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Unanticipated land-and-cut maneuvers might emulate lower limb mechanics associated with anterior
cruciate ligament (ACL) injury. Reliability studies on landing mechanics of such maneuvers are however
lacking. This study investigated feasibility and within-session reliability of landing mechanics of a novel
one-leg double-hop test, mimicking a land-and-cut maneuver, in individuals with ACL reconstruction
(ACLR). Our test comprised a forward hop followed by a diagonal hop in either of two directions (med-
ial/lateral) under anticipated and unanticipated conditions. Twenty individuals with a unilateral ACLR
(aged 24.2 ± 4.2 years, 0.7–10.8 years post-surgery) performed three successful hops/direction per leg.
We determined reliability (intraclass correlation coefficient [ICC]) and agreement (standard error of mea-
surement [SEM]) of 3-dimensional hip and knee angles and moments during the deceleration phase of
the land-and-cut maneuver (vulnerable for non-contact ACL injuries). Mean success rate for unantici-
pated hops was 71–77% and for anticipated hops 91–95%. Both limbs demonstrated moderate-
excellent reliability (ICC 95% confidence intervals: 0.50–0.99) for almost all hip and knee peak angles
and moments in all planes and conditions, with a few exceptions: poor-good reliability for hip and knee
frontal and/or transverse plane variables, especially for lateral diagonal hops. The SEMs were �5� and
�0.23 N�m/kg�m for most peak angles and moments, respectively. Our test seems feasible and showed
satisfactory reliability for most hip and knee angles and moments; however, low knee abduction and
internal rotation angles and moments, and moderate reliability of these moments deserve consideration.
The test appears to challenge dynamic knee control and may prove valuable in evaluation during knee
rehabilitation.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Injury of the anterior cruciate ligament (ACL) is common in
sports. Around 20–30% of athletes re-injure their ACL at return-
to-sport following ACL reconstruction (ACLR) (Wiggins et al.,
2016). Nearly 70–80% of these injuries occur either in non-
contact or indirect contact situations (Griffin et al., 2000;
Kobayashi et al., 2010), often with full loading on one-leg during
landing or cutting maneuvers with the knee being relatively
extended and abducted (Cochrane et al., 2007; Olsen et al.,
2004). Implementation of physiotherapeutic modalities to increase
neuromuscular function and alter aberrant lower limb positions
are considered the most effective way to reduce ACL (re)injury
incidence (Sugimoto et al., 2016). Mastering sports-specific skills
such as side- and cross-cutting has therefore been emphasized
(Brown et al., 2014; Lopes et al., 2018).

Cutting maneuvers are employed to assess noncontact ACL
injury risk (Besier et al., 2001a; Brown et al., 2014; Kim et al.,
2014; Whyte et al., 2017). A one-leg double-hop test involving an
unanticipated change in hop direction may be more suitable to
mimic a land-and-cut maneuver, compared to other similar tasks
(e.g. a jump stop unanticipated cutting maneuver involving both
legs (Ford et al., 2005)). The one-leg double-hop test requires suf-
ficient movement control with full loading on the leg being tested
and does not allow any compensation by the contralateral leg. The
test would allow comparison of joint mechanics between groups
(healthy vs. ACL injured) and/or between legs, and perhaps be use-
ful in screening for biomechanical risk factors of an ACL injury.
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Table 1
Participant characteristics.

Variable Number (except where
indicated)

Participants – Total (n) 20
Male (n) 4
Female (n) 16

Age (years), mean ± SD 24.2 ± 4.2
Anthropometric measurements, mean ± SD
Height (m) 1.70 ± 0.08
Body mass (kg) 67.5 ± 10.1
Body mass index (kg/m2) 23.2 ± 2.0

Duration after injury to test (months) 49.4 ± 37.1
Duration between surgery to test (months) 40.1 ± 36.1
Injured leg
Dominanta 16
Non-dominant 4

Sports-related injuriesb 20
Subjective rating scales, median (range)
Lysholm scorec 88.5 (73.0–100)
Knee injury and Osteoarthritis Outcome Score (KOOS) subscales*
Pain 91.7 (73.2–100)
Symptoms 85.7 (53.6–100)
Activities of daily living 100 (94.1–100)
Sports/recreational activities 85.0 (55.0–100)
Quality of life 68.8 (50.0–100)

Tegner activity leveld 7 (4–9)
International Physical Activity

Questionnairee
3016 (1653–10719)

Tampa Scale for Kinesiophobiaf 30.5 (20.0–39.0)

a The leg preferred to kick a ball.
b Type of injury: 14 non-contact, 4 indirect contact, 2 contact; 9 floorball (8 non-

contact, 1 indirect contact), 6 soccer (2 non-contact, 3 indirect contact, 1 contact), 1
downhill skiing (non-contact), 2 rugby (1 non-contact, 1 contact), 1 gymnastics
(non-contact), and 1 handball (non-contact).

c A scale ranging from 0 (minimum/worst) to 100 (maximum/best) indicating
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However, there is no consensus on how to best assess such data,
partly due to a lack of established tests with reliable kinematic
and kinetic outcome measures. Only a few studies have reported
within- and/or between-session reliability of such outcome mea-
sures for the lower limbs during, for instance, side-cutting
(Alenezi et al., 2016; Besier et al., 2001b; Marshall et al., 2014;
Mok et al., 2017; Sankey et al., 2015; Sigward and Powers, 2006),
bilateral vertical drop jump (Ford et al., 2007; Malfait et al.,
2014; Mok et al., 2016), single-leg drop landing (Alenezi et al.,
2014), and bilateral stop jump (Milner et al., 2011). These studies
report good to excellent reliability for most biomechanical vari-
ables of the lower limb, although with lower reliability for knee
rotation angles and/or moments. Realizing the need for a hop test
with an unanticipated change in direction to evaluate biomechan-
ical risk factors of ACL injury, we recently presented a novel unan-
ticipated one-leg double-hop test for healthy controls (Arumugam
et al., 2019). The test showed adequate reliability for most kine-
matic and kinetic variables of the hip and knee in healthy women.
However, since altered lower limb landing mechanics during side-
cutting has been reported for individuals with ACLR compared to
controls (Lee et al., 2014; Pollard et al., 2015; Stearns and
Pollard, 2013), it is not possible to extrapolate the reliability esti-
mates of the aforementioned study on healthy individuals to indi-
viduals with ACLR.

This study was aimed at assessing feasibility, observing move-
ment patterns, and evaluating within-session reliability of hip
and knee landing mechanics during the novel one-leg double-
hop test performed under unanticipated and anticipated condi-
tions in individuals with ACLR. It was hypothesized that the novel
test would be feasible, and hip and knee peak angles and moments
would be reliable.
self-estimated knee function.
d An activity scale ranging from 1 to 10 indicating current level of knee-

demanding activities.
e A scale of estimated metabolic equivalent (MET – minutes/week) from total

amount of physical activities throughout the previous week, with a high score
indicating greater physical activity level.

f A scale of fear of movement with scores ranging from 17 to 68, with a high score
indicating more fear of movement.
2. Methods

2.1. Study design and setting

A cross-sectional study was performed at the U-Motion labora-
tory, Umeå University, Sweden. The Regional Ethical Review board
approved the study (reference: 2015/67-31). All participants
signed an informed consent. This study followed the guidelines
for reporting reliability and agreement studies (Kottner et al.,
2011).
2.2. Participants

A minimum of 13 participants was required to achieve an ICC of
0.9 (minimal acceptable value: 0.7) with an a of 0.05 and a b of
0.20 for a task with 3 repetitions (Walter et al., 1998). As there is
a high risk of hop failure owing to an unanticipated change of
direction, 20 participants were deemed necessary for the study.

Twenty individuals who had undergone a unilateral ACLR (ham-
string autograft, ipsilateral leg) (Table 1) were recruited via the
university and its hospital, a local clinic, and sports clubs. All par-
ticipants were at the end stage or had completed rehabilitation and
were able to perform hop tests without any pain or discomfort.
Participants with any other musculoskeletal, rheumatic, neurolog-
ical or systemic disorder/disease were excluded.
2.3. Equipment

An eight camera 3-dimensional motion capture system (Oqus,
Qualisys, Gothenburg; 240 Hz), 56 retroreflective markers, and
two force plates (Kistler, Winterthur, Switzerland; 1680 Hz) were
used.
2.4. Procedure

A physiotherapist clinically screened the participants for eligi-
bility, and demographic and anthropometric data were noted. Par-
ticipants wore tight training shorts (and a sports brassiere for
females) and performed the tests barefoot after retroreflective
markers were placed (Fig. 1). A standing trial was recorded to
define the segmental coordinate system, with hip joint centers
defined from hip circumduction movement (Leardini et al., 1999)
and knee joint centers defined from the markers on the femoral
epicondyles.

The one-leg double hop test consisted of an initial forward hop
followed by a subsequent change of direction, performed as a diag-
onal hop in the medial or lateral direction, performed under two
conditions (anticipated and unanticipated). Participants held a
short rope (25 cm long) with their hands behind the back to stan-
dardize and reduce trunk/arm movements and avoid obscuring of
(pelvic and hip) markers during the task. Following two familiar-
ization trials per leg, participants performed five or more trials
per direction (medial/lateral) per leg (ACLR/uninjured) for each
condition (unanticipated/anticipated) until they achieved three
successful trials per direction per leg for each condition. They per-
formed the unanticipated hops before the anticipated hops. The
target (landing) areas on the floor were lit up from a ceiling-
mounted projector. Participants stood with one leg on a force plate
(A) and hopped forward onto another closely installed force plate



Fig. 1. A skeleton model illustrating retroreflective marker placement relevant for
hip and knee angle and moment extraction for this study (anterior and posterior
views): iliac crests, anterior superior iliac spines, greater trochanters, lateral and
medial femoral epicondyles, tibial tuberosities, the heads of the fibulae, medial and
lateral malleoli, lateral calcanei, the proximal and distal ends of the calcanei, the
heads of the fifth metatarsals, the head of the first metatarsals, and the base of the
first metatarsals. In addition, one marker on the sacrum and a rigid cluster of four
markers for each thigh were used.
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(B) (Fig. 2). The subsequent unanticipated direction at take-off was
guided by the light signal, activated after vertical ground reaction
force fell below 80% of its peak magnitude on force plate A, to med-
ial (UMDH) or lateral (ULDH) side of the weight-bearing leg. The
time corresponding to onset of the light signal to initial foot con-
tact on force plate B was calculated as planning time
(300 ± 25 ms). Participants were required to perform the diagonal
hop (45�) in an agile manner after receiving the visual cue, and
land on the illuminated area at a distance of 25% of the individual’s
height. For the anticipated trials (medial [MDH] and lateral diago-
nal hops [LDH]), visual cues were provided at the beginning of each
trial.

Successful trials were screened real-time (JLM) and verified
later offline (AA). For a trial to be successful, the participants
hopped in the right direction, landed within the illuminated target
zone, and maintained balance for ~3 s upon landing. The trial was
considered unsuccessful if the participants hopped in the wrong
direction, touched ground with the non-weight bearing foot or
paused upon landing, were unable to land over the target areas,
had extra hops upon landing or if the hands let go of the rope.
2.5. Kinematic and kinetic analysis

The markers (Fig. 1) were tracked with Qualisys track manager
(v.2.2, Qualisys AB, Sweden), and a 6 degrees-of-freedom full-body
model with eight rigid segments (trunk, pelvis, thighs, shanks, and
feet) was employed using Visual3D (CA Motion Inc., Maryland,
USA). Marker trajectories were filtered at 15 Hz with a critically
damped digital filter before further calculations. Peak hip and knee
angles and moments were analyzed during the deceleration phase
of the land-and-cut maneuver, spanning from initial contact (IC,
identified by an initial increase in vertical ground reaction force
by 20 N) to peak knee flexion (Park et al., 2011) of the landing limb
on force plate B. These angles were calculated using the orientation
of coordinate system of the distal segment in relation to that of the
proximal segment, using a Cardan rotation sequence of x (medio-
lateral axis, flexion[+]-extension[�]), y (anteroposterior axis,
adduction[+]-abduction[�]), z (longitudinal axis, internal rotation
[+]-external rotation[�]). Using a similar convention (foot coordi-
nate system in relation to that of the lab), the angle-of-foot place-
ment (around z axis) was determined. The angle-of-cut was
calculated, using a virtual fore-foot marker in relation to the Y
coordinate axis of the lab, between the toe-off event (a fall in ver-
tical ground reaction force below 20 N on force plate B) and IC
(peak acceleration of the virtual marker [z]) of the fore-foot on
the floor following the diagonal hop. Joint kinetics were derived
by inverse dynamics and expressed as external joint moments nor-
malized to a product of body mass and height. Joint angles and
moments were filtered using a fourth order (zero lag) low pass But-
terworth filter with 15 Hz. Peak hip and knee angles and external
moments in all three planes were calculated for both conditions
(unanticipated and anticipated) and directions (medial and lateral)
in Visual 3D. Three successful trials, with minimal stance time on
force plate B, per condition and direction were included for
analysis.
2.6. Data analysis

We calculated the number of successful trials/total number of
trials per direction in percentage (*100) to assess feasibility. Over-
all movement patterns were observed from the ensemble average
graphs of hip and knee angles/moments recorded during the decel-
eration phase of the land-and-cut maneuver (Figs. 3–6). Data nor-
mality was judged using the Shapiro-Wilk test and histograms.
Trial-to-trial reliability of outcome variables for the three trials
(per direction per condition and leg) was analyzed using intraclass
correlation coefficient (ICC [3, K], two-way mixed effects, consis-
tency, average/multiple measurement). ICC scores were catego-
rized as poor (<0.50), moderate (0.50–0.74), good (0.75–0.89) or
excellent (0.90–1.0) (Koo and Li, 2016). The standard error of mea-
surement (SEM), as a measure of agreement, was analyzed using
the formula r

pð1� ICCÞ where r is the standard deviation (based
on the mean of three trials) (Atkinson and Nevill, 1998; Schuck and
Zwingmann, 2003). The IBM SPSS software (v.23, Armonk, New
York, USA) was used.
3. Results

3.1. Feasibility and movement patterns observed during unanticipated
and anticipated diagonal hops of the ACLR and uninjured limbs

Participants had successful trials in lateral and medial direc-
tions of 74 ± 18% (mean ± SD) and 71 ± 16% for the unanticipated
condition, and 91 ± 12% and 91 ± 12% for the anticipated condition,
respectively, for the ACLR leg. Similar results were found for their
uninjured limb (77 ± 17% and 77 ± 5% for unanticipated and



2 1 

3 

AB

Fig. 2. Shematic diagram of a medial diagonal hop of the left lower limb described in three steps: 1. Starting position with the left foot on the force plate (A); 2. 1st hop
landing of the left lower limb on the force plate (B) guided by a light signal indicating the target areas to land (rectangle boxes); 3. 2nd hop landing of the left lower limb
outside the force plate (B), at a distance of 25% of their height corresponding to the closest corner of the target (rectangle box), in the medial direction at �45� angle.
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93 ± 12% and 95 ± 8% for anticipated trials, in lateral and medial
directions, respectively). Descriptive statistics of angles and
moments of the ACLR and uninjured limbs are summarized in
Tables 2 and 4 respectively.

Overall, participants demonstrated a pattern of hip flexion and
internal rotation, and knees exhibited flexion, adduction, and
external rotation during both conditions (anticipated and unantic-
ipated) and directions (medial and lateral) (Table 2, Figs. 3–6). The
hips were slightly abducted initially (from IC to ~25% of the land-
and-cut maneuver) and then adducted during the deceleration
phase of the land-and-cut maneuver irrespective of the condition
or direction; however, hip adduction moments were found for
either condition/direction (Figs. 3 and 4). The angles-of-cut were
similar for unanticipated and anticipated hops for both directions
and legs, ranging between 34–36� ± 2.3–3.4�.
3.2. Reliability of joint angles of the ACLR limb

Hip and knee peak angles demonstrated good to excellent reli-
ability in all three planes for both conditions and directions, with
only a few exceptions demonstrating poor to good/excellent relia-
bility (hip abduction/adduction of UMDH [ICC 95% CI: 0.43–0.91],
LDH hip internal/external rotation [0–0.86], and LDH knee inter-
nal/external rotation [0–0.83]). The SEMs were within the range
of 4.6–16.4� for peak hip and knee angles in the transverse plane
for LDH (Table 3).
3.3. Reliability of joint moments of the ACLR limb

All hip and knee peak moments had moderate to excellent reli-
ability for MDH (ICC 95% CI: 0.58–0.97), which was not the case for
UMDH, ULDH, or LDH. Hip abduction/adduction moments were
less reliable for the unanticipated trials (ICC 95% CI: 0–0.93), when
compared to the anticipated trials (ICC 95% CI: 0.67–0.98), inde-
pendent of hop direction. The reliability of the peak knee moments
in the frontal and transverse planes was poor to good for LDH (ICC
95% CI: 0–0.88) (Table 3). Moreover, peak knee abduction and
internal/external rotation moments exhibited poor to good relia-
bility for the unanticipated trials at least in one direction (ULDH/
UMDH). All other peak knee moments in ULDH/UMDH demon-
strated moderate to excellent reliability.
3.4. Reliability of joint angles and moments of the uninjured limb

Overall, the reliability measures of the uninjured limbs resem-
bled the ACLR limbs for both conditions and directions (Tables 4
and 5). Within-session reliability estimates were moderate to
excellent, similar to the ACLR limb, for most of the variables with
a few exceptions (e.g. peak hip and knee external rotation
moments for the unanticipated trials in both directions). However,
knee frontal and transverse plane moments of the uninjured limb
showed better reliability (moderate to excellent) than the ACLR
limb (poor to good) for LDH.



Fig. 3. Ensemble average (±95% confidence intervals, shaded areas; n = 20) graphs of hip angles and moments recorded during the deceleration phase of the land-and-cut
maneuver of unanticipated lateral (ULDH) and anticipated lateral diagonal hops (LDH). The deceleration phase spans from initial foot contact on the force plate (B) to peak
knee flexion.
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4. Discussion

The novel task was designed to replicate one-leg landing fol-
lowed by sudden cutting maneuvers where non-contact ACL inju-
ries often occur (Cochrane et al., 2007; Olsen et al., 2004). Landing
with one leg followed by an unanticipated diagonal hop, mimick-
ing land-and-cut maneuvers, might increase the difficulty of the
task by minimizing decision-making time and further challenging
dynamic control of the knee. We considered that our novel test
was feasible to perform by individuals with ACLR due to a mean
hop success rate of 71–77% for the unanticipated condition (similar
to healthy individuals [69–84%] (Arumugam et al., 2019)) and 91–
95% for the anticipated condition. Indeed, the participants felt the
unanticipated hops to be more difficult than the anticipated hops
and lateral hops were more difficult than medial hops irrespective
of the condition. Similarly, a lateral hop-for-distance has been
reported to be more difficult than a forward hop (Vandermeulen
et al., 2000).

The peak angles of the hip and (ACLR/uninjured) knees in all
three planes were generally found to be higher during the deceler-
ation phase of unanticipated land-and-cut maneuvers than those
of anticipated maneuvers for both directions, although with mixed
results for peak moments (Tables 2 and 4). Our findings for joint
angles are in accordance with a systematic review reporting higher
knee angles for the unanticipated than the anticipated trials during
weight acceptance phase (analogous to the deceleration phase) of a
run-and-cut maneuver in athletes (Brown et al., 2014). Further,
another systematic review on one-leg cutting tasks reported that
knee abduction and internal rotation angles and external moments
were increased during the unanticipated versus the anticipated
condition (Almonroeder et al., 2015). Even so, irrespective of the
direction, neither anticipated nor unanticipated hops showed large
knee abduction or internal rotation angles or moments in the pre-
sent study (Table 2). Similar knee kinematics has been observed
during one-leg drop landing (Nagano et al., 2007; Russell et al.,
2006) or other land-and-cut maneuvers (Nagano et al., 2009).
These findings suggest that participants adopted a strategy that
may mitigate overall risk of lower limb injury (or ACL injury). Fur-
ther, a 45�-cutting angle imposes a lower ACL injury risk than shar-
per cutting angles (90�, 135� and 180�) (Schreurs et al., 2017).
However, decreased planning time and large motion observed in
the frontal and transverse planes during our unanticipated task
(Figs. 3–6) appear to challenge dynamic knee control. The novel
test may therefore be suitable to assess between-limb movement
symmetry and be used for knee evaluation in individuals with
ACLR.

This one-leg land-and-cut task is comparable to tasks such as a
one-leg drop landing with side-cutting (Nagano et al., 2009), a
crossover-cutting following a forward jump (Whyte et al., 2017),
and a run-and-cut task (Besier et al., 2001b; Kim et al., 2014). Some
of these tasks may mimic unanticipated cutting maneuvers that
supposedly increase ACL injury risk (Besier et al., 2001a; Brown
et al., 2014; Kim et al., 2014; Whyte et al., 2017). However, one-
leg land-and-cut maneuvers might be performed slower than



Fig. 4. Ensemble average (±95% confidence intervals, shaded areas; n = 20) graphs of hip angles and moments recorded during the deceleration phase of the land-and-cut
maneuver of unanticipated medial (UMDH) and anticipated medial diagonal hops (MDH). The deceleration phase spans from initial foot contact on the force plate (B) to peak
knee flexion.
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run-and-cut maneuvers, while still emphasizing lower limb land-
ing control considering the nature of double-hop with restricted
arm movements (Chaudhari et al., 2005; Hara et al., 2006).

When compared to the anticipated condition, the unanticipated
condition might induce high variability between trials and/or par-
ticipants owing to prior anticipation of the direction of diagonal
hop (non-modifiable), the angle-of-cut, planning time, and angle-
of-foot placement. A 45� angle-of-cut was estimated for either con-
dition; however, it did not differ between conditions/directions
(~35�) for both limbs. Similarly, another study reported ~40�
(±5�) angle-of-cut for stepping-down and 45� side-step cutting
(Houck, 2003), although the formulas used for these calculation-
swere different between studies. The planning time for the unan-
ticipated hops was around 300 (±25) ms which is less than the
values (350–850 ms) reported by other studies focusing on unan-
ticipated run/land-and-cut tasks (Almonroeder et al., 2015). For
anticipated trials, the light stimulus appeared well ahead of the
diagonal hops (~3 s). The angle-of-foot placement was slightly dif-
ferent between conditions with ULDH and/or LDH presenting with
greater foot external rotation (~3–5�) compared to their counter-
parts (p < 0.050, repeated measures ANOVAs with post-hoc Bonfer-
roni adjustment). Thus, the hop direction (lateral vs. medial) has
influenced the angle-of-foot placement irrespective of the
condition.

Despite similarities or differences between conditions, the reli-
ability estimates were similar for nearly all variables for UMDH
and MDH of both limbs and ULDH and LDH of the uninjured limb.
Conversely, LDH displayed lower ICC and higher SEM for peak hip
and knee angles and/or moments in the transverse plane than
ULDH for the ACLR limb. The lower ICC for LDH compared to ULDH
may be due to a greater effort invested to quickly perform the task
that may restrict transverse plane movement variation between
participants to some extent. The increased difficulty for lateral
than medial hops, reported by the participants, seems to affect
the reliability outcomes.

The unanticipated trials presented lower ICC than the antici-
pated trials for peak moments of hip abduction, hip external rota-
tion and knee internal rotation in either one or both directions for
one/both limbs. The corresponding angles were low which indi-
cates that these movements did not occur predominantly during
the task (e.g. ACLR limb - Figs. 3–6). The SEM of almost all angles
(Tables 2 and 4) was �5�, a threshold deemed acceptable for gait
(McGinley et al., 2009) and even for UMDH/ULDH despite of the
unanticipated nature of these hops. An increase in knee abduction
and internal rotation might putatively elevate the risk of an ACL
injury and is relevant for evaluation (Kiapour et al., 2016). Our
results of good to excellent reliability for peak knee abduction
and internal rotation angles (representing minimum knee adduc-
tion and external rotation) in UMDH, MDH and ULDH and, con-
versely, poor to good/excellent reliability for peak moments in
UMDH, ULDH and/or LDH deserve future evaluation, particularly
LDH that showed less reliable measures.

Our findings resemble those of previous investigations; of par-
ticular interest is the lower reliability for knee frontal and trans-
verse plane peak moments compared to those in the sagittal
plane, which further substantiates previous findings (Alenezi



Fig. 5. Ensemble average (±95% confidence intervals, shaded areas; n = 20) graphs of knee angles and moments recorded during the deceleration phase of the land-and-cut
maneuver of unanticipated lateral (ULDH) and anticipated lateral diagonal hops (LDH). The deceleration phase spans from initial foot contact on the force plate (B) to peak
knee flexion.
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et al., 2014, 2016; Ford et al., 2007; Malfait et al., 2014). Our gen-
eral finding of lower ICCs for peak moments than angles concords
with earlier results (Alenezi et al., 2016; Mok et al., 2017; Sankey
et al., 2015), which might be attributed to the angle-of-foot place-
ment at IC (claimed to influence knee transverse plane moment
(Houck, 2003)), and restricted arm movements (challenging postu-
ral control (Chaudhari et al., 2005)).

The main differences in reliability between legs with low ICCs
for ACLR leg in UMDH and ULDH, and LDH (hip and knee transverse
plane angles and moments, and knee frontal plane moments), may
indicate poorer motor control of the ACLR leg. The ICCs for the
ACLR leg were generally lower during UMDH and ULDH compared
to uninjured controls in our previous study (Arumugam et al.,
2019). Compared to the controls in that study, the ACLR leg
showed lower ICC for peak hip adduction angles, hip abduction
and adduction moments, and hip and knee external rotation
moments for UMDH and/or ULDH. A greater between-trial variance
could lead to lower reliability, which may indicate poorer lower
limb control. As these differences were particularly found for
ULDH, this concords with its greater difficulty level experienced
by the individuals with ACLR.

Another source of variation between trials or conditions might
stem from the differences in IC strategy. IC with the fore-foot com-
pared to the rear-foot is thought to influence the transverse plane
moment of the knee (Houck, 2003), reduce loading on the knee
joint (Donnelly et al., 2017), reduce knee valgus and mitigate ACL
injury risk (Yoshida et al., 2016) during unanticipated or antici-
pated cutting maneuvers. Although we used standard criteria for
determining hop success, no strict rules were imposed to control
the landing (rearfoot/forefoot landings). Almost all participants
adopted a forefoot IC strategy irrespective of the condition or the
direction. No trial-to-trial differences in the IC strategy (rearfoot/-
forefoot landings) were evident for either conditions or directions
among these participants. Nevertheless, internal rotation moments
demonstrated somewhat lower ICCs compared to the other
moments including external rotation, because the knees were pre-
dominantly in external rotation, irrespective of direction or condi-
tion (Table 2 and Figs. 5 and 6).
4.1. Methodological considerations, strengths and limitations of the
study

To ensure data consistency: (1) the same assessor applied all
markers on all persons, (2) rigid clusters of markers were applied
on the thighs to decrease soft tissue movement artifacts (Collins
et al., 2009), and (3) a single cut-off frequency (15 Hz) was used
to filter angles and moments to eliminate artifacts arising from
using different cut-off frequencies for kinematic and kinetic data.

Though the novel test was designed to mimic land-and-cut
maneuvers, it was performed in a laboratory setting and cannot
entirely represent sport situations that challenge ACL integrity
and is also somewhat standardized, thus questioning the ecological
validity. Nevertheless, similar to one-leg single-hop tests (Hegedus
et al., 2015; Myer et al., 2015), our test is relatively easy and fast to
administer, requires less space, allows easy video recording, and
facilitates quantifying dynamic limb motion asymmetries.



Fig. 6. Ensemble average (±95% confidence intervals, shaded areas; n = 20) graphs of knee angles and moments recorded during the deceleration phase of the land-and-cut
maneuver of unanticipated medial (UMDH) and anticipated medial diagonal hops (MDH). The deceleration phase spans from initial foot contact on the force plate (B) to peak
knee flexion.

Table 2
Joint angles and moments of the deceleration phase of the land-and-cut maneuver associated with unanticipated and anticipated medial and lateral diagonal hops of ACL-
reconstructed limbs.

Variables Medial diagonal hop (mean (95% CI)) Lateral diagonal hop (mean (95% CI))

Unanticipated (UMDH) Anticipated (MDH) Unanticipated (ULDH) Anticipated (LDH)

Peak joint angles (�)
Hip flexion (+) 55.27 (50.63, 59.92) 45.39 (40.62, 50.16) 53.91 (49.34, 58.47) 45.73 (41.09, 50.37)
Hip abduction (�) �7.32 (�9.17, �5.47) �4.21 (�6.46, �1.96) �3.28 (�5.23, �1.33) �1.47 (�3.76, 0.82)
Hip adduction (+) 3.81 (1.35, 6.28) 2.63 (�0.08, 5.33) 13.97 (11.69, 16.24) 7.30 (4.68, 9.91)
Hip int. rotation (+) 13.60 (11.10, 16.09) 10.37 (8.01, 12.72) 10.69 (8.52, 12.85) 11.12 (8.27, 13.97)
Hip ext. rotation (�) 3.67 (1.03, 6.31) 3.15 (1.06, 5.25) 2.05 (�0.54, 4.64) 4.16 (0.68, 7.64)
Knee flexion (+) 68.95 (65.25, 72.65) 58.57 (54.32, 62.81) 68.18 (64.48, 71.88) 57.77 (53.30, 62.24)
Knee abduction (�) �0.49 (�2.91, 1.94) 1.03 (�1.49, 3.54) 2.63 (0.23, 5.03) 0.62 (�1.80, 3.05)
Knee adduction (+) 7.94 (5.67, 10.20) 7.39 (4.95, 9.83) 11.19 (8.74, 13.64) 7.14 (4.78, 9.49)
Knee int. rotation (+) �2.95 (�4.76, �1.15) �1.60 (�3.46, 0.26) �3.47 (�5.24, �1.71) �2.61 (�4.66, �0.57)
Knee ext. rotation (�) �15.38 (�17.76, �12.99) �13.48 (�16.05, �10.91) �17.4 (�19.80, �15.10) �13.19 (�17.35, �9.03)

Peak joint moments (N�m/kg�m)
Hip flexion (+) 0.84 (0.73, 0.95) 0.91 (0.82, 1.00) 0.76 (0.66, 0.85) 0.90 (0.81, 1.00)
Hip abduction (�) 0.03 (�0.01, 0.08) 0.02 (�0.03, 0.07) �0.03 (�0.06, 0.00) 0.02 (�0.04, 0.07)
Hip adduction (+) 0.90 (0.83, 0.97) 1.30 (1.21, 1.39) 1.17 (1.07, 1.27) 1.19 (1.08, 1.29)
Hip int. rotation (+) 0.47 (0.40, 0.55) 0.47 (0.38, 0.55) 0.49 (0.40, 0.59) 0.44 (0.35, 0.53)
Hip ext. rotation (�) 0.03 (0.01, 0.05) 0.00 (�0.03, 0.03) �0.03 (�0.05, �0.01) 0.00 (�0.04, 0.04)
Knee flexion (+) 1.62 (1.50, 1.74) 1.69 (1.57, 1.80) 1.51 (1.38, 1.63) 1.67 (1.54, 1.81)
Knee abduction (�) �0.02 (�0.06, 0.03) 0.00 (�0.03, 0.02) �0.03 (�0.05, �0.01) �0.03 (�0.05, 0.00)
Knee adduction (+) 0.47 (0.40, 0.54) 0.59 (0.50, 0.69) 0.57 (0.49, 0.65) 0.41 (0.34, 0.49)
Knee int. rotation (+) �0.01 (�0.02, 0.00) �0.01 (�0.02, 0.00) �0.01 (�0.02, 0.00) �0.01 (�0.02, 0.00)
Knee ext. rotation (�) �0.35 (�0.39, �0.32) �0.44 (�0.49, �0.39) �0.47 (�0.53, �0.41) �0.34 (�0.41, �0.28)

ACL, anterior cruciate ligament; CI, confidence interval.
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Table 3
Reliability and agreement measures for joint angles and moments of the deceleration phase of the land-and-cut maneuver associated with unanticipated and anticipated medial
diagonal hops of ACL-reconstructed limbs.

Variables Medial diagonal hop (n = 20) Lateral diagonal hop (n = 20)

Unanticipated (UMDH) Anticipated (MDH) Unanticipated (ULDH) Anticipated (LDH)

ICC (95% CI) SEM ICC (95% CI) SEM ICC (95% CI) SEM ICC (95% CI) SEM

Peak joint angles (�)
Hip flexion 0.90 (0.78, 0.96) 2.55 0.95 (0.90, 0.98) 1.18 0.95 (0.89, 0.98) 1.27 0.83 (0.63, 0.93) 4.32
Hip abduction 0.78 (0.55, 0.91) 2.09 0.92 (0.84, 0.97) 0.95 0.91 (0.81, 0.96) 0.94 0.89 (0.76, 0.95) 1.35
Hip adduction 0.73 (0.43, 0.88) 3.55 0.92 (0.84, 0.97) 1.13 0.93 (0.85, 0.97) 0.88 0.90 (0.79, 0.96) 1.41
Hip internal rotation 0.95 (0.90, 0.98) 0.64 0.90 (0.78, 0.96) 1.30 0.91 (0.81, 0.96) 1.11 0.67 (0.31, 0.86) 5.04
Hip ext. rotation 0.95 (0.90, 0.98) 0.69 0.91 (0.80, 0.96) 1.05 0.94 (0.88, 0.98) 0.82 0.52 (0, 0.80) 9.02
Knee flexion 0.93 (0.84, 0.97) 1.46 0.96 (0.91, 0.98) 0.94 0.90 (0.80, 0.96) 2.05 0.83 (0.64, 0.93) 4.38
Knee abduction 0.95 (0.89, 0.98) 0.68 0.96 (0.91, 0.98) 0.59 0.96 (0.92, 0.98) 0.50 0.75 (0.47, 0.89) 3.50
Knee adduction 0.92 (0.83, 0.97) 0.98 0.95 (0.90, 0.98) 0.69 0.90 (0.80, 0.96) 1.25 0.85 (0.69, 0.94) 2.02
Knee int. rotation 0.94 (0.88, 0.98) 0.56 0.96 (0.93, 0.99) 0.36 0.90 (0.79, 0.96) 0.94 0.59 (0.15, 0.83) 4.59
Knee ext. rotation 0.91 (0.82, 0.96) 1.08 0.89 (0.77, 0.95) 1.49 0.90 (0.79, 0.96) 1.20 0.27 (0, 0.69) 16.37

Peak joint moments (N�m/kg�m)
Hip flexion 0.82 (0.62, 0.92) 0.11 0.88 (0.75, 0.95) 0.05 0.84 (0.66, 0.93) 0.08 0.90 (0.78, 0.96) 0.05
Hip abduction 0.61 (0.17, 0.83) 0.10 0.91 (0.80, 0.96) 0.03 0.22 (0, 0.67) 0.13 0.84 (0.67, 0.93) 0.04
Hip adduction 0.71 (0.39, 0.88) 0.11 0.88 (0.74, 0.95) 0.07 0.84 (0.67, 0.93) 0.09 0.95 (0.90, 0.98) 0.03
Hip internal rotation 0.94 (0.87, 0.97) 0.03 0.95 (0.90, 0.98) 0.02 0.98 (0.95, 0.99) 0.01 0.94 (0.88, 0.98) 0.03
Hip ext. rotation 0.43 (0.0, 0.76) 0.06 0.80 (0.58, 0.92) 0.03 0.50 (0, 0.79) 0.06 0 (0, 0.57) 0.23
Knee flexion 0.91 (0.81, 0.96) 0.06 0.87 (0.73, 0.95) 0.08 0.93 (0.85, 0.97) 0.05 0.87 (0.72, 0.94) 0.10
Knee abduction 0.79 (0.55, 0.91) 0.05 0.88 (0.75, 0.95) 0.02 0.51 (0, 0.79) 0.05 0.54 (0.04, 0.81) 0.06
Knee adduction 0.82 (0.62, 0.92) 0.06 0.91 (0.81, 0.96) 0.05 0.88 (0.75, 0.95) 0.05 0.73 (0.43, 0.88) 0.11
Knee int. rotation 0.61 (0.18, 0.83) 0.02 0.86 (0.70, 0.94) 0.01 0.78 (0.55, 0.91) 0.01 0.54 (0.03, 0.80) 0.03
Knee ext. rotation 0.69 (0.35, 0.87) 0.06 0.93 (0.85, 0.97) 0.02 0.85 (0.67, 0.94) 0.05 0.43 (0, 0.76) 0.20

ACL, anterior cruciate ligament; CI, confidence interval; ICC, intraclass correlation coefficients; SEM, standard error of measurement.
Negative ICC values are replaced with zero. Units are not applicable for ICC but valid for SEM. ICC values<0.75 are shown in bold.

Table 4
Joint angles and moments of the deceleration phase of the land-and-cut maneuver associated with unanticipated and anticipated medial and lateral diagonal hops of uninjured
limbs of participants with ACL reconstruction.

Variables Medial diagonal hop (mean (95% CI)) Lateral diagonal hop (mean (95% CI))

Unanticipated (UMDH) Anticipated (MDH) Unanticipated (ULDH) Anticipated (LDH)

Peak joint angles (�)
Hip flexion (+) 51.85 (46.45, 57.26) 42.14 (37.22, 47.05) 49.19 (43.34, 55.05) 43.02 (37.77, 48.27)
Hip abduction (�) �9.36 (�11.55, �7.16) �7.09 (�9.36, �4.81) �5.13 (�7.17, �3.08) �4.14 (�6.58, �1.70)
Hip adduction (+) 0.71 (�1.68, 3.10) �1.28 (�3.92, 1.35) 10.13 (7.48, 12.77) 3.49 (0.56, 6.42)
Hip int. rotation (+) 11.54 (9.23, 13.84) 8.56 (5.95, 11.17) 8.01 (5.31, 10.70) 7.66 (5.07, 10.25)
Hip ext. rotation (�) 1.49 (�1.24, 4.22) 0.47 (�2.12, 3.06) �0.60 (�3.38, 2.17) 0.69 (�1.99, 3.37)
Knee flexion (+) 68.59 (65.19, 71.99) 58.13 (54.22, 62.04) 67.37 (63.32, 71.41) 57.81 (53.96, 61.67)
Knee abduction (�) �1.03 (�3.68, 1.61) 0.75 (�1.85, 3.35) 2.53 (�0.02, 5.08) 0.43 (�1.98, 2.84)
Knee adduction (+) 7.81 (5.06, 10.55) 7.67 (4.99, 10.34) 10.29 (7.71, 12.88) 6.92 (4.74, 9.10)
Knee int. rotation (+) �1.80 (�3.84, 0.24) �1.82 (�4.14, 0.50) �2.60 (�4.50, �0.71) �1.92 (�4.28, 0.45)
Knee ext. rotation (�) �13.03 (�15.23, �10.83) �12.46 (�14.84, �10.07) �14.88 (�16.80, �12.96) �12.59 (�15.13, �10.04)

Peak joint moments (N�m/kg�m)
Hip flexion (+) 0.81 (0.74, 0.89) 0.81 (0.75, 0.88) 0.71 (0.64, 0.78) 0.85 (0.78, 0.91)
Hip abduction (�) 0.06 (0.01, 0.10) �0.02 (�0.08, 0.03) �0.06 (�0.10, �0.01) �0.02 (�0.07, 0.03)
Hip adduction (+) 0.92 (0.84, 1.01) 1.24 (1.14, 1.34) 1.19 (1.07, 1.30) 1.12 (1.04, 1.21)
Hip int. rotation (+) 0.42 (0.36, 0.48) 0.44 (0.36, 0.52) 0.44 (0.36, 0.52) 0.38 (0.30, 0.46)
Hip ext. rotation (�) 0.05 (0.02, 0.08) �0.01 (�0.04, 0.02) �0.03 (�0.05, �0.01) �0.01 (�0.04, 0.01)
Knee flexion (+) 1.70 (1.60, 1.81) 1.78 (1.68, 1.89) 1.61 (1.54, 1.69) 1.83 (1.71, 1.94)
Knee abduction (�) �0.01 (�0.05, 0.03) 0.00 (�0.05, 0.04) �0.03 (�0.06, 0.00) �0.01 (�0.04, 0.01)
Knee adduction (+) 0.50 (0.41, 0.60) 0.64 (0.54, 0.75) 0.60 (0.50, 0.70) 0.46 (0.35, 0.56)
Knee int. rotation (+) �0.01 (�0.02, 0.00) �0.02 (�0.04, 0.00) 0.00 (�0.02, 0.01) �0.01 (�0.02, 0.00)
Knee ext. rotation (�) �0.34 (�0.37, �0.31) �0.42 (�0.46, �0.37) �0.45 (�0.51, �0.39) �0.33 (�0.38, �0.27)

ACL, anterior cruciate ligament; CI, confidence interval.
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Stipulating hopping distance to 25% of the individual’s height,
with visual cues indicating the target landing areas, might have
led to a controlled (sub-maximal) landing. Further, trunk motion
could influence lower limb mechanics during landing tasks
(Blackburn and Padua, 2008; Nagano et al., 2011), but investigating
this was beyond the scope of the paper. Previous studies investi-
gating the reliability of run/land-and-cut biomechanics have also
not considered the influence of trunk motion on the reliability esti-
mates (Alenezi et al., 2016; Besier et al., 2001b; Marshall et al.,
2014; Mok et al., 2017). However, the individuals with ACLR per-
formed our test with their hands behind the back to restrict arm
and trunk movements. It must be noted that the unanticipated
hops were performed before the anticipated hops which might
have resulted in order (practice, fatigue, or boredom) effects.

A multivariate analysis comparing biomechanical variables
between individuals with and without ACLR to address known-
groups/discriminative validity of the test is in progress. Future
studies might investigate within- and between-session reliability



Table 5
Reliability and agreement measures for kinematic and kinetic variables of the deceleration phase of the land-and-cut maneuver associated with unanticipated and anticipated
medial diagonal hops of uninjured limbs of participants with ACL reconstruction.

Variables Medial diagonal hop (n = 20) Lateral diagonal hop (n = 20)

Unanticipated (UMDH) Anticipated (MDH) Unanticipated (ULDH) Anticipated (LDH)

ICC (95% CI) SEM ICC (95% CI) SEM ICC (95% CI) SEM ICC (95% CI) SEM

Peak joint angles (�)
Hip flexion 0.94 (0.87, 0.97) 1.88 0.97 (0.93, 0.99) 0.90 0.97 (0.93, 0.99) 1.02 0.97 (0.94, 0.99) 0.78
Hip abduction 0.92 (0.84, 0.97) 0.91 0.90 (0.79, 0.96) 1.17 0.93 (0.86, 0.97) 0.75 0.94 (0.87, 0.97) 0.90
Hip adduction 0.84 (0.66, 0.93) 2.16 0.92 (0.83, 0.97) 1.15 0.93 (0.86, 0.97) 0.99 0.96 (0.91, 0.98) 0.85
Hip internal rotation 0.95 (0.89, 0.98) 0.69 0.95 (0.90, 0.98) 0.67 0.96 (0.93, 0.99) 0.54 0.96 (0.91, 0.98) 0.60
Hip ext. rotation 0.96 (0.92, 0.98) 0.55 0.95 (0.90, 0.98) 0.67 0.96 (0.92, 0.98) 0.58 0.96 (0.91, 0.98) 0.65
Knee flexion 0.87 (0.73, 0.95) 2.37 0.95 (0.90, 0.98) 0.98 0.89 (0.76, 0.95) 2.45 0.95 (0.89, 0.98) 1.11
Knee abduction 0.96 (0.92, 0.98) 0.56 0.97 (0.94, 0.99) 0.38 0.96 (0.92, 0.98) 0.54 0.96 (0.92, 0.98) 0.48
Knee adduction 0.95 (0.89, 0.98) 0.76 0.96 (0.91, 0.98) 0.66 0.93 (0.85, 0.97) 0.96 0.91 (0.81, 0.96) 1.05
Knee int. rotation 0.96 (0.92, 0.98) 0.41 0.97 (0.93, 0.99) 0.41 0.94 (0.88, 0.98) 0.56 0.96 (0.92, 0.98) 0.46
Knee ext. rotation 0.90 (0.80, 0.96) 1.12 0.93 (0.86, 0.97) 0.85 0.82 (0.63, 0.93) 1.87 0.93 (0.86, 0.97) 0.97

Peak joint moments (N�m/kg�m)
Hip flexion 0.66 (0.27, 0.85) 0.15 0.81 (0.61, 0.92) 0.06 0.82 (0.61, 0.92) 0.07 0.84 (0.67, 0.93) 0.05
Hip abduction 0.48 (0, 0.78) 0.12 0.90 (0.79, 0.96) 0.03 0.80 (0.57, 0.91) 0.05 0.84 (0.66, 0.93) 0.04
Hip adduction 0.77 (0.51, 0.90) 0.11 0.85 (0.69, 0.94) 0.08 0.85 (0.69, 0.94) 0.09 0.91 (0.82, 0.96) 0.05
Hip internal rotation 0.88 (0.75, 0.95) 0.04 0.95 (0.89, 0.98) 0.02 0.95 (0.90, 0.98) 0.02 0.95 (0.89, 0.98) 0.02
Hip ext. rotation 0.73 (0.42, 0.88) 0.05 0.80 (0.57, 0.91) 0.03 0.71 (0.40, 0.88) 0.04 0.83 (0.63, 0.93) 0.03
Knee flexion 0.89 (0.76, 0.95) 0.07 0.86 (0.69, 0.94) 0.08 0.85 (0.67, 0.93) 0.07 0.76 (0.50, 0.90) 0.14
Knee abduction 0.81 (0.60, 0.92) 0.05 0.90 (0.80, 0.96) 0.02 0.88 (0.74, 0.95) 0.02 0.82 (0.62, 0.92) 0.02
Knee adduction 0.85 (0.68, 0.93) 0.08 0.92 (0.83, 0.97) 0.04 0.89 (0.76, 0.95) 0.06 0.92 (0.83, 0.97) 0.05
Knee int. rotation 0.54 (0.02, 0.80) 0.02 0.94 (0.88, 0.98) 0.00* 0.71 (0.39, 0.88) 0.02 0.78 (0.54, 0.91) 0.01
Knee ext. rotation 0.57 (0.10, 0.82) 0.07 0.87 (0.73, 0.95) 0.03 0.81 (0.59, 0.92) 0.06 0.95 (0.89, 0.98) 0.02

ACL, anterior cruciate ligament; CI, confidence interval; ICC, intraclass correlation coefficients; SEM, standard error of measurement.
Negative ICC values are replaced with zero. Units are not applicable for ICC but valid for SEM. ICC values less than 0.75 are shown in bold.

* <0.005.
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of the task using different modelling approaches (inverse/direct
kinematics) and point-by-point analysis (Sankey et al., 2015) over
the entire landing phase in individuals with and without knee
disorders.

In summary, our novel test seemed feasible among individuals
with a unilateral ACLR. The relatively large hip and knee motion
especially in the frontal and transverse planes (Figs. 3–6) during
the unanticipated compared to the anticipated diagonal hops
seems to challenge dynamic knee control. Overall, both limbs
demonstrated moderate to excellent reliability for almost all peak
angles and moments of the hip and knee for both conditions and
directions, with a few exceptions in the frontal and/or transverse
planes, especially for LDH of the ACLR limb. In summary, the novel
test may become a valuable functional task for improved evalua-
tion in knee rehabilitation following ACLR, but it needs further
exploration.
Author’s contribution

AA and JLM performed the data collection, analyzed and inter-
preted the data, and wrote and edited the manuscript. CKH initi-
ated the study, provided funding for the study, interpreted the
data, wrote and edited the manuscript. All the authors were
involved in the design of the study.
Ethical approval

The Regional Ethical Review board in Umeå approved the study
(reference: 2015/67-31). All participants read and signed an
informed consent before participation in the study in accordance
with the Declaration of Helsinki.

Declaration of Competing Interest

The authors declared that there is no conflict of interest.
Acknowledgements

The study was funded by Swedish Scientific Research Council
(Grant No. K2014-99X-21876-04-4 and 2017-00892), Västerbotten
County Council (Grant No. ALF VLL548501, VLL838421 and Strate-
gic funding VLL-358901; Project No. 7002795), Swedish Scientific
Research Council for Sports Science (Grant No. Dnr CIF 2016/6
P2017-0068), Umeå University School of Sport Science (Grant No.
Dnr IH 5.3-13-2017) and King Gustaf V and Queen Victoria’s Foun-
dation of Freemasons. The funders did not have any role in study
design, data collection and analysis, decision to publish, or prepa-
ration of the manuscript.

We thank Eva Tengman for screening of participants, Jonas Sell-
ing for technical assistance, and Andrew Strong for his assistance
with data collection.
References

Alenezi, F., Herrington, L., Jones, P., Jones, R., 2014. The reliability of biomechanical
variables collected during single leg squat and landing tasks. J. Electromyogr.
Kinesiol. 24, 718–721.

Alenezi, F., Herrington, L., Jones, P., Jones, R., 2016. How reliable are lower limb
biomechanical variables during running and cutting tasks. J. Electromyogr.
Kinesiol. 30, 137–142.

Almonroeder, T.G., Garcia, E., Kurt, M., 2015. The effects of anticipation on the
mechanics of the knee during single-leg cutting tasks: a systematic review. Int.
J. Sports Phys. Ther. 10, 918–928.

Arumugam, A., Markström, J., Häger, C., 2019. Introducing a novel test with
unanticipated medial/lateral diagonal hops that reliably captures hip and knee
kinematics in healthy women. J. Biomech. 82, 70–79.

Atkinson, G., Nevill, A.M., 1998. Statistical methods for assessing measurement
error (reliability) in variables relevant to sports medicine. Sports Med. 26, 217–
238.

Besier, T.F., Lloyd, D.G., Ackland, T.R., Cochrane, J.L., 2001a. Anticipatory effects on
knee joint loading during running and cutting maneuvers. Med. Sci. Sports
Exerc. 33, 1176–1181.

Besier, T.F., Lloyd, D.G., Cochrane, J.L., Ackland, T.R., 2001b. External loading of the
knee joint during running and cutting maneuvers. Med. Sci. Sports Exerc. 33,
1168–1175.

http://refhub.elsevier.com/S0021-9290(19)30730-4/h0005
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0005
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0005
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0010
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0010
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0010
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0015
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0015
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0015
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0020
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0020
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0020
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0025
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0025
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0025
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0030
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0030
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0030
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0035
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0035
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0035


A. Arumugam et al. / Journal of Biomechanics 99 (2020) 109480 11
Blackburn, J.T., Padua, D.A., 2008. Influence of trunk flexion on hip and knee joint
kinematics during a controlled drop landing. Clin. Biomech. (Bristol, Avon) 23,
313–319.

Brown, S.R., Brughelli, M., Hume, P.A., 2014. Knee mechanics during planned and
unplanned sidestepping: a systematic review and meta-analysis. Sports Med.
44, 1573–1588.

Chaudhari, A.M., Hearn, B.K., Andriacchi, T.P., 2005. Sport-dependent variations in
arm position during single-limb landing influence knee loading: implications
for anterior cruciate ligament injury. Am. J. Sports Med. 33, 824–830.

Cochrane, J.L., Lloyd, D.G., Buttfield, A., Seward, H., McGivern, J., 2007.
Characteristics of anterior cruciate ligament injuries in Australian football. J.
Sci. Med. Sport 10, 96–104.

Collins, T.D., Ghoussayni, S.N., Ewins, D.J., Kent, J.A., 2009. A six degrees-of-freedom
marker set for gait analysis: repeatability and comparison with a modified
Helen Hayes set. Gait Post. 30, 173–180.

Donnelly, C.J., Chinnasee, C., Weir, G., Sasimontonkul, S., Alderson, J., 2017. Joint
dynamics of rear-and fore-foot unplanned sidestepping. J. Sci. Med. Sport 20,
32–37.

Ford, K.R., Myer, G.D., Hewett, T.E., 2007. Reliability of landing 3D motion analysis:
implications for longitudinal analyses. Med. Sci. Sports Exerc. 39, 2021–2028.

Ford, K.R., Myer, G.D., Toms, H.E., Hewett, T.E., 2005. Gender differences in the
kinematics of unanticipated cutting in young athletes. Med. Sci. Sports Exerc.
37, 124–129.

Griffin, L.Y., Agel, J., Albohm, M.J., Arendt, E.A., Dick, R.W., Garrett, W.E., Garrick, J.G.,
Hewett, T.E., Huston, L., Ireland, M.L., 2000. Noncontact anterior cruciate
ligament injuries: risk factors and prevention strategies. J. Am. Acad. Orthop.
Surg. 8, 141–150.

Hara, M., Shibayama, A., Takeshita, D., Fukashiro, S., 2006. The effect of arm swing
on lower extremities in vertical jumping. J. Biomech. 39, 2503–2511.

Hegedus, E.J., Mcdonough, S., Bleakley, C., Cook, C.E., Baxter, G.D., 2015. Clinician-
friendly lower extremity physical performance measures in athletes: a
systematic review of measurement properties and correlation with injury,
Part 1. The tests for knee function including the hop tests. Br. J. Sports Med. 49,
642–648.

Houck, J., 2003. Muscle activation patterns of selected lower extremity muscles
during stepping and cutting tasks. J. Electromyogr. Kinesiol. 13, 545–554.

Kiapour, A.M., Demetropoulos, C.K., Kiapour, A., Quatman, C.E., Wordeman, S.C.,
Goel, V.K., Hewett, T.E., 2016. Strain response of the anterior cruciate ligament
to uniplanar and multiplanar loads during simulated landings: implications for
injury mechanism. Am. J. Sports Med. 44, 2087–2096.

Kim, J.H., Lee, K.K., Kong, S.J., An, K.O., Jeong, J.H., Lee, Y.S., 2014. Effect of
anticipation on lower extremity biomechanics during side- and cross-cutting
maneuvers in young soccer players. Am. J. Sports Med. 42, 1985–1992.

Kobayashi, H., Kanamura, T., Koshida, S., Miyashita, K., Okado, T., Shimizu, T., Yokoe,
K., 2010. Mechanisms of the anterior cruciate ligament injury in sports
activities: a twenty-year clinical research of 1,700 athletes. J. Sports Sci. Med.
9, 669.

Koo, T.K., Li, M.Y., 2016. A guideline of selecting and reporting intraclass correlation
coefficients for reliability research. J. Chiropr. Med. 15, 155–163.

Kottner, J., Audige, L., Brorson, S., Donner, A., Gajewski, B.J., Hróbjartsson, A.,
Roberts, C., Shoukri, M., Streiner, D.L., 2011. Guidelines for reporting reliability
and agreement studies (GRRAS) were proposed. Int. J. Nurs. Stud. 48, 661–671.

Leardini, A., Cappozzo, A., Catani, F., Toksvig-Larsen, S., Petitto, A., Sforza, V.,
Cassanelli, G., Giannini, S., 1999. Validation of a functional method for the
estimation of hip joint centre location. J. Biomech. 32, 99–103.

Lee, S.-P., Chow, J., Tillman, M., 2014. Persons with reconstructed ACL exhibit
altered knee mechanics during high-speed maneuvers. Int. J. Sports Med. 35,
528–533.

Lopes, T.J.A., Simic, M., Myer, G.D., Ford, K.R., Hewett, T.E., Pappas, E., 2018. The
effects of injury prevention programs on the biomechanics of landing tasks: a
systematic review with meta-analysis. Am. J. Sports Med. 46, 1492–1499.

Malfait, B., Sankey, S., Firhad Raja Azidin, R.M., Deschamps, K., Vanrenterghem, J.,
Robinson, M.A., Staes, F., Verschueren, S., 2014. How reliable are lower-limb
kinematics and kinetics during a drop vertical jump?. Med. Sci. Sports Exerc. 46,
678–685.

Marshall, B.M., Franklyn-Miller, A.D., King, E.A., Moran, K.A., Strike, S.C., Falvey, E.C.,
2014. Biomechanical factors associated with time to complete a change of
direction cutting maneuver. J. Strength Cond. Res. 28, 2845–2851.
McGinley, J.L., Baker, R., Wolfe, R., Morris, M.E., 2009. The reliability of three-
dimensional kinematic gait measurements: a systematic review. Gait Post. 29,
360–369.

Milner, C.E., Westlake, C.G., Tate, J., 2011. Test–retest reliability of knee
biomechanics during stop jump landings. J. Biomech. 44, 1814–1816.

Mok, K.M., Bahr, R., Krosshaug, T., 2017. Reliability of lower limb biomechanics in
two sport-specific sidestep cutting tasks. Sports Biomech., 1–11

Mok, K.M., Petushek, E., Krosshaug, T., 2016. Reliability of knee biomechanics during
a vertical drop jump in elite female athletes. Gait Post. 46, 173–178.

Myer, G.D., Bates, N.A., DiCesare, C.A., Foss, K.D.B., Thomas, S.M., Wordeman, S.C.,
Sugimoto, D., Roewer, B.D., McKeon, J.M.M., Di Stasi, S.L., 2015. Reliability of 3-
dimensional measures of single-leg drop landing across 3 institutions:
implications for multicenter research for secondary ACL-injury prevention. J.
Sport Rehabil. 24, 198–209.

Nagano, Y., Ida, H., Akai, M., Fukubayashi, T., 2007. Gender differences in knee
kinematics and muscle activity during single limb drop landing. Knee 14, 218–
223.

Nagano, Y., Ida, H., Akai, M., Fukubayashi, T., 2009. Biomechanical characteristics of
the knee joint in female athletes during tasks associated with anterior cruciate
ligament injury. Knee 16, 153–158.

Nagano, Y., Ida, H., Akai, M., Fukubayashi, T., 2011. Relationship between three-
dimensional kinematics of knee and trunk motion during shuttle run cutting. J.
Sports Sci. 29, 1525–1534.

Olsen, O.-E., Myklebust, G., Engebretsen, L., Bahr, R., 2004. Injury mechanisms for
anterior cruciate ligament injuries in team handball: a systematic video
analysis. Am. J. Sports Med. 32, 1002–1012.

Park, E.-J., Lee, J.-H., Ryue, J.-J., Sohn, J.-H., Lee, K.-K., 2011. Influence of anticipation
on landing patterns during side-cutting maneuver in female collegiate soccer
players. Korean J. Sport Biomech. 21, 391–395.

Pollard, C.D., Stearns, K.M., Hayes, A.T., Heiderscheit, B.C., 2015. Altered lower
extremity movement variability in female soccer players during side-step
cutting after anterior cruciate ligament reconstruction. Am. J. Sports Med. 43,
460–465.

Russell, K.A., Palmieri, R.M., Zinder, S.M., Ingersoll, C.D., 2006. Sex differences in
valgus knee angle during a single-leg drop jump. J. Athl. Train. 41, 166.

Sankey, S.P., Raja Azidin, R.M., Robinson, M.A., Malfait, B., Deschamps, K.,
Verschueren, S., Staes, F., Vanrenterghem, J., 2015. How reliable are knee
kinematics and kinetics during side-cutting manoeuvres?. Gait Post. 41, 905–
911.

Schreurs, M.J., Benjaminse, A., Lemmink, K.A., 2017. Sharper angle, higher risk? The
effect of cutting angle on knee mechanics in invasion sport athletes. J. Biomech.
63, 144–150.

Schuck, P., Zwingmann, C., 2003. The ‘smallest real difference’ as a measure of
sensitivity to change: a critical analysis. Int. J. Rehabil. Res. 26.

Sigward, S., Powers, C.M., 2006. The influence of experience on knee mechanics
during side-step cutting in females. Clin. Biomech. 21, 740–747.

Stearns, K.M., Pollard, C.D., 2013. Abnormal frontal plane knee mechanics during
sidestep cutting in female soccer athletes after anterior cruciate ligament
reconstruction and return to sport. Am. J. Sports Med. 41, 918–923.

Sugimoto, D., Myer, G.D., Barber Foss, K.D., Pepin, M.J., Micheli, L.J., Hewett, T.E.,
2016. Critical components of neuromuscular training to reduce ACL injury risk
in female athletes: meta-regression analysis. Br. J. Sports Med. 50, 1259–1266.

Vandermeulen, D.M., Birmingham, T.B., Forwell, L.A., 2000. The test-retest reliability
of a novel functional test: the lateral hop for distance. Physiother. Can. 52, 50–
55.

Walter, S.D., Eliasziw, M., Donner, A., 1998. Sample size and optimal designs for
reliability studies. Stat. Med. 17, 101–110.

Whyte, E.F., Richter, C., O’Connor, S., Moran, K.A., 2017. The effect of high intensity
exercise and anticipation on trunk and lower limb biomechanics during a
crossover cutting manoeuvre. J. Sports Sci., 1–12

Wiggins, A.J., Grandhi, R.K., Schneider, D.K., Stanfield, D., Webster, K.E., Myer, G.D.,
2016. Risk of secondary injury in younger athletes after anterior cruciate
ligament reconstruction: a systematic review and meta-analysis. Am. J. Sports
Med. 44, 1861–1876.

Yoshida, N., Kunugi, S., Mashimo, S., Okuma, Y., Masunari, A., Miyazaki, S., Hisajima,
T., Miyakawa, S., 2016. Effect of forefoot strike on lower extremity muscle
activity and knee joint angle during cutting in female team handball players.
Sports Med. Open 2, 32.

http://refhub.elsevier.com/S0021-9290(19)30730-4/h0040
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0040
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0040
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0045
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0045
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0045
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0050
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0050
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0050
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0055
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0055
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0055
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0060
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0060
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0060
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0065
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0065
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0065
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0070
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0070
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0075
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0075
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0075
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0080
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0080
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0080
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0080
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0085
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0085
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0090
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0090
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0090
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0090
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0090
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0095
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0095
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0100
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0100
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0100
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0100
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0105
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0105
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0105
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0110
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0110
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0110
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0110
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0115
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0115
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0120
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0120
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0120
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0125
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0125
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0125
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0130
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0130
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0130
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0135
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0135
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0135
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0140
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0140
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0140
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0140
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0145
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0145
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0145
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0150
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0150
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0150
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0155
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0155
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0160
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0160
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0165
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0165
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0170
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0170
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0170
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0170
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0170
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0175
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0175
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0175
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0180
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0180
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0180
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0185
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0185
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0185
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0190
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0190
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0190
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0195
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0195
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0195
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0200
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0200
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0200
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0200
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0205
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0205
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0210
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0210
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0210
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0210
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0215
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0215
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0215
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0220
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0220
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0225
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0225
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0230
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0230
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0230
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0235
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0235
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0235
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0240
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0240
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0240
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0245
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0245
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0250
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0250
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0250
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0255
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0255
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0255
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0255
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0260
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0260
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0260
http://refhub.elsevier.com/S0021-9290(19)30730-4/h0260

	A novel test reliably captures hip and knee kinematics and kinetics during unanticipated/anticipated diagonal hops in individuals with anterior cruciate ligament reconstruction
	1 Introduction
	2 Methods
	2.1 Study design and setting
	2.2 Participants
	2.3 Equipment
	2.4 Procedure
	2.5 Kinematic and kinetic analysis
	2.6 Data analysis

	3 Results
	3.1 Feasibility and movement patterns observed during unanticipated and anticipated diagonal hops of the ACLR and uninjured limbs
	3.2 Reliability of joint angles of the ACLR limb
	3.3 Reliability of joint moments of the ACLR limb
	3.4 Reliability of joint angles and moments of the uninjured limb

	4 Discussion
	4.1 Methodological considerations, strengths and limitations of the study

	Author’s contribution
	Ethical approval
	Declaration of Competing Interest
	ack20
	Acknowledgements
	References


