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Abstract

Purpose: To investigate the relationship between single-leg hop distance (SLHD), normalized body height, and
return-to-sports (RTS) status after anterior cruciate ligament reconstruction (ACLR) and to identify the cut-off value for
SLHD on the operated side.

Methods: Seventy-three patients after primary ACLR (median 13.5 months) participated in this cross-sectional study.
Participants were divided into “Yes-RTS" (YRTS) or “No-RTS” (NRTS) groups based on a self-reported questionnaire.
SLHD was measured, and the limb symmetry index (LSI) and SLHD (%body height) were calculated. A minimum
p-value approach was used to calculate the SLHD cut-off points (%ebody height) on the operated side that were
strongly associated with the RTS status. Logistic regression analysis was used to analyse the association between

RTS status and SLHD cut-off point (%body height). Isokinetic strength and Tampa scale for kinesiophobia (TSK) were
measured as covariates.

Results: Among 73 patients, 43 (59%) were assigned to the YRTS and 30 (41%) to the NRTS group. The 70% body
height cut-off point for SLHD on the operated side was most strongly associated with RTS status. In a logistic regres-
sion analysis including other covariates, SLHD (%body height) < 70% and TSK were negatively associated with RTS sta-
tus. Except for two participants, the LS| of the SLHD exceeded 90% and there was no significant association between
the LSI of the SLHD and RTS status.

Conclusion: Even afterimprovement in the LS| of the SLHD, planning rehabilitation with the goal of achieving SLHD
over 70% body height may be important for supporting RTS after ACLR.

Level of evidence: Cross-sectional study, Level IV

Keywords: Anterior cruciate ligament, Anterior cruciate ligament reconstruction, Body height, Hopping, Return to
play
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Introduction

Many athletes with anterior cruciate ligament (ACL)
injury undergo ACL reconstruction (ACLR) with the
expectation of a return to sport (RTS) at the same level of
competition as before the injury [11]. However, a meta-
analysis examining RTS rates showed that approximately
40% of athletes were unable to RTS at the same level as
before the injury [3].

Several previous studies have shown that post-ACLR
patients unable to RTS at the same level as before the
injury had a smaller limb symmetry index (LSI) in the
single-leg hop distance (SLHD) than those able to RTS
[4, 16, 17, 34, 35]. However, it has also been reported
[21] that the LSI of the SLHD was not associated with
RTS status; thus, there is no consensus view. This could
be because the LSI of the SLHD approaches 100% faster
than other physical function variables [6, 26]. In addition,
the LSI of the SLHD can be improved by a functional
decline on the unoperated side [31, 36]. For these rea-
sons, it is necessary to focus on variables other than the
LSI when assessing the SLHD.

In a cohort study examining the association between
pre-season functional testing and in-season lower
extremity injury in healthy athletes, injury rates were
increased in those with an SLHD normalized to body
height < 64-70%, in addition to an SLHD LSI<90% [8,
9]. These findings suggest that SLHD normalized to body
height can be used as a performance variable as well as
an asymmetry assessment and may be related to RTS sta-
tus. However, no previous study has clarified the relation-
ship between RTS status and SLHD normalized to body
height in post-ACLR patients.

Therefore, the purpose of this study was to investi-
gate the relationship between SLHD normalized to body
height and the LSI of the SLHD and RTS status after
ACLR. In this study, we hypothesised that SLHD normal-
ized to body height would be more strongly related to
RTS status than the LSI of the SLHD. The present study
further aimed to identify the SLHD cut-oftf (normalized
to body height) and to present data useful for planning
rehabilitation and training.

Materials and methods

Participants

Participants who had undergone primary ACLR between
April 2012 and February 2020 were included if they met
the following criteria: (1) aged 16—45 years at the time of
measurement; (2) participation in sports with a modified
Tegner activity scale score [12] > 5 before ACL injury;
(3) time from ACLR >8 months; (4) participation in the
sport approved by their physicians; and (5) the intention
to RTS had been indicated before surgery.
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Surgical technique and postoperative rehabilitation

The autograft sources were hamstrings (semitendinosus)
and bone-patellar tendon-bone (BTB). Surgery using
hamstrings was performed with an anatomical double-
bundle reconstruction. If the semitendinosus alone was
insufficient as a graft tendon, the gracilis was added.
The surgery technique and postoperative rehabilitation
protocol were based on previous research [29]. Range
of motion and muscle isometric contraction exercises
were initiated three days after surgery. A straight-posi-
tion knee-joint immobiliser (Knee brace, ALCARE Co.,
Ltd., Tokyo, Japan) and crutches were initially used and
then gradually phased out from four weeks after ACLR.
Jogging started three months after ACLR, and the run-
ning speed gradually increased. Sports participation was
allowed when the following were achieved: at least six
months had passed after ACLR; the LSI on the SLHD
exceeded 90%; and sufficient knee strength recovery had
been attained (i.e. LSI of isokinetic extension and flexion
torque > 85%, measured with an isokinetic dynamometer
[BIODEX System 4, BIODEX Medical Inc., Shirley, NY]
at 60°/s and 180°/s). Participants who underwent repair
of the middle-posterior segment of the meniscus were
prohibited from performing deep squatting to more than
90° until three months after ACLR.

Patient characteristics
This was a cross-sectional study conducted in a single
centre. Demographic information and surgical informa-
tion were collected from medical records. Participants’
height, weight, knee strength, SLHD, kinesiophobia, and
RTS status were measured on the same day. The demo-
graphic characteristics are summarised in Table 1.
Ethical approval was obtained from the Ethics Com-
mittee (approval number: M2016-197). All participants
provided written informed consent prior to participation.

Knee strength

Knee extension and flexion strength were assessed
using an isokinetic dynamometer. Isokinetic torque was
assessed at angular velocities of 60°/s and 180°/s (Ext 60
and Ext 180, Flex 60, and Flex 180, respectively). These
angular velocities have commonly been used in previous
studies [24, 39]. The peak torque was expressed in New-
ton meter (Nm). All participants completed > 2 practice
repetitions to become familiar with the task, followed by
six maximum repetitions. The LSIs of peak torques were
calculated as the ratio of the peak torque on the oper-
ated side to the peak torque on the unoperated side. High
intra-rater reliability (intraclass correlation coefficient
(ICC) ranged between 0.82 and 0.97) was established
using the same method [7].
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Table 1 Demographic variables distributions in participants
RTS status

Total (n=73) YRTS (n=43) NRTS (n=30) P-value Effect size
Age, y? 21.0 (6.0) 219 (4.3) 22.0(10.3) 0.108 -0.19
Sex (female/male) 31/42 21/22 10/20 0.187 0.15
Height, cm? 167.0(0.2) 166.0 (14.0) 1703 (164) 0.077 -0.21
Body weight, kg® 63.5(21.0) 60.0 (17.0) 70.0 (21.3) 0.045 -0.24
BMI, kg/m? 225(38) 22.5(3.0) 234(5.1) 0.148 -0.17
Days from injury to ACLR® 70.5 (60.0) 73.5(88.8) 69.5 (51.8) 0.982 0.00
Months from surgery to ACLR® 13.5(13.0) 145 (14.3) 13.0 (4.5) 0.253 -0.13
Graft type (HT/BTB) 67/6 39/4 28/2 1.000 -0.04
Meniscus repair (yes/no) 54/19 32/11 22/8 0917 0.01
TSK score 334+62 31.8+62 358+54 0.006 0.68
Pre-injury Tegner activity scale 78+12 78+12 77+£13 0.820 0.01

RTS return-to-sports, YRTS yes—return-to-sports, NRTS no—return-to-sports, BMI body mass index, ACLR anterior cruciate ligament reconstruction, HT hamstrings, BTB

bone-patellar tendon-bone, TSK Tampa scale for kinesiophobia
?median (interquartile range)

SLHD

The SLHD was measured based on previous research
[7]. Participants stood on a single leg behind a line
representing the starting line and, from this position,
hopped as far as possible, landing on the same leg. Arm
movement during jump landing was not restricted.
Each participant completed >3 practice jumps to
become familiar with the task, which was followed by
two successful trials. The test was considered success-
ful if the landing was stable. An unsuccessful hop was
classified as any of the following: additional hop on
landing, landing with an early touchdown of the con-
tralateral limb, and/or loss of balance. The distance
from the starting line to the point where the back of the
participant’s heel hit the ground upon completing the
single hop was recorded. The maximum distance of the
two trials was used for analysis. The LSI and distance-
normalized body height (%body height) were calcu-
lated. High intra-rater reliability (ICC ranged between
0.88 and 0.97) was previously established using the
same method [7].

Kinesiophobia

In the present study, we measured kinesiophobia (fear
of re-injury and fear of movement) as a psychological
variable that could be associated with RTS after ACLR
[28]. Kinesiophobia was measured using the Japanese
version of the Tampa Scale for Kinesiophobia (TSK)
[15]. The TSK is a 17-item questionnaire scored on a
four-point Likert scale. Total scores ranged from 17 to
68, with higher scores indicating greater kinesiophobia.
The TSK has been reported to have good internal con-
sistency [38].

RTS status

RTS status was defined by two self-reported questions.
The dichotomous (yes/no) question was, “Have you
returned to the same level of competition as before your
ACL injury?” This question was mostly used in previ-
ous studies [2, 4, 20, 22]. The continuous-response (0%—
100%) question was, “What is the subjective performance
intensity of the sport you are currently participating in?”
The latter question is an index of postoperative subjec-
tive athletic performance (PoSAP) [29]. The PoSAP index
ranges from 0 to 100% and reflects the athlete’s perfor-
mance level relative to their pre-ACL injury perfor-
mance. Most post-ACLR patients with a PoSAP of 80%
responded “Yes” to the dichotomous question, and that
the dichotomous question alone tended to over evaluate
their RTS status [29]. Therefore, in this study, the partici-
pants who answered “Yes” to the dichotomous question
and >80% for the PoSAP were included in the Yes-RTS
(YRTS) group. The No-RTS (NRTS) group included
those who met none or only one of these criteria.

Statistical analysis
The normality of each variable’s distribution was deter-
mined by histogram and the Shapiro—Wilk normality test.
Differences between the NRTS and YRTS groups were
analysed using the chi-squared test, Fisher’s exact test,
unpaired ¢-test, or Mann—Whitney’s U test. Additionally,
effect sizes (chi-squared test=¢ coefficient, Fisher’s exact
test=Cramer’s V, t-test=Cohen’s d, Mann—Whitney’s U
test=r) were calculated for each variable.

The SLHD cut-off point (%body height) was set based
on the minimum p-value approach [25]. The minimum
p-value approach is a method for finding the optimal
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threshold influencing the outcome among continuous
variables. First, the SLHD distribution (%body height)
on the operated side was identified and the cut-off points
classified as 60, 70, 80, 90, and 100% of body height,
respectively. Next, a chi-square test was performed
for each RTS status and the SLHD cut-off point, and
the value with the highest chi-square value and lowest
p-value was set as cut-off point [25]. A post-hoc power
analysis was performed to assess the association between
RTS status and the SLHD cut-off point using G*power
software 3.1.9.4 [10].

The associations between SLHD performance and RTS
status were examined using logistic regression analysis
(forced entry method). First, the analysis was performed
with the SLHD (%body height [cut-off value] and asym-
metry [LSI]) as independent variables (Model 1) and
then adjusted for variables with p<0.10 and potentially
confounding variables in the between-group compari-
sons (Model 2). Among the body composition variables,
body weight with a larger effect size was entered as a
covariate. The a priori « level was set at 0.05. Data were
analysed using SPSS version 21.0 (IBM Corp, Armonk,
NY, USA).

Results
Seventy-three participants after ACLR were included in
this study. Thirty (41%) and 43 (59%) participants were
assigned to the NRTS and YRTS groups, respectively.
Seven of the 51 participants (14%) who answered “Yes”
to the dichotomous question were PoSAP <80% and
three of the 47 participants (7%) who had a PoSAP >80%
answered "No" to the dichotomous question.

Demographic and functional variables are shown
in Tables 1 and 2. The NRTS group had a significantly
higher TSK score and a smaller Ext 180 LSI value and
SLHD (%body weight) than the YRTS group.

When the SLHD cut-off point (%body height) on
the operated side was set at 70%, the p-value was the
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Table 3 Relationship between return-to-sports status and

single-leg hop for distance on the operated side

RTS status

SLHD on the operated YRTS NRTS P-value x?value
side (% body height)

Cut-off 100% >100 6 3 - -
<100 37 27

Cut-off90%  >90 12 5 0.264 1.250
<90 31 25

Cut-off80% >80 23 1 0.156 2.010
<80 20 19

Cut-off 70%  >70 35 15 0004 8071
<70 8 15

Cut-off60%  >60 42 22 - -
<60 1 8

ACLR anterior cruciate ligament reconstruction, RTS return-to-sports, YRTS
yes—return-to-sports, NRTS no-return-to-sports, SLHD single-leg hop distance

smallest, and the chi-square value largest (p =0.004,
chi-square value=8.071) (Table 3). Post-hoc test
results showed a power of 0.81 (effect size=0.333,
a=0.05, sample size=73, Df=1). The distribution
for cut-off points of 60% and 100% was small, so that
chi-square values could not be calculated. Therefore,
the SLHD cut-off point (%body height) on the oper-
ated side used for logistic regression analysis was set
at 70%.

The results of the logistic regression analysis are shown
in Table 4. In Model 1, the SLHD on the operated side
(%body height), using a cut-off point of 70%, was asso-
ciated with RTS status (p=0.013, odds ratio [95 confi-
dence interval] =3.980 [1.338-11.840]. In Model 2, the
SLHD (%body height) cut-off point 70% (p =0.013, odds
ratio=9.602 [1.598-57.689]) and TSK (p=0.014, odds
ratio=1.173 [1.033-1.331]) were factors associated with
RTS status.

Table 2 Strength and single-leg hop distance variables in participants

RTS status
Total (n=73) YRTS (n=43) NRTS (n=30) P-value Effect size
SLHD LSI, % 98.9+6.6 99.6+6.6 975+6.5 0.182 032
SLHD on operated side (%body  78.54+15.8 8194132 7354181 0.025 0.55
height)
Ext 60 LSI (%) 91.14+119 9304116 89.14+122 0.165 0.33
Ext 180 LSI (%) 90.1£9.2 923483 87.0£9.5 0.013 0.60
Flex 60 LSI (%) 9204108 923+116 92.1+114 0.930 0.02
Flex 180 LSI (%) 920£115 938+11.7 895+106 0.116 0.38

ACLR anterior cruciate ligament reconstruction, RTS return-to-sports, YRTS yes—return-to-sports, NRTS no-return-to-sports, SLHD single-leg hop distance, LS/ limb

symmetry index

Ext and Flex 60/180 represent the isokinetic knee extension and flexion torque at 60°/s or 180°/s
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Table 4 Logistic regression analysis to determine the association
between single-leg hop performance and return-to-sports status

Logistic regression analysis P-value Oddsratio 95% Confidence
interval
Independent Variable Lower Upper
Model 1
The LSI of the SLHD 0.556 0.975 0.896 1.061
SLHD on the operated 0.013 3.980 1.338 11.840
side (%body height) cut-
off 70%
Model Xz test, P=0.015; Hosmer—Lemeshow test, P=0.248.
Percentage of correct classification, 68.5%
Model 2
Age 0.390 1.054 0935 1.188
Sex 0.300 3.022 0.374 24420
Body weight 0.725 1.011 0.950 1.077
Postoperative months 0.557 0.990 0957 1.024
TSK 0.014 1173 1.033 1.331
SLHD on the operated 0013 9.602 1.598 57.689
side (%body height) cut-
off 70%
Ext 180 LSI 0.244 0.958 0.890 1.030

Model x? test, P<0.001; Hosmer-Lemeshow test, P=0.390.
Percentage of correct classification, 78.1%

LS/ limb symmetry index, SLHD single-leg hop distance, TSK Tampa scale for
kinesiophobia

Ext 180 represents the isokinetic knee extension torque at 180°/s

Discussion

The main finding of this study was that despite a good LSI
improvement in SLHD, an SLHD % body height <70% on
the operative side was negatively associated with RTS sta-
tus. These results support our hypothesis, and that the
SLHD on the operated side (% body height) is associated
with RTS status.

Among the participants in this study, 59% achieved
RTS at the same level of competition as before their
ACL injury. This result is comparable to that of a previ-
ous meta-analysis [3] that investigated the RTS rate (63%,
95% CI 54-71%).

In the present study, a cut-off point of 70% of body
height for the SLHD on the operated side was nega-
tively associated with RTS status. No previous report
has established a cut-off point for RTS status and the
SLHD on the operated side in post-ACLR patients. In a
cohort study examining the association between pre-
season functional testing and in-season lower extremity
injury in healthy female college athletes, injury rates were
increased in those with an SLHD <64-70% body height
[8, 9]. Although the subjects and outcomes of that study
differed from those of the present study, the results of
the present study are considered to provide a reasonable
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reference value for setting a 70% target SLHD % body
height in post-ACLR patients.

In patients with an ACL injury, or after reconstructive
surgery, the SLHD has been positively correlated with
functional variables, such as knee extensor strength and
hip external rotator strength [13, 18, 32]. Confidence in
the knee and knee pain during hopping was associated
with the SLHD on the operated side in patients one year
after ACLR [14]. These findings suggest that the SLHD is
a comprehensive performance test that includes muscle
strength for jumping further, and knee pain, and confi-
dence during hopping. The present study provides new
evidence for the need to focus on the SLHD on the oper-
ated side (%body height) in addition to the LSI for RTS
after ACLR.

In the present study, the LSI of isokinetic extension
torque (180°/sec) and the TSK score were significantly
related to RTS status. Kinesiophobia and knee extension
muscle weakness on the operative side were important
variables related to RTS status [5, 20, 22, 23]. In particu-
lar, TSK was also a significant variable in logistic regres-
sion analysis. Kinesiophobia (fear of pain and re-injury)
was found to be a major factor inhibiting RTS in post-
ACLR patients with good improvement in physical func-
tion [3], and the present study results support results of
previous reports.

The LSI of the SLHD among the participants of this
study was 97.5% and 99.6% for the NRTS and YRTS
groups, respectively, with no significant difference
between the groups (Cohen’s d=0.32). A previous study
[35] showed a statistically significant association between
RTS status at minimum two years after ACLR and the
LSI of the SLHD (including triple crossover hop for dis-
tance) at 12 months after ACLR, but the effect size cal-
culated from that approach was small (NRTS: 954 11%,
YRTS: 98+£9%, Cohen’s d=0.31). In another previous
study, the association between LSI of SLHD at 6 months
after ACLR and RTS status at 12 months after ACLR
was statistically significant, and the calculated effect size
large (NRTS: 77.94+15.2%, YRTS: 90.6 £8.9%, Cohen’s
d=1.23) [17]. Thus, the LSI of SLHD has different char-
acteristics depending on the time of measurement.

The SLHD is frequently used in post-ACLR rehabili-
tation for exercise and functional assessment because
of its high measurement reproducibility and ease of use
[1]. In particular, the SLHD is a standard measure for
determining improvements in lower extremity func-
tion and RTS in facilities without isokinetic dynamom-
etry. In post-ACLR rehabilitation, improving the LSI of
the SLHD to 85-90% or higher is one of the functional
criteria for allowing sports participation [33]. Consider-
ing the results of this study, it may be important to plan
rehabilitation and training with the goal of achieving an
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SLHD >70% body weight, even after the LSI of the SLHD
is>90%, in order to achieve the same level of competition
as before the injury.

There are several limitations to this study. This was
a cross-sectional study, and the causal relationship
between variables unknown. The duration since ACLR
in the participants in this study was approximately 13.5
(IQR 13.0) months, which is a wide range. This dura-
tion was set with reference to reports of residual func-
tional decline after more than 2 years post-ACLR [27,
30]. Only two of the participants in this study had an
LSI of the SLHD<90%; thus, this was a population
with a good improvement in asymmetry. It is therefore
unclear whether the results of this study can be adapted
to cases of insufficient improvement of SLHD asymme-
try. In this study, only distance was measured in SLHD.
A recent review showed that even with satisfactory LSI
improvement in SLHD, neuromuscular and biomechani-
cal deficits are observed on the operated side when it
is compared to the unoperated side [19]. These aspects
could not be analysed in this study. We included only
successful trials of SLHD in the analysis. Unsuccessful
trials may show different neuromuscular characteris-
tics than those in successful trials [37]; hence, it is nec-
essary to include the proportion of unsuccessful trials.
Future studies should be conducted to include neuro-
muscular and biomechanical variables and unsuccessful
trials. Finally, in this study, the cut-off point was set at
an SHLD of 70% body height, but this point may vary
depending on sex and level of competition. The power
in the post-hoc analysis of the association between a
70% SLHD (% body height) cut-off point and RTS status
was acceptable (p=0.81), but the lack of a sample size
big enough prevented analysis at 60% and 100%. Future
subgroup analyses of larger sample size should be under-
taken to resolve these issues.

Conclusion

An SLHD % body height <70% on the operative side was
negatively associated with RTS status. Our results sug-
gest that even after improvement in the LSI of the SLHD,
planning rehabilitation and training with the goal of
achieving an SLHD >70% body height may be important
to support RTS after ACLR.
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