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Abstract

Purpose There is a lack of consensus regarding the appro-
priate criteria for releasing patients to return to sports (RTS)
after anterior cruciate ligament reconstruction (ACLR). A
test battery was developed to support decision-making.
Methods Twenty-eight patients (22 males and 6 females)
with a mean age of 25.4 &£ 8.2 years participated and were
6.5 &+ 1.0 months post-ACLR. All patients followed the
same rehabilitation protocol. The test battery used con-
sisted of the following: isokinetic test, 3 hop tests and the
jump-landing task assessed with the LESS. The isokinetic
tests and single-leg hop tests were expressed as a LSI
(involved limb/uninvolved limb x 100 %). In addition,
patients filled out the IKDC and ACL-Return to Sport after
Injury (ACL-RSI) scale. RTS criteria to pass were defined
as a LSI > 90 % on isokinetic and hop tests, LESS < 5,
ACL-RSI > 56 and a IKDC within 15th percentile of
healthy subjects.

Results Two out of 28 patients passed all criteria of the test
protocol. The pass criterion for the LESS < 5 was reached
by 67.9 % of all patients. For the hop tests, 78.5 % of
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patients passed LSI > 90 % for SLH, 85.7 % for TLH and
50 % for the SH. For the isokinetic test, 39.3 % of patients
passed criteria for LSI peak torque quadriceps at 60°/s,
46.4 % at 180°/s and 42.9 at 300°/s. In total, 35.7 % of the
patients passed criterion for the peak torque at 60°/s nor-
malized to BW (>3.0 Nm) for the involved limb. The H/Q
ratio at 300°/s > 55 % for females was achieved by 4 out
of 6 female patients, and the >62.5 % criterion for males
was achieved by 75 %. At 6 months post-ACLR, 85.7 % of
the patients passed the IKDC score and 75 % the ACL-RSI
score >56 criteria.

Conclusion The evidence emerging from this study sug-
gests that the majority of patients who are 6 months after
ACLR require additional rehabilitation to pass RTS crite-
ria. The RTS battery described in this study may serve as
a framework for future studies to implement multivariate
models in order to optimize the decision-making regarding
RTS after ACLR with the aim to reduce incidence of sec-
ond ACL injuries.

Level of evidence 111.

Keywords Return to sports - Anterior cruciate ligament
reconstruction - Strength - Hop tests - Questionnaires -
Second injury - Injury risk

Introduction

Most athletes who wish to continue in sports after an
injury to the anterior cruciate ligament (ACL) are advised
to undergo ACL reconstruction (ACLR) [28]. However,
returning to a high activity level after ACLR is linked with
high risk, with reported rates of 23 % in young athletes,
to sustain a second ACL injury, either on the ipsilateral
or on contralateral side [40]. In a systematic review based


http://orcid.org/0000-0002-6427-4225
http://crossmark.crossref.org/dialog/?doi=10.1007/s00167-016-4246-3&domain=pdf

Knee Surg Sports Traumatol Arthrosc (2017) 25:192-199

193

on 264 studies included, Barber-Westin and Noyes found
that return to sports (RTS) decision was mostly based on
subjective non-specific criteria and the majority of studies
used time-based decision allowing RTS at 6 months [6].
This clinical approach may need to be revised in light of
the high incidence of second ACL injuries.

Recently, a test battery with functional tests for deci-
sion-making with regard to RTS following ACLR was pub-
lished [19]. The test battery included one- and two-legged
postural stability tests and jump tasks. These tests are for
the most part quantitative in character (e.g. jump height),
whereas the quality of movements is not assessed. It has
been suggested to incorporate movement analysis to detect
asymmetrical movement patterns after ACLR prior to
release of the athlete to the high demands of sports [34, 41].

Hence, to support decision-making for RTS, a test bat-
tery was developed with physical measures that consisted
of isokinetic strength, single hop test for distance (SLH),
triple hop for distance (TLH), side hop (SH) and a jump-
landing task assessed with the Landing Error Scoring
System (LESS) [33]. Two patient questionnaires were
added to the RTS test battery. As psychological responses
can be attributed to whether patient succeeds or not to
RTS, the Anterior Cruciate Ligament-Return to Sport
after Injury scale (ACL-RSI) was added [4]. The Interna-
tional Knee Documentation Committee Subjective Knee
Form (IKDC) was also added as it has been regarded as
an important measure of successful outcome after ACLR
[27].

The purpose of this study was to present a test battery
that includes both physical and patient-reported measures
after ACLR. It was hypothesized that a test battery combin-
ing components of physical measures such as strength and
single-leg hop tasks and jump-landing tasks in combina-
tion with patient-reported outcomes (IKDC and ACL-RSI)
would identify deficits in patients following ACLR.

Materials and methods

Twenty-eight patients, 22 males (mean age 26.2 + 8.7 years)
and 6 females (mean age 22.8 £ 6.4 years), participated.
The detailed demographics are presented in Table 1.
All subjects were level I-II athletes prior to injury [12].

Table 1 Descriptive data of included subjects (mean=+)

Inclusion criteria for the patients have been reported previ-
ously [14]. An arthroscopic ACLR with anteromedial portal
technique was performed on all patients by the same 2 sur-
geons. Patients completed a rehabilitation programme at the
same outpatient physical therapy clinic. In the first 6 weeks
after surgery, rehabilitation goals were to reduce inflamma-
tion and swelling, restore full knee extension, gait training
and neuromuscular training to facilitate quadriceps activity.
After approximately 6 weeks, neuromuscular training con-
tinued with more advanced drills and muscle strengthening
and endurance training were added. At 12 weeks, muscle
hypertrophy strengthening was started and running activities
and jumping tasks were added. In weeks 24-36, plyometric
activities, running/cutting drills, followed by sport-specific
agility drills on the field, were initiated. The patients per-
formed the test battery on average 6.5 & 1.0 months follow-
ing ACLR. The study protocol was approved by the Medi-
cal Ethical Committee (ID 2012.362) of the University of
Groningen, and informed consent was obtained from all
subjects prior to data collection.

Description of test battery

All subjects were evaluated by the same examiner. Subjects
were asked to wear comfortable clothing and their own
athletic shoes. The test battery consisted of the following
measures that were conducted in this order: jump-landing
task (LESS), SLH, TLH, SH and isokinetic test. Before
testing, the subjects completed a warm-up of 10-min sta-
tionary cycling. Following warm-up, the subjects per-
formed the jump-landing task assessed with the LESS
to identify potentially high-risk movement patterns [33].
Briefly, the subject stands on a 30-cm box with a target line
drawn on the floor at a distance of half of the individual’s
height. The subject was instructed to jump forward from
the box and land just past the marked line with both feet
landing simultaneously and immediately rebound by jump-
ing for maximum vertical height [33]. Two standard 60-Hz
video cameras (Sony; DSR-hc62, Tokyo, Japan) captured
frontal plane and sagittal plane views of the jump landing
[15]. Each jump was videotaped and scored at a later date
using the LESS score form [33]. Subjects performed 3 tri-
als of a jump-landing task before test session commenced.
Trials were excluded and repeated if the subjects jumped

Age (years)  Weight (kg)  Type graft (n) Time post-surgery Number of therapy Lysholm score
(months) sessions
All subjects (n =28) 25.5+83 785 +£127 HT (19),PT(8),AG (1) 65+1.0 433+ 138 67.6 £ 24.5
Males (n = 22) 26.2 £8.8 81.6£11.3 HT(14),PT(7),AG (1) 65=%1.1 43.1+14.7 63.9 £25.4
Females (n = 6) 22.8+6.4 67.3+11.8 HT(5),PT () 6.3 £0.6 442+ 112 78.0 £ 18.1

HT hamstring tendon graft, PT bone-patellar tendon graft, AG allograft
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vertically from the box or if they did not jump for maximal
height upon landing [33].

After the jump-landing task, patients performed the
SLH, TLH and SH as described in detail previously [17,
31]. Three practice trials were performed to familiarize the
subjects with the hop tasks. The subjects rested for 30 s
between each jump trial and 3-5 min between the various
hop tests to prevent fatigue.

Muscular performance was tested with an isokinetic
device (Biodex System 3; Biodex Medical Systems, Inc,
Shirley, NY) to test both legs at a velocity of 60°/s, 180°/s
and 300°/s with 5, 10, 10 maximal concentric repetitions
for flexion and extension, respectively. The uninvolved side
was always tested first. There was a standardized 1-min rest
between the various speed trials and 5 min after the isoki-
netic evaluation.

Following the physical tests, subjects completed 2
patient questionnaires: the IKDC and the ACL-RSI. The
IKDC is a knee-specific outcome measure pertinent to a
variety of knee conditions for assessing symptoms, func-
tion and sports activity [20]. The ACL-RSI is a 12-item
patient-reported outcome of emotions, confidence in per-
formance and risk appraisal after ACLR. It can discriminate
psychological differences between athletes who returned to
sports and those who did not after ACLR [4].

Data reduction

The jump-landing task movements were analysed accord-
ing to the LESS that is a valid and reliable (ICC = 0.91)
clinical movement-analysis tool that evaluates jump-
landing characteristics [33]. The LESS primarily uses a
dichotomous scoring rubric to identify obvious movement
errors, such as limited knee flexion or excessive medial
knee displacement. Therefore, a 1-point differential in the
total LESS score can be associated with moderate to large
differences in certain biomechanical variables [33]. A
higher LESS score indicates a greater number of landing
errors and consequently poorer jump-landing technique.
The average LESS score from the 3 test trials was used for
data analyses. The hop tests used in the current study all
have good to excellent ICCs with respective values for the
SLH (ICC = 0.97), TLH (ICC = 0.80-0.92) and the SH
(ICC = 0.84-0.96) [22, 29].

The isokinetic device (Biodex System 3; Biodex Medi-
cal Systems, Inc, Shirley, NY) used in the current has been
shown to be highly reliable (ICC 0.91-0.99) [38]. As per
recommendation of the European Board of Sports Reha-
bilitation (EBSR) muscle strength was expressed as an LSI
as well in absolute values [36]. Absolute values were nor-
malized to bodyweight (Nm/kg) for isokinetic test at 60°/s.
A threshold for isometric quadriceps strength after ACLR
has been recommended as >3.0 Nm/kg [23]. Although
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isokinetic strength was tested, the aforementioned thresh-
old is almost identical to the 2.8 Nm/kg obtained during
isokinetic tests in patients who were cleared to RTS after
ACLR [42]. In addition, the hamstrings/quadriceps ratio
was determined at 300°/s, as high knee flexion/extension
angular velocities reveal significant gender differences,
whereas low speeds do not [18]. Female athletes who dem-
onstrated the combination of decreased relative hamstrings
and high relative quadriceps strength were shown to be at
increased risk of ACL injury [30].

The IKDC has been shown to be responsive over time
[21]. The 15th percentile from the normative data from
uninjured individuals was chosen as the cut-off score rep-
resentative of the normal variance [26]. Patients under the
age of 18 were classified according to normative data for
individuals 18-24 years of age. For the ACL-RSI, a cut-off
score of 56 points at 4 months post-ACLR predicted RTS
at 12 months with a sensitivity of 58 % and specificity of
83 % [4].

Passing of the RTS test battery was defined to meet all
of the following criteria:

1. LSI > 90 % isokinetic quadriceps and hamstrings
strength at 60°/s, 180°/s and 300°/s [36],

2. normalized isokinetic quadriceps strength >3.0 Nm/kg
for the involved leg at 60°/s [23],

3. hamstrings/quadriceps (H/Q) ratio >55 % for females

and >62.5 % for males for the involved leg at 300°/s

(18],

LESS <5 [32]

LSI > 90 % for all single-leg hop tasks [36]

ACL-RSI > 56 points [4] and

a IKDC score within 15th percentile of healthy gen-

der—age-matched subjects [26].

NV ke

Statistical analysis

A power analysis (*G*Power, version 3.1.7) was used to
calculate the required sample size. With an effect size of
0.30 (medium-large effect ANOVA) and an alpha of 0.05,
20 subjects were required to obtain a power of 0.80 [10]. In
total, 28 subjects were included, resulting in a total power
of 0.81. All data were normally distributed as analysed with
SPSS version 20 (SPSS Inc, Chicago, IL).

Results

Two patients (7.1 %) passed all 11 criteria of the test pro-
tocol. In Table 2, the pass criteria are presented with the
percentile of patients that passed the specific criterion. The
pass criterion for the LESS < 5 was reached by 19 patients
(67.9 %) of all patients. For the hop tests, 22 patients
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Table 2 Pass criteria and
percentile patients that passed

Pass criteria

Percentage of patients that passed criterion

the specific criterion LSI > 90 % peak torque quadriceps 60°/s 39.3
LSI> 90 % peak torque hamstrings 60°/s 60.7
LSI > 90 % peak torque quadriceps 180°/s 46.4
LSI> 90 % peak torque hamstrings 180°/s 53.6
LSI > 90 % peak torque quadriceps 300°/s 429
LSI > 90 % peak torque hamstrings 300°/s 78.6

Peak torque >3.0 Nm/kg for the involved limb 60°/s normal-  35.7

ized to BW

H/Q ratio >55 % for females and >62.5 % for males for the 75.0

involved limb at 300°/s

LSI > 90 % single-leg hop test 78.6
LSI > 90 % triple-leg hop test 85.7
LSI> 90 % side hop test 50.0
LESS <5 67.9
IKDC score within 15 % of healthy gender—age-matched 85.7
subjects
ACL-RSI > 56 75.0
Fig. 1 Results of the Land- LESS

ing error scoring system

(LESS) presented as frequency
distribution histogram. Mean
and standard deviation (SD) of
LESS and success rate (percent-
age of patients with a LESS 5 or
lower) are also presented

Mean 4.6 + 2.1
Success rate 67.9%

Frequency

(78.5 %) of all patients passed LSI > 90.0 % for SLH, 24
patients (85.7 %) for TLH and 14 patients (50.0 %) for the
SH. Eleven patients (39.3 %) out of 28 patients passed cri-
teria for LSI peak torque quadriceps at 60°/s, 13 patients
(46.4 %) at 180°/s and 12 patients (42.9 %) at 300°/s. For
the hamstrings, 17 patients (60.7 %) passed LSI criteria
at 60°/s, 15 (53.6 %) at 180°/s and 22 (78.6 %) at 300°/s,
78.6 % reached an LSI > 90. In total, 10 patients (35.7 %)
of the patients passed criterion for the peak torque at 60°/s
normalized to BW (>3.0 Nm/kg) for the involved leg. The

H/Q ratio at 300°/s >55.0 % for females was achieved by 4
out of 6 female patients (66.7 %), and the >62.5 % criterion
for males was achieved by 17 patients (75.3 %). Figures 1,
2 and 3 present the representative examples of the fre-
quency distribution of individual LSI scores for LESS, LSI
SH and LSI peak torque quadriceps at 60°/s. At 6 months
post-ACLR, 24 patients (85.7 %) of the patients passed for
the IKDC score (within 15 percentile of healthy gender—
age-matched subjects), whereas 21 patients (75.0 %) had
an ACL-RSI score >56.
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Fig. 2 LSI peak for the side

LSI side hop test

hop presented as frequency dis-
tribution histogram. Mean and
standard deviation (SD) of LSI
and success rate (percentage of
patients with an LSI of 90 % or
higher) are also presented
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Mean 87.1 + 16.3
Success rate 50%
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Fig. 3 LSI peak torque quadri- LSI peak torque quadriceps at 60°/s
ceps at 60°/s presented as fre-
quency distribution histogram. 10 - Mean 85.9 + 12.3
Mean and standard deviation Success rate 39.3%
(SD) of LSI and success rate
(percentage of patients with an
LSI of 90 % or higher) are also
presented 8 -
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Discussion others who used stringent criteria [37]. Thomee et al. [37]

The main findings from the current study were that patients
that only 2 patients out of 28 passed the rigorous RTS bat-
tery. Our findings are in close agreement with those of

@ Springer

published a test battery in a prospective study that con-
sisted of 6 tests, including 3 hop tests (vertical jump, hop
for distance and side hop) and 3 strength tests (open-chain
knee flexion, open-chain knee extension and closed-chain
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knee extension). At 6 months after ACLR, with success
defined as those patients who scored LSI of >90 % in all 6
tests, none of the patients passed their criteria. In fact, only
23 % of all patients were successful at 2 years to reach the
criteria.

The mean LESS score of 4.6 found in this study is
lower compared to previous studies [8, 15, 24]. In the cur-
rent study, the subjects frequently stated, although not ana-
lysed, they were somewhat apprehensive about the task. It
is plausible the subjects focussed extensively on landing
which could explain the relative good LESS scores. A more
comprehensive analysis of the jump-landing task revealed
that patients after ACLR had decreased knee flexion and
increased valgus at initial contact as well as peak valgus.
These findings are in agreement with work of others in that
patients after ACLR demonstrate increased valgus [13, 24].
Goerger et al. [13] determined that alterations occur after
ACL injury and ACLR, to both the involved and uninvolved
leg, with an increase in hip adduction and knee valgus. For
the ACL-injured leg, movement patterns are accompanied
by a decrease in internal knee extension moment, internal
hip flexion moment and anterior tibial shear force. These
movement patterns found were identical to those shown to
be predictive of ACL injury. A LESS score of 5 or more in
elite-youth soccer athletes indicated they were at higher risk
of sustaining ACL injuries compared to those with a lower
LESS score [32]. Of note, 10 out of 28 patients had a LESS
higher than 5. In a previous study, asymmetrical landing
was also found (median LESS 6.5), with greater loading on
the uninvolved leg after ACLR as a strategy to unload the
involved leg [15]. These asymmetrical loading patterns are
persistent after RTS and may be related to increased risk of
second ACL injury [40]. However, it is currently not known
what the clinical relevant cut-off score is for the LESS to
identify patients at risk of second ACL injury.

Only 13 out of 28 patients (46.4 %) achieved LSI > 90 %
for all 3 single-leg hop tasks. This reinforces the concept
that hop tests in isolation may not be sensitive enough to
capture deficits. Of interest, when more demanding test-
ing was carried out that required increased stamina in the
operative leg, as tested with the SH, results declined. This
may indicate the profound effect of fatigue present in the
involved extremity at the 6-month time period post-ACLR
[1].

It may be important to relate a threshold of the LSI to
the desired activity level: activities that are pivoting, con-
tact or competitive and activities that are non-pivoting, non-
contact or recreational [36]. In a study of 503 patients after
ACLR, those patients with good hop test results (85 % LSI)
for SLH and triple crossover were more likely to return
than patients with poor results (LSI < 85 %) [5]. However,
only 33 % of all patients attempted competitive sports at
1 year after ACLR [5].

For strength tests, the most important finding was that
only 39.3 % of all patients passed the criterion for LSI
peak torque quadriceps at 60°/s. This is in agreement with
findings of a systematic review showing that 6-9 months
post-ACLR, patients had significant lower muscle strength
compared to the control group with differences in LSI
between 16 and 39 % and were, therefore, not within the
acceptable LSI limit [25]. The results show that not only
do patients after ACLR exhibit side-to-side deficits, but
the uninvolved leg of ACLR is also significantly weaker
to a matched leg of a control group. This implies that the
uninvolved leg is significantly affected by the ACL injury,
questioning to use the LSI as a criterion for RTS [25]. The
overall pattern is that the ACL-reconstructed leg is weaker
than the uninvolved leg, which itself is weaker than that
seen in matched healthy controls. Based on a review that
included 39 studies, the reviewers concluded that isoki-
netic strength measures have not been validated as use-
ful predictors of successful RTS [39]. Others also found
weak evidence that supports an association between higher
quadriceps strength and RTS [11]. A recently presented
RTS test battery determined that quadriceps strength defi-
cits prior to return to level I sport were a significant predic-
tor of a knee reinjury [16]. Interestingly of the 74 patients
who returned to level I sports, the 51 patients who did not
sustain a second knee injury had a mean quadriceps LSI of
84.4 % [16] which is below the recommended LSI > 90 %
[36].

The ACLR group in the current study had an average
IKDC score of 80.8 that indicates that a majority were
below the age-matched 15th percentile that is considered to
be indicative of normal knee function [2]. In a well con-
ducted systematic review, Czuppon et al. [11] found con-
flicting evidence for associations between RTS and the
IKDC subjective form score, post-operative hamstring
strength and LSI for single hop or crossover hop for dis-
tance. Relying solely on the IKDC as an indicator of nor-
mal knee function in regard to the ability to pass RTS
criteria has been questioned [26]. Researchers found that
patients who scored poorly on the IKDC were over 4 times
more likely to fail the RTS tests. However, for the athletes
who scored well on the IKDC, nearly 50 % overestimated
their recovery. In other words, good IKDC scores did not
necessarily mean the athletes would pass the RTS tests
[26]. This indicates that the decision regarding RTS cannot
be made based on the IKDC results alone.

The mean ACL-RSI score was 67.8, and 7 out of 28
patients did not meet the cut-off score of 56. Ardern et al.
[4] reported that a ACL-RSI of 40.4 at 4 months post-
ACLR was predictive for patients who did not return to
pre-injury sports at 12 months after ACLR. In our patient
sample, only 1 patient had a score below this threshold and
obtained a score of 30.
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The test battery presented has not been validated in
terms of accuracy to predict second injury, and the patient
sample size was small. However, the purpose of this paper
was to initiate development of a new test battery as it is
currently unknown what components of human movement
like strength, endurance, balance alone and in combination
is needed to achieve the optimal validity in regard to safe
RTS. In line with the evidence supporting the multifactorial
aetiology of ACL injuries, there is a need for a multifac-
torial RTS framework and the use of multivariate models
in the future studies, to understand the complexity of RTS
after ACLR [35]. The authors feel that the presented RTS
test battery is a first step in that direction.

It needs to be clarified whether RTS is to a pivoting or
non-pivoting sport, contact or non-contact sport, the same
pre-injury sport, the same competitive level, the same sport
but on a lower level, a different sport, or that the athlete
merely perceives that the return to sport is successful [7, 36].
The use of the term RTS must be accompanied by a detailed
description of the type and level of activity, as well as the
time of return and duration of participation [3]. To enhance
athlete’s chance to return to the same sport (at the same level)
whilst minimizing reinjury risk, sport-specific tests should be
incorporated in RTS tests for athletes after ACLR [9].

The test battery presented by the authors can be easily
adopted by clinicians in day by work. The requirements
for equipment are very minimal: space for hop tests, meas-
urement tape, a 30-cm-high box, 2 video cameras and a
hand-held dynamometer (instead of isokinetic device)
and patient questionnaires. The performance-based and
patient-reported outcomes can provide clinically relevant
data throughout rehabilitation to identify deficits that sub-
sequently can be targeted with interventions prior to safe
release to sports.

Conclusion

The evidence emerging from this study suggests that the
majority of patients who are 6 months after ACLR require
additional rehabilitation to pass RTS criteria. The RTS bat-
tery described in this study may serve as a framework for
future studies to implement multivariate models in order to
optimize the decision-making regarding RTS after ACLR
with the aim to reduce incidence of second ACL injuries.
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tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
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link to the Creative Commons license, and indicate if changes were
made.
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