Phys Ther. 2012;42(9):750–9.

	48.	 Palmieri-Smith RM, Lepley LK. Quadriceps strength asymmetry 
following ACL reconstruction alters knee joint biomechanics and 
functional performance at time of return to activity. Am J Sports 
Med. 2015;43(7):1662–9.

	49.	 Hurd WJ, Axe MJ, Snyder-Mackler L. A 10-year prospective trial 
of a patient management algorithm and screening examination for 
highly active individuals with ACL injury. Part II: determinants 
of dynamic knee stability. Am J Sports Med. 2008;36(1):48–56.

	50.	 Orishimo KF, Kremenic IJ, Mullany MJ, McHugh MP, Nicholas 
SJ. Adaptations in single-leg hop biomechanics following anterior 
cruciate ligament reconstruction. Knee Surg Traumatol Arthrosc. 
2010;18:1587–93.

	51.	 Hamilton RT, Shultz SJ, Schmitz RJ, Perrin DH. Triple-hop dis-
tance as a valid predictor of strength and power. J Athl Train. 
2008;43(2):144–51.

	52.	 Greenberger HB, Paterno MV. Relationship of knee extensor 
strength and hopping test performance in the assessment of lower 
extremity function. J Orthop Sports Phys Ther. 1995;22(5):202–6.

	53.	 Fitzgerald GK, Lephart SM, Hwang JH, Wainner MJS. Hop tests 
as predictors of dynamic knee stability. J Orthop Sports Phys Ther. 
2001;31(10):588–97.

	54.	 Birchmeier T, Lisee C, Geers B, Kuenze C. Reactive strength 
index and knee extension strength characteristics are predictive 
of single leg hop performance after anterior cruciate ligament 
reconstruction. J Strength Cond Res. 2019;33(5):1201–7.

	55.	 Pua Y-H, Mentiplay BF, Clark RA, Ho J-Y. Associations among 
quadriceps strength and rate of torque development 6 weeks post 
anterior cruciate ligament reconstruction and future hop and verti-
cal jump performance: a prospective cohort study. J Orthop Sports 
Phys Ther. 2017;47(11):845–52.

	56.	 Baltaci G, Yilmaz G, Atay AO. The outcomes of anterior cruci-
ate ligament reconstructed and rehabilitated knees: a functional 
comparison. Acta Orthop Traumatol Turc. 2012;46(3):186–95.

	57.	 Knezevic OM, Mirkov DM, Kadija M, Nedeljkovic A, Jaric S. 
Asymmetries in explosive strength following anterior cruciate 
ligament reconstruction. Knee. 2015;21:1039–45.

	58.	 Paterno MV, Schmitt LC, Ford KR, Rauh MJ, Myer GD, Huang B, 
et al. Biomechanical measures during landing and postural stabil-
ity predict second anterior cruciate ligament injury after anterior 
cruciate ligament reconstruction and return to sport. Am J Sports 
Med. 2010;38(10):1968–78.

	59.	 Kline PW, Burnham J, Yonz M, Johnson D, Ireland ML, Noehren 
B. Hip external rotation strength predicts hop performance after 

https://doi.org/10.1136/bjsports-2019-100906
https://doi.org/10.1136/bjsports-2019-100906
https://doi.org/10.1177/2325967118797575
https://doi.org/10.1177/2325967117745279
https://doi.org/10.1177/2325967117745279


495A Critical Review of ACL Hop Tests

anterior cruciate ligament reconstruction. Knee Surg Sports Trau-
matol Arthrosc. 2018;26:1137–44.

	60.	 Wilk KE, Romaniello WT, Soscia SM, Arrigo CA, Andrews 
JR. The relationship between subjective knee scores, isokinetic 
testing, and functional testing in the ACL-reconstructed knee. J 
Orthop Sports Phys Ther. 1994;20(2):60–73.

	61.	 Logerstedt D, Grindem H, Lynch A, Eitzen I, Engebretsen L, 
Risberg MA, et al. Single-legged hop tests as predictors of self-
reported knee function after anterior cruciate ligament recon-
struction: the Delaware–Oslo cohort study. Am J Sports Med. 
2012;40(10):2348–56.

	62.	 McLean SG, Huang X, Su A, van den Bogert AJ. Sagittal plane 
biomechanics cannot injure the ACL during sidestep cutting. Clin 
Biomech. 2004;19:828–38.

	63.	 Levine JW, Kiapour AM, Quatman CE, Wordeman SC, Goel 
VK, Hewett TE, et al. Clinically relevant injury patterns after 
an anterior cruciate ligament injury provide insight into injury 
mechanisms. Am J Sports Med. 2013;41(2):385–95.

	64.	 Reinke EK, Spindler KP, Lorring D, Jones MH, Schmitz L, 
Flanigan DC, et al. Hop tests correlate with IKDC and KOOS at 
minimum of 2 years after primary ACL reconstruction. Knee Surg 
Sports Traumatol Arthrosc. 2011;19:1806–16.

	65.	 Grindem H, Logerstedt D, Eitzen I, Moksnes H, Axe MJ, Sny-
der-Mackler L, et al. Single-legged hop tests as predictors of self 
reported knee function in non-operatively treated individuals with 
ACL injury. Am J Sports Med. 2011;39(11):2347–54.

	66.	 Hartigan EH, Axe MJ, Snyder-Mackler L. Time line for noncopers 
to pass return-to-sports criteria after anterior cruciate ligament 
reconstruction. J Orthop Sports Phys Ther. 2010;40(3):141–54.

	67.	 Moksnes H, Risberg MA. Performance-based functional evalua-
tion of non-operative and operative treatment after anterior cruci-
ate ligament injury. Scand J Med Sci Sports. 2009;19(3):345–55.

	68.	 Myer GD, Schmitt LC, Brent JL, Ford KR, Barber-Foss KD, 
Scherer BJ, et al. Utilization of modified NFL combine testing to 
identify functional deficits in athletes following ACL reconstruc-
tion. J Orthop Sports Phys Ther. 2011;41(6):377–87.

	69.	 Logerstedt D, Lynch A, Axe MJ, Snyder-Mackler L. Symme-
try restoration and functional recovery before and after anterior 
cruciate ligament reconstruction. Knee Surg Sports Traumatol 
Arthrosc. 2013;21(4):859–68.

	70.	 Hopper DM, Strauss GR, Boyle JJ, Bell J. Functional recovery 
after anterior cruciate ligament reconstruction: a longitudinal per-
spective. Arch Phys Med Rehabil. 2008;89:1535–41.

	71.	 Hohmann E, Tetsworth K, Bryant A. Physiotherapy-guided versus 
home-based, unsupervised rehabilitation in isolated anterior cruci-
ate injuries following surgical reconstruction. Knee Surg Sports 
Traumatol Arthrosc. 2011;19:1158–67.

	72.	 Gustavsson A, Neeter C, Thomee P, Silbernagel KG, Augustsson 
J, Thomee R, et al. A test battery for evaluating hop performance 
in patients with an ACL injury and patients who have undergone 
ACL reconstruction. Knee Surg Sports Traumatol Arthrosc. 
2006;14:778–88.

	73.	 Maulder P, Cronin J. Horizontal and vertical jump assessment: 
reliability, symmetry, discriminative and predictive ability. Phys 
Ther Sport. 2005;6:74–82.

	74.	 Swearingham J, Lawrence E, Stevens J, Jackson C, Waggy C, 
Davis DS. Correlation of single leg vertical jump, single leg 
hop for distance, and single leg hop for time. Phys Ther Sport. 
2011;12:194–8.

	75.	 Robertson DGE, Fleming D. Kinetics of standing broad and verti-
cal jump. Can J Sport Sci. 1987;12(1):19–23.

	76.	 Meylan C, McMaster T, Cronin J, Mohammad NI, Rogers C, 
DeKlerk M. Single leg lateral, horizontal, and vertical jump 

assessment: reliability, interrelationships, and ability to predict 
sprint and change-of-direction performance. J Strength Cond Res. 
2009;23(4):1140–7.

	77.	 Brosky JA, Nitz AJ, Malone TR, Caborn DNM, Rayens MK. Int-
rarater reliability of selected clinical outcome measures following 
anterior cruciate ligament reconstruction. J Orthop Sports Phys 
Ther. 1999;29(1):39–48.

	78.	 Lee DW, Yang SJ, Cho SI, Lee JH, Kim JG. Single-leg verti-
cal jump test as a functional test after anterior cruciate ligament 
reconstruction. Knee. 2018;25:1016–26.

	79.	 Thomee R, Neeter C, Gustavsson A, Thomee P, Augustsson J, 
Eriksson B, et al. Variability in leg muscle power and hop perfor-
mance after anterior cruciate ligament reconstruction. Knee Surg 
Sports Traumatol Arthrosc. 2012;20:1143–51.

	80.	 Abrams GD, Harris JD, Gupta AK, McCormick FM, Bush-Joseph 
CA, Verma NN, et al. Functional performance testing after ante-
rior cruciate ligament reconstruction: a systematic review. Orthop 
J Sports Med. 2014. https​://doi.org/10.1177/23259​67113​51830​5.

	81.	 King E, Richter C, Franklyn-Miller A, Daniels K, Wadey R, 
Moran R, et al. Whole body biomechanical differences between 
limbs exist 9 months after ACL reconstruction across jump/land-
ing tasks. Scan J Med Sci Sports. 2018;28(12):2567–78.

	82.	 Dingenen B, Truijen J, Bellemans J, Gokeler A. Test–retest and 
discriminative ability of forward, medial and rotational single-leg 
hop tests. Knee. 2019. https​://doi.org/10.1016/j.knee.2019.06.010.

	83.	 Wren TAL, Mueske NM, Brophy CH, Pace L, Katzel MJ, Edi-
son BR, et al. Hop distance symmetry does not indicate normal 
landing biomechanics in adolescent athletes with recent anterior 
cruciate ligament reconstruction. J Orthop Sports Phys Ther. 
2018;48(8):622–9.

	84.	 Chung KS, Ha JK, Yeom CH, Ra HJ, Lim JW, Kwon MS, 
et al. Are muscle strength and function of the uninjured lower 
limb weakened after anterior cruciate ligament reconstruc-
tion: 2-year follow-up after reconstruction. Am J Sports Med. 
2015;43(12):3013–21.

	85.	 Wellsandt E, Failla MJ, Snyder-Mackler L. Limb symmetry 
indexes can overestimate knee function after ACL injury. J Orthop 
Sports Phys Ther. 2017;47(5):334–8.

	86.	 Peebles AT, Renner KE, Miller TK, Moskal JT, Queen RM. Asso-
ciations between distance and loading symmetry during return to 
sport hop testing. Med Sci Sports Exerc. 2018;51(4):624–9.

	87.	 Ortiz A, Olson S, Libby CL, Trudelle-Jackson E, Kwon Y-H, 
Etnyre B, et al. Landing mechanics between noninjured women 
and women with anterior cruciate ligament reconstruction during 
2 jump tasks. Am J Sports Med. 2008;36(1):149–57.

	88.	 Xergia SA, Pappas E, Georgoulis AD. Association of the single-
limb hop test with isokinetic, kinematic, and kinetic asymmetries 
in patients after anterior cruciate ligament reconstruction. Phys 
Ther. 2015;7(3):217–23.

	89.	 Welling W, Benjaminse A, Seil R, Lemmink K, Gokeler A. 
Altered movement during single leg hop test after ACL recon-
struction: implications to incorporate 2-D video movement 
analysis for hop tests. Knee Surg Sports Traumatol Arthrosc. 
2018;26(10):3012–9.

	90.	 Pratt KA, Sigward SM. Inertial sensor angular velocities reflect 
dynamic knee loading during single limb loading in individu-
als following anterior cruciate ligament reconstruction. Sensors. 
2018. https​://doi.org/10.3390/s1810​3460.

	91.	 Peebles AT, Maguire LA, Renner KE, Queen RM. Validity and 
repeatability of single-sensor loadsol insoles during landing. Sen-
sors. 2018. https​://doi.org/10.3390/s1812​4082.

https://doi.org/10.1177/2325967113518305
https://doi.org/10.1016/j.knee.2019.06.010
https://doi.org/10.3390/s18103460
https://doi.org/10.3390/s18124082

	Is It Time We Better Understood the Tests We are Using for Return to Sport Decision Making Following ACL Reconstruction? A Critical Review of the Hop Tests
	Abstract
	1 Introduction
	1.1 The Evolution of Hop Testing as Measurement Tool to Assess Function Following ACLr

	2 Examination of the Hop Tests (Measurement Error, Performance Constructs and Temporal Evaluation)
	2.1 Reliability
	2.2 Relationships with Strength
	2.3 Relationships with Subjective Function
	2.4 Temporal Evaluation (Which Tests Should We Use to Detect Change Over Time?)
	2.5 Do We Need 4 Hop Tests?

	3 Other Unilateral Jump Test Alternatives to Single Leg Hop Protocols
	3.1 Unilateral Vertical Hop
	3.2 Unilateral Repeated Vertical HopRebound Test
	3.3 Side HopRotational Hops

	4 Can We Use the Contralateral Limb to Guide Performance?
	4.1 The Importance of Assessing Movement Quality

	5 Conclusion
	Acknowledgements 
	References




