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Background: Athletes with decreased baseline neurocognitive function may experience noncontact anterior cruciate ligament
(ACL) injury in unanticipated athletic situations. Many ACL injury prevention programs (IPPs) focus on improving closed-skill
movements (eg, planned landing). However, the more open-skill movements (eg, unplanned reactive movements) required in
unpredictable sports scenarios are commonly absent from ACL IPPs, and the acute effects of open-skill training on neurocogni-
tive function remain unclear.

Purpose: To investigate the acute effects of unplanned versus planned training on neurocognitive function and knee biomechan-
ics associated with ACL injury risk during the side-step cutting motion.

Study Design: Controlled laboratory study.

Methods: A total of 32 adult recreational athletes (16 female, 16 male) were randomly assigned to either an unplanned training
(UT) group or a control (CON) group. The UT group performed unplanned hop-landing training while the CON group performed
planned hop-landing training. Both before and after the training, neurocognitive function was evaluated using the Trail Making
Test–part B and Stroop Color and Word Test. Additionally, unanticipated and anticipated side-step cutting tasks were performed
while 3-dimensional kinematic and kinetic data for the dominant leg were collected. Neurocognitive test scores and biomechan-
ical variables relevant to ACL injury were analyzed using 2-way repeated-measures analysis of variance to determine the main
effects of training, group, and training 3 group interaction.

Results: Trail Making Test–part B and Stroop Color and Word Test scores significantly improved from pre- to posttraining in both
groups (P \ .001 for both). There was a significant training 3 group interaction for peak knee abduction angle during the unan-
ticipated side-step cutting task (pre- vs posttraining: –8.81� 6 7.23� vs 27.40� 6 7.24� [UT group]; –8.23� 6 9.40� vs 29.99� 6

9.83� [CON group]; P = .02) and for peak vertical ground-reaction force during the anticipated side-step cutting task (pre- vs
posttraining: 3.86 6 0.59 vs 4.08 6 0.74 percentage body weight [%BW] [UT group]; 3.70 6 0.62 vs 3.34 6 0.62 %BW [CON
group]; P = .04).

Conclusion: Study findings showed a significant training 3 group interaction for knee abduction angle during the unanticipated
side-step cutting task with unplanned training and for vertical ground-reaction force during the anticipated side-step cutting task
with planned training.

Clinical Relevance: Designing ACL IPPs based on the sport type (ie, open skill or closed skill) may contribute to better
preparation.
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Anterior cruciate ligament (ACL) injury is one of the most
severe and complex knee injuries during sports and
physical activity. This injury can lead to prolonged

rehabilitation,14 high medical costs,18 high reinjury
rates,60 and an increased risk of osteoarthritis.2 Therefore,
preventing ACL injuries may dramatically improve the
long-term health and quality of life of athletes.

Many ACL injury prevention programs (IPPs) have
been developed and shown efficacy in reducing the inci-
dence of ACL injury.35,50 However, ACL injury incidence
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rates continue to rise in some sports (eg, soccer, basket-
ball).1 Several factors such as motivation, time require-
ments, and compliance were identified as barriers to the
implementation of ACL IPPs.10 Therefore, the develop-
ment of more ecologically valid and time-efficient training
would be required to promote the more widespread use of
ACL IPPs.

Open skills include active decision making and reac-
tions in a dynamic and unpredictable environment (eg,
basketball, soccer), while closed skills are movements
that follow set patterns in a predictable and relatively
unchanging environment (eg, running, cycling).32 In
open-skill sports, where ACL injuries most frequently
occur,16,24,46 athletes are required to perform higher-level
neurocognitive processes and multitask under unantici-
pated situations.9,40,49 Indeed, several studies have
reported the potential relationship between neurocognitive
function and ACL injury risk.27,31,34,57 Swanik et al57

found that athletes with noncontact ACL injuries demon-
strated significantly lower neurocognitive performance
compared with controls. Herman and Barth34 reported
that athletes with lower baseline neurocognitive perfor-
mance demonstrated higher biomechanical risk for ACL
injury during an unanticipated drop vertical jump. Grooms
et al31 assessed changes in biomechanics and neural mech-
anisms during sport-specific landing before and after a 6-
week neuromuscular training program; functional mag-
netic resonance imaging data suggested that changes in
brain activity may have been related to the adaptation of
injury risk–reducing movement mechanics. Therefore,
future ACL injury prevention training may need to focus
on changes in neurocognitive functions as well as improved
lower-limb biomechanics during sport-related movements.

Neurocognitive functions generally include ‘‘high-order’’
and ‘‘low-order’’ abilities.5,22 Executive functions, referring
to high-order neurocognitive functions, enable us to plan
and execute actions while staying focused, resisting temp-
tation, and addressing novel and unanticipated chal-
lenges.22 Previous studies have found that executive
functions can affect high-risk biomechanics associated
with ACL injury during unanticipated situations.25,27

Core executive functions are subdivided into working
memory, cognitive flexibility, and inhibitory control.22,45

Working memory and cognitive flexibility are crucial for
creative thinking and the ability to adapt rapidly and flex-
ibly to altered circumstances.22 Inhibitory control encom-
passes the capacity to manage automatic impulses (eg,
self-control to resist temptations and acting impulsively)
as well as interference control (eg, selective attention and

cognitive inhibition).22 Pen-and-paper or verbal-based neu-
rocognitive tests have been used as practical and simple
assessment tools for executive functions.

Current general ACL IPPs focus on improving closed-
skill exercises such as landing from a jump in planned
environments.35 Typically, ACL IPPs that contain more
open-skill movements demanded in unplanned sports sce-
narios have not been established. To replicate sports sce-
narios and to make prevention training more efficient in
a limited time frame, it is necessary to incorporate an
open-skill structure.26,27 In addition, open-skill exercises
(cognitive demands and challenges of complex motor move-
ments) may improve neurocognitive function, specifically
executive function, compared with closed-skill exercises.32

While a systematic review by Gu et al32 indicated that
open-skill (versus closed-skill) exercises offer superior
executive function benefits in childhood and later adult-
hood, evidence regarding young adults remains relatively
limited. Investigation of the effects of open-skill training
on neurocognitive function and unanticipated athletic
movements simultaneously could provide insight into the
neuromotor mechanisms underlying the biomechanical
changes. Furthermore, even though many sports teams
perform ACL IPPs as warm-up exercises to optimize train-
ing sessions,10 the acute effects of open-skill training for
ACL injury prevention have not been assessed.

Therefore, there were 2 purposes for this study. First,
we investigated the acute effect of unplanned versus
planned training on neurocognitive function. It was hypoth-
esized that unplanned training would significantly improve
neurocognitive function compared with planned training.
Second, we examined the acute effect of unplanned versus
planned training on knee biomechanics associated with
ACL injury risk (eg, knee flexion and abduction) during
unanticipated cutting motions. It was hypothesized that
unplanned training would significantly improve knee bio-
mechanics (ie, increased knee flexion and decreased knee
abduction) compared with planned training.

METHODS

Participants

The study protocol received ethics committee approval
from our institution, and informed consent was obtained
from all participants. Adult recreational athletes from
the University of Essex and the surrounding area were
recruited through flyers and university advertisements.
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Inclusion criteria were (1) age .18 years and (2) participa-
tion in jumping/cutting sports (eg, basketball, soccer, vol-
leyball, lacrosse) at least once a week, with �1 year of
experience in these sports. Exclusion criteria were (1) con-
cussion within the past 6 months, (2) neurocognitive
impairment that would inhibit motor learning (eg,
impaired processing speed),6 (3) any disorder of the periph-
eral sensory system, (4) current injury in the lower back or
lower limbs, (5) history of surgery in the lower back or
lower limbs, (6) being color-blind, (7) previously having
taken the Stroop Color and Word Test (SCWT) or the Trail
Making Test–part B (TMT-B), which were used in this
study for neurocognitive testing, and/or (8) taking medica-
tion that might affect neurocognitive ability (eg, anticho-
linergic drugs, psychotropics, and opioids33). The study
was conducted from October 2022 to March 2023.

An a priori power analysis using G*Power (Version
3.1.9.7; Heinrich-Heine-Universität Düsseldorf) was per-
formed based on a previous study37; the alpha level and
beta error were set at .05 and 0.8, respectively. Effect sizes
of 0.90 for knee flexion and 0.75 for knee abduction were
used to determine the sample sizes. The sample sizes (n
= 10 based on knee flexion data and n = 13 based on
knee abduction data) were calculated to obtain a statisti-
cally significant effect. To allow for potential dropout,
a total of 32 healthy and physically active adults were
enrolled in this study.

The 32 participants were randomly assigned in a single-
blind manner, with a 1:1 allocation ratio stratified by sex,
to either the unplanned training (UT) group (n = 16; 8
male/8 female) or a matched control (CON) group (n =
16; 8 male/8 female). Randomization was conducted by
an Excel spreadsheet (Microsoft Corp) with random per-
muted block sizes 1 and 2. Participants were blinded by
not being informed as to which group they were allocated.

Study Protocol

All participants wore athletic shorts, sports bra (for
women), and athletic shoes they normally wore in sports
activities. Participants in the UT group performed
unplanned hop-landing training, while participants in
the CON group performed planned hop-landing training.
Both before and after completing their respective training
protocols, each participant completed (1) neurocognitive
assessments and (2) the unanticipated and anticipated
side-step cutting movements as part of the experimental
tasks. All baseline testing and the training intervention
were performed during a single day, with the entire exper-
imental protocol requiring approximately 2 hours to com-
plete. The overall study protocol is shown in Figure 1.

Neurocognitive Testing

Cognitive flexibility, working memory, and inhibitory con-
trol were assessed as high-order neurocognitive functions
(also referred to as executive functions22). Cognitive flexi-
bility and working memory were tested with the TMT-
B53 using pen and paper. The TMT-B was conducted by

linking both disordered numbers (1-13) and letters (A-L)
in alternating and ascending order (ie, 1-A-2-B-3-C-4-D,
etc), and the score was recorded as the time in seconds
required to complete the task. Inhibitory control was tested
with the SCWT,28 which consisted of a list of printed color
names that were different from the color in which they
were printed. Participants were given 45 seconds to state
aloud the ink color rather than the printed word, and the
score was recorded as the number of correct responses. A
previous meta-analysis54 revealed that retest effects on
cognitive ability were largest from the first to the second
test and would have reached a plateau after the third
test. Therefore, before the pretraining tests, sufficient
explanation was given to each participant and �3 practices
were conducted until the participant became familiar with
the tests.

Experimental Tasks

Before the experimental task, the participants warmed up
with a 2-minute jog at a self-selected pace followed by 3
minutes of dynamic quadriceps and hamstring stretching.59

Three motions were selected as experimental tasks: 45�
side-step cutting, single-leg landing, and running forward.
For both the unanticipated and the anticipated conditions,
the participants hopped down to the center of a force plate
from a 30-cm high box using the dominant leg (Figure 2A)
and performed 1 of the 3 tasks after receiving a cue via
a visual light stimulus (Swift NEO wireless timing system;
Swift Performance). The dominant leg was defined as the
leg with which the participants preferred to kick a ball,13

and the box was placed at a distance 50% of their standing
height away from the center of the force plate. Three lights
were placed at 1-m height from the floor in the directions of
the tasks (in front of participants and at 45� to the left and
right), 2.5 m away from the center of the force plate.

Figure 1. Flowchart of the study protocol. CON, control; UT,
unplanned training.
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The instructions for each experimental task were as fol-
lows: (1) for cutting, when a light placed at 45� from the
nondominant leg side lit up, the participant performed
a side-step cutting movement toward that direction (Figure
2B); (2) for single-leg landing, when none of the lights were
lit, the participant performed a single-leg landing on the
dominant leg and kept the landing position for 3 seconds
(Figure 2C); and (3) for running, when the light placed in
front of the box lit up, the participant took a step with the
nondominant leg to the front of the force plate and contin-
ued to run forward as fast as possible (Figure 2D). We cat-
egorized deviations from the provided instructions, such
as shifting the initial landing position within the force plate
or making contact with the force plate using the free leg or
hands, as ‘‘errors’’ and excluded them from the analysis.
Each participant performed all of the experimental tasks
in both the unanticipated and the anticipated conditions.

Before beginning the experimental tasks, all partici-
pants completed up to 5 practice trials for each task under
each condition. These practice trials allowed the partici-
pants to become familiarized with the tasks, minimizing
potential performance changes from pre- to posttraining
due to task habituation. The participants were required
to perform 3 successful trials for each task.

In the unanticipated condition, the visual light stimulus
cued 1 of the 3 tasks randomly via a wireless sensor (Swift
NEO wireless timing system) triggered when hopping off
from the box. The wireless sensor was placed at both sides
of the box’s front edge. Each of the 3 tasks was presented
almost the same number of times throughout the experi-
ment; randomization was done automatically via the Swift
NEO system.

In the anticipated condition, 1 of the 3 visual light stim-
uli was turned on in advance, then the participants per-
formed the task after they sufficiently recognized the
task to be performed. Once 1 of the 3 tasks had been suc-
cessfully completed 3 times, the other remaining tasks
were performed (eg, cutting 3 times, then single-leg

landing 3 times, and finally running 3 times). Before the
experiment, the order of the 3 tasks in the anticipated con-
dition was randomized for each participant in an Excel
(Microsoft Corp) spreadsheet.

Hop-Landing Training Intervention

After the baseline data collection, both groups performed
the training intervention. The same movements as in the
experimental tasks (detailed in the next section) were per-
formed during the training: 2 blocks of 10 trials for each
45� side-step cutting, single-leg landing, and running
task (60 trials total) regardless of success or error. We cat-
egorized deviations from the provided instructions as
‘‘errors’’ and excluded them from the analysis. The defini-
tion of errors during training was the same as the defini-
tion of errors in the experimental tasks, detailed in the
next section. Moreover, the number of training errors
was recorded to provide a clear depiction of the breakdown
in the training process.

In addition, perceived exertion before, during the inter-
val between training blocks, and after the training was
assessed using the Borg scale to determine the partici-
pants’ perceived exertion.11 The Borg scale is strongly cor-
related with heart rate and is considered a practical and
valid tool for monitoring training intensity.55 During the
interval between blocks, participants were evaluated using
the Borg scale every minute and rested until their Borg
rating returned to a level similar to pretraining. Each par-
ticipant was then allowed a minimum 5-minute interval.
By verifying that there was no significant change in the
Borg scale, we excluded a confounding factor (participant
fatigue) that could affect the neurocognitive function and
biomechanics after training.4

The UT group performed each movement in an
unplanned manner (ie, the participants did not know the
direction of movement beforehand, and when the light sys-
tem was triggered, they received the cue), whereas the

Figure 2. A right leg–dominant participant performing the experimental tasks. After hopping off from the (A) start position, the
participant performed either the (B) cutting, (C) single-leg landing, or (D) running task upon receiving the visual cue.
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CON group performed each movement in a planned man-
ner (ie, the participants knew the direction of movement
beforehand).

Participants focused on the movement with an external
focus of attention, and they were given the following verbal
instructions for each task before training and in the interval
between blocks: for cutting, ‘‘While changing direction, take
1 step toward the gates on the nondominant leg side from
the center of the force plate and run through the gates’’;
for single-leg landing, ‘‘Land softly, being gentle as you
can when making contact with the ground and hold that
position for 3 seconds’’; and for running, ‘‘Run straight
through the gates in front of you immediately after land-
ing.’’ Neither the UT nor the CON group was provided
with any feedback about task performance or outcome.

Marker Placement

For the experimental tasks, 44 retroreflective markers
were attached to the trunk and lower extremities of

participants according to Kettlety et al38 (Figure 3). A 3-
dimensional motion analysis system (Vicon MX; Vicon)
was used to capture the task motions with a 200-Hz sam-
pling rate through 14 infrared cameras. Data regarding
ground-reaction forces (GRFs) were obtained at 1000 Hz
from a force platform (model 9281C; Kistler Instruments
Inc) that was synchronized with the kinematic data. A
static calibration trial was collected by having participants
stand on a force plate with both feet parallel to the ante-
rior-posterior axis of the laboratory. After the static cali-
bration trial, the calibration markers were removed for
the experimental tasks.

Based on the static trials, a kinematic model including
the trunk, pelvis, and bilateral thigh, shank, and foot seg-
ments was created for each participant using Visual 3D
software (C-Motion).

Unanticipated and Anticipated Side-Step Cutting Task

In this study, only the cutting task was analyzed for the
knee kinematic and kinetic evaluation, as change of direc-
tion when running represented the most common mecha-
nism of noncontact ACL injury.20 The mean of the 3
successful cutting tasks in each of the unanticipated and
anticipated conditions was used for all biomechanical anal-
yses. Biomechanical risk factors for noncontact ACL injury
have been reported to include a nearly extended knee at
initial contact (IC), followed by a combination of high
GRFs, knee abduction, and tibial internal rotation.19,39

Therefore, the dependent variables used in this study
were knee angles and internal moments, specifically knee
flexion at IC, knee abduction and internal rotation at
peak stance (PS), and vertical GRF (vGRF) at PS.

Data Processing

Joint angles were calculated within the Visual 3D kine-
matic model using a Cardan angle (x-y-z),30 and a standard
inverse dynamics analysis was conducted to synthesize the
trajectory and vGRF data for internal moment estimation.
Joint kinematics and kinetics were smoothed at 15 Hz
using a fourth-order Butterworth filter.41 The dependent
variables (ie, knee flexion, knee abduction, knee internal
rotation, and vGRF) were calculated at IC and PS. As
described in a previous study,12 IC was defined as the
time point when vGRF was higher than 10 N. PS was
defined as the time point when the maximum (knee inter-
nal rotation and vGRF) or minimum (knee abduction)
value of a dependent variable was evident between IC
and 50% of stance phase,13,17 as ACL injury tends to occur
within this time frame.29 The data for the cutting tasks
were normalized to 100% of the stance phase, which was
defined as the time from when the vGRF first exceeded
10 N until it fell below 10 N.13,17 GRF data were normal-
ized to body mass (percentage of body weight [%BW]),
and joint moments were normalized to mass 3 height
(N�m/kg).

Figure 3. Marker placement for the experimental tasks. Four
tracking clusters each with 4 markers (16 markers) were
placed bilaterally on the thigh and shank. Additional tracking
markers (18 markers) were attached to the manubrium, 7th
cervical vertebra, right scapula, 10th thoracic vertebrae,
and bilaterally to the following locations: acromion, posterior
superior iliac spine, lateral iliac spine, 2nd metatarsophalan-
geal joint, 5th distal metatarsal, 1st proximal metatarsal, and
posterior calcaneus. Ten additional calibration markers were
attached bilaterally to the following anatomical landmarks:
greater trochanters, lateral and medial knee joint lines, and
lateral and medial malleoli.
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Statistical Analysis

All statistical analyses were conducted using the open-
source statistical software JASP 0.17.1.51 The Shapiro-
Wilk test was performed to determine the normality of
data, with alpha set a priori at .05. Due to skewed distribu-
tions in the data, the Mann-Whitney U test was used to
compare the differences in participant characteristics and
the number of training errors between groups, with
descriptive statistics presented as medians with interquar-
tile ranges. Neurocognitive test scores, kinematic and
kinetic data, and Borg scale ratings for perceived exertion
were subjected to a 2-way repeated-measures analysis of
variance (ANOVA) to determine the main effect of training
(pre- vs posttraining), group (UT vs CON), and any interac-
tion effects (training 3 group), with results presented as
means with standard deviations. If a significant interaction
effect was detected, pairwise comparisons with Bonferroni
post hoc adjustment were performed to compare each
dependent variable between pre- and posttraining within
each group. If the sphericity assumption was violated in
the repeated-measures ANOVA, degrees of freedom were
Greenhouse-Geisser adjusted. A Bonferroni-adjusted alpha
value of .0063 per test (.05/8) was also applied.

RESULTS

Participant Characteristics, Training Errors, and Per-
ceived Exertion

Participant characteristics and training errors are summa-
rized in Table 1. There were no significant differences
between groups in age, height, mass, or playing experi-
ence. The UT group demonstrated a significantly larger
total number of training errors compared with the CON
group (P = .003). The training errors were almost always
caused by single-leg landing.

Repeated-measures ANOVA for the Borg scale revealed
that the sphericity assumption was violated; to account for
this violation, degrees of freedom were Greenhouse-Geisser
adjusted. No significant training 3 group interaction was

found (P = .304); however, the main effect of time was signif-
icant for the Borg scale (P\ .001). Post hoc tests with Bonfer-
roni correction showed that the Borg scale ratings at any time
point (pretraining, interval between training blocks, and post-
training) were statistically significantly higher than at the
resting state for both the UT and the CON groups (P \ .001
for all); however, there was no significant difference in Borg
scale when comparing the pretraining, interval between train-
ing blocks, and posttraining time points (Figure 4).

Neurocognitive Test Scores

There was no significant training 3 group interaction for
either the TMT-B or the SCWT score. However, a signifi-
cant main effect of training was observed for both scores
(P \ .001 for both) (Table 2).

Changes in Unanticipated Side-Step
Cutting Biomechanics

The pre- and posttraining kinematic and kinetic variables
during the unanticipated side-step cutting task are

TABLE 1
Participant Characteristics and Training Errorsa

Characteristics UT Group (n = 16) CON Group (n = 16) P

Age, y 21.00 (20.00-23.00) 21.50 (19.75-22.25) .95
Height, m 1.77 (1.63-1.85) 1.75 (1.68-1.78) .69
Mass, kg 71.25 (60.63-78.10) 66.57 (61.20-75.86) .70
Playing experience, mo 95.00 (75.50-156.00) 145.50 (108.75-192.00) .15
Training errors, n

Cutting task (n = 20) 0.00 (0.00-1.25) 0.00 (0.00-0.00) –
Single-leg landing task (n = 20) 6.00 (4.00-7.25) 3.00 (1.75-4.75) .02b

Running task (n = 20) 0.50 (0.00-1.00) 0.00 (0.00-0.00) –
Total (n = 60) 6.00 (5.00-10.75) 3.00 (1.75-4.75) .003b

aData are shown as median (interquartile range). Dashes indicate areas not applicable. CON, control; UT, unplanned training. Dashes
indicate areas where the statistical analysis was not applicable.

bStatistically significant difference between groups.

Figure 4. Borg scale ratings for perceived exertion in partic-
ipants during rest, before training, between training blocks,
and after training. Error bars represent SDs. *Statistically sig-
nificant difference compared with resting. CON, control; UT,
unplanned training.
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summarized in Appendix Table A1. There was a significant
training 3 group interaction for knee abduction angle at PS:
in posttraining compared with pretraining, the UT group dis-
played decreased knee abduction angles and the CON group
displayed increased knee abduction angles (pre- vs posttrain-
ing: –8.81� 6 7.23� vs 27.40� 6 7.24� [UT group]; –8.23� 6

9.40� vs 29.99� 6 9.83� [CON group]; P = .02) (Figure 5A).
Bonferroni post hoc test showed that there was no significant
difference in knee abduction angle at PS from pre- to post-
training in either the UT or the CON groups.

There was a significant main effect of training for knee
flexion moment at IC (pre- vs posttraining: –0.07 6 0.11 vs
20.13 6 0.17 N�m/kg [UT group]; –0.09 6 0.13 vs 20.11 6

0.12 N�m/kg [CON group]; P = .02) and in vGRF at PS (4.32
6 0.85 vs 4.24 6 0.66 %BW [UT group]; 4.25 6 0.81 vs 3.85
6 0.99 %BW [CON group]; P = .02). There was no signifi-
cant main effect of group.

Changes in Anticipated Side-Step
Cutting Biomechanics

The pre- and posttraining kinematic and kinetic variables
during the anticipated side-step cutting task are

summarized in Appendix Table A2. There was a significant
training 3 group interaction for vGRF at PS: in posttrain-
ing compared with pretraining, the UT group displayed
increased vGRF and the CON group displayed decreased
vGRF (pre- vs posttraining: 3.86 6 0.59 vs 4.08 6 0.74
%BW [UT group]; 3.70 6 0.62 vs 3.34 6 0.62 %BW [CON
group]; P = .04) (Figure 5B). Bonferroni post hoc test
showed that there was no significant difference in vGRF
at PS from pre- to posttraining in either group.

There was a significant main effect of training for knee
flexion angle at IC (pre- vs posttraining: –13.64� 6 5.11� vs
212.86� 6 4.13� [UT group]; –16.99� 6 3.72� vs 215.51� 6

4.01� [CON group]; P = .03) and for knee flexion moment at
IC (–0.11 6 0.09 vs 20.14 6 0.16 N�m/kg [UT group]; –0.10
6 0.13 vs 20.16 6 0.13 N�m/kg [CON group]; P = .01). A
significant main effect of group was observed for knee flex-
ion angle at IC (P = .04) and for vGRF at PS (P = .03).

DISCUSSION

In the current study, neurocognitive function improved in
both the UT and the CON groups after training. However,

TABLE 2
Pre- and Posttraining Neurocognitive Test Scoresa

Pre Post

Test Within: Training 3 Group Test Within: Training Test Between: Group

F(1, 32) P F(1, 32) P F(1, 32) P

TMT-B, s 0.57 .46 28.71 \.001b 1.06 .31
UT group 38.56 6 22.51 30.31 6 8.87
CON group 45.53 6 22.51 34.57 6 17.36

SCWT, n 0.38 .54 114.64 \.001b 0.60 .45
UT group 65.06 6 11.36 74.75 6 12.09
CON group 61.56 6 10.38 72.44 6 9.91

aData are presented as mean 6 SD unless otherwise indicated. CON, control; Post, posttraining; Pre, pretraining; SCWT, Stroop Color
and Word Test; TMT-B, Trail Making Test–part B; UT, unplanned training.

bSignificant main effect of training (P \ .05).

Figure 5. Significant interaction effects of (A) knee abduction (–) angle at peak stance (PS) during unanticipated side-step cutting
tasks and (B) vertical ground-reaction force (vGRF) at PS during the anticipated side-step cutting task. BW, body weight; CON,
control; UT, unplanned training.
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the UT group showed more beneficial changes to knee
abduction angle at PS during the unanticipated side-step
cutting task compared with the CON group. On the other
hand, the CON group showed more beneficial changes to
vGRF at PS during the anticipated side-step cutting task
compared with the UT group. The findings of the current
study partly supported our hypotheses that unplanned
hop-landing training would significantly improve neuro-
cognitive function and biomechanical risk factors for non-
contact ACL injury during the unanticipated side-step
cutting task when compared with planned training. To
the best of our knowledge, this is the first report on the
acute effects of unplanned (open-skill) versus planned
(closed-skill) training on the neurocognitive function and
knee biomechanics of the side-step cutting motion.

Acute Effects of Unplanned Versus Planned Hop-
Landing Training on Neurocognitive Function

In the current study, both groups showed improvement in
neurocognitive function after training; however, there was
no significant training 3 group interaction or main effect
of group (Table 2). The neurocognitive procedures used in
the current study were designed to assess executive func-
tions (ie, cognitive flexibility, working memory, inhibitory
control), which are considered representative of high-order
neurocognitive function.22 Executive functions enable indi-
viduals to complete goal-oriented behavior and decision
making in complex situations such as open-skill sports.27

Open-skill exercises are, therefore, more likely to impose
higher cognitive demands and loads compared with
closed-skill exercises,32 and participants must adapt to
a constantly changing environment.8,44 Furthermore, mul-
tisensory stimuli in open-skill exercises could potentially
enhance neural connectivity between the cerebellum,
which is critical for complex movements, and the dorsolat-
eral prefrontal cortex, which is critical for executive func-
tion, thereby resulting in substantial coactivation of
these regions.8,21 In their systematic review, Gu et al32

suggested that long-term (minimum 6-week) open-skill
exercise intervention may improve executive function com-
pared with closed-skill exercises. On the other hand, the
current study only examined the acute (short-term) effects
of unplanned (open-skill) training versus planned (closed-
skill) training on neurocognitive function. Therefore,
future research will be required to evaluate the effects of
long-term unplanned training interventions on neurocog-
nitive function.

Potential pathways through which exercise facilitates
executive function include the cognitive demands required
to execute complex movements and the physiological
changes in the brain induced by aerobic exercise.8 Consid-
ering that in the current study, both the UT and the CON
groups improved neurocognitive function (ie, executive
function) after training, the improvement may have been
induced by aerobic exercise with the training, not the cog-
nitive demands of the training. Byun et al15 showed that
acute light-intensity exercise (30% peak oxygen uptake
[VO2 peak] for 10 minutes) led to improved executive

function. It is postulated that the exercise-induced arousal
state and arousal-related cortical activation would
enhance neurocognitive performance.23,52,61 In the current
study, the Borg scale at pretraining, interval between
training blocks, and posttraining was significantly higher
compared with the resting state in both study groups
(P \ .001 for all). In addition, the values were \11, which
is considered light-intensity perceived exertion.11 There-
fore, an aerobic exercise state induced by the light-inten-
sity training may have then caused arousal-related
cortical activation and improved neurocognitive function
in both the UT and the CON groups.

Acute Effects of Unplanned Versus Planned Hop-
Landing Training on Knee Biomechanics Associated
With Noncontact ACL Injury During the Side-Step
Cutting Motion

In the current study, there was a significant group 3

training interaction for knee abduction angle at PS during
the unanticipated side-step cutting task (P = .02). Specifi-
cally, in the UT group, this variable changed beneficially
after the training. Biomechanically, there is a consensus
that most noncontact ACL injuries involve knee abduc-
tion.20 Therefore, unplanned training may be useful to
improve ACL injury–related biomechanics during unantic-
ipated movements. On the other hand, there was a signifi-
cant group 3 training interaction for vGRF at PS during
the anticipated side-step cutting task (P = .04). Specifi-
cally, for the CON group, this variable changed beneficially
after the training. It has been reported that knee abduc-
tion combined with greater GRF could induce ACL
strain.43 The results of the current study suggest that
planned training may improve anticipated movement pat-
terns, as seen in sports that require closed skills (eg, gym-
nastics, track and field).

Athletes with lower baseline neurocognitive abilities
may demonstrate higher biomechanical risk factors for
ACL injury in unanticipated athletic situations.27,31,34,57

Thus, the level of neurocognitive function may affect
biomechanics during unanticipated movements. In the cur-
rent study, while both groups showed significant improve-
ment in TMT-B and SCWT scores after the training (P \
.001 for both), only the UT group demonstrated a significant
improvement in the biomechanics associated with ACL
injury during the unanticipated cutting task. Therefore, fac-
tors other than executive function may have been related to
the posttraining biomechanical changes.

Changes in the neurosubstrates of the brain may corre-
spond to improvements in movement capability; the acqui-
sition of task-oriented motor skills involves a complex
neural network including the cerebellum and basal ganglia
as well as the executive functions.21,42 For example, to
refine movements based on deviations between actual
and predicted sensory consequences (ie, supervised learn-
ing), the cerebellum is thought to play an important
role.36 Repeating the same task in the same manner con-
sistently, known as constant practice, can enhance specific
task performance.48 On the other hand, executive
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functions, which entail the ability to develop novel and
intricate motor plans through trial and error,22 may be
improved by more diverse and flexible training pro-
grams.32,48 The results of the current study showed that
participants improved in cutting tasks under conditions
corresponding to their training: unplanned training
improved unanticipated cutting, while planned training
improved anticipated cutting. Thus, other neural networks
such as the cerebellum may have supported motor control
and motor learning through repetitive practice, thereby
enhancing future movements. To clarify this hypothetical
theory, a wider range of neurocognitive functions and ath-
letic movements needs to be assessed in future studies.

In contrast, unfavorable changes, defined as changes in
a direction linked to increased tensile forces imposed on
the ACL,19,39 were observed after the training: increased
vGRF at PS during the anticipated cutting task in the UT
group and increased knee abduction angle at PS during the
unanticipated cutting task in the CON group. In the later
stages of learning a particular motor skill, motor control strat-
egies may be refined, resulting in unconscious motion-depen-
dent performance.48 Typically, unplanned conditions do not
allow athletes enough time to successfully develop a motor
program compared with planned conditions.3,47 Moreover,
Mornieux et al47 found that unanticipated side-step cutting
generated significantly higher vGRF compared with the
anticipated condition. In the UT group, the participants
may have performed the cutting movements with higher
vGRF than participants who underwent planned training,
resulting in an unconsciously higher vGRF during antici-
pated cutting tasks. In the CON group, the planned training
may have automated closed-skill movements, requiring con-
scious and higher cognitive effort during reactive and unan-
ticipated cutting tasks.32,47 This may have resulted in
delays in decision making and altered whole-body motor con-
trol, potentially leading to a negative impact on movements.
The results of the current study suggest that there is
a need to design the training approach based on the specific
demands of the sport (ie, open skill or closed skill).

The training protocol in the current study consisted of
the same movements as in the experimental tasks. Benja-
minse et al7 found that a simple jump-landing task train-
ing (2 blocks each of 10 trials), identical to the baseline
assessment, significantly improved lower extremity biome-
chanics during the jump-landing task. Following their
jump-landing assessment, these authors also observed
a significant improvement in biomechanics associated
with ACL injury during the transfer test (45� unantici-
pated side-step cutting motion).7 Considering these facts,
any biomechanical improvements observed by training on
the same tasks as those in the baseline assessment may
potentially translate to more sport-specific movements.
However, as the CON group in the current study did not
demonstrate any improvement even in the unanticipated
experimental cutting tasks, transfer effects to more
sports-specific open-skill movements may be challenging.
On the other hand, considering that knee biomechanics
improved in the UT group during the unanticipated exper-
imental cutting tasks, unplanned hop-landing training
could potentially transfer to open-skill performance in

actual sports. However, the results of the current study
provided only fundamental insight, and the evidence was
limited. Thus, future studies should investigate the trans-
fer to unpredictable sport-specific movements, along with
identifying the underlying neurocognitive mechanisms.

Limitations

The current study has some limitations. First, the study
population included recreational athletes of both sexes
and was not controlled according to specific sports. There-
fore, the acute effects of unplanned training may have dif-
fered depending on participant sex, type of sport, and also
level of skill. Second, multiple ACL injury risk factors (eg,
neuromuscular, anatomic, and hormonal factors56) were
not assessed in the current study. Investigation of these
factors would provide a better understanding of their rela-
tionship to ACL injury risk. Third, it was difficult to mea-
sure the time from the visual light stimulus cue to IC due
to the limitations of the wireless sensor system. As Mor-
nieux et al47 demonstrated that the reduction of time
from visual information to IC increases the biomechanical
risk for noncontact ACL injury during unanticipated situa-
tions, the time from visual light stimulus cue to IC may
have affected the side-step cutting movement data. Fourth,
the training in the current study involved the same move-
ments as those used in the experimental tasks; thus,
although the study findings offer fundamental insights
into the usefulness of unplanned training for unantici-
pated movements, its transferability to more sport-specific
movements has yet to be demonstrated.7 Therefore, there
is a need to develop future studies for practical use in
a real sports environment. Finally, we did not assess
whether the improvement resulting from the training per-
sisted over time. Welling et al58 showed that the motor
learning effects of simple jump-landing training persisted
after 1 week (ie, retention). For future studies, it would
be useful to include a retention test.

Future studies should perform a more detailed screen-
ing and assessment of the above factors before introducing
ACL IPPs. Additionally, development of the training that
can be adapted to each sex, sport type, and level of skill
may be required.

CONCLUSION

Study findings showed a significant training 3 group
interaction for knee abduction angle during the unantici-
pated side-step cutting task with unplanned training and
for vGRF during the anticipated side-step cutting task
with planned training. Designing ACL IPPs based on the
sport type (ie, open skill or closed skill) may contribute to
better preparation for those sports.
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APPENDIX TABLE A1
Pre- and Posttraining Kinematic and Kinetic Variables During the Unanticipated Side-Step Cutting Taska

Variable Pre Post

Test Within:
Training 3 Group

Test Within:
Training

Test Between:
Group

F(1, 32) P F(1, 32) P F(1, 32) P

Kinematic
IC knee flexion (–) angle, deg 0.23 .63 1.72 .20 2.90 .10

UT group –13.03 6 5.28 –12.62 6 3.68
CON group –15.81 6 4.30 –14.92 6 4.35

PS knee abduction (–) angle, deg 6.56 .02b 0.08 .78 0.12 .73
UT group –8.81 6 7.23 –7.40 6 7.24
CON group –8.23 6 9.40 –9.99 6 9.83

PS knee internal rotation ( 1 ) angle, deg 0.78 .38 2.15 .15 1.05 .31
UT group 10.89 6 5.02 11.20 6 6.29
CON group 12.50 6 5.79 13.77 6 6.61

Kinetic
IC knee flexion (–) moment, N�m/kg 1.15 .29 5.89 .02c 9.67 3 10–34 �.999

UT group –0.07 6 0.11 –0.13 6 0.17
CON group –0.09 6 0.13 –0.11 6 0.12

PS knee abduction (–) moment, N�m/kg 0.14 .71 0.46 .50 0.17 .68
UT group –0.59 6 0.25 –0.57 6 0.23
CON group –0.56 6 0.20 –0.55 6 0.15

(continued)
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APPENDIX TABLE A2
Pre- and Posttraining Kinematic and Kinetic Variables During the Anticipated Side-Step Cutting Taska

Variable Pre Post

Test Within:
Training 3 Group

Test Within:
Training

Test Between:
Group

F(1, 32) P F(1, 32) P F(1, 32) P

Kinematic
IC knee flexion (–) angle, deg 0.46 .50 4.99 .03b 4.44 .04c

UT group –13.64 6 5.11 –12.86 6 4.13
CON group –16.99 6 3.72 –15.51 6 4.01

PS knee abduction (–) angle, deg 0.07 .79 2.78 .11 0.01 .93
UT group –7.90 6 6.71 –6.88 6 7.13
CON group –7.51 6 8.31 –6.77 6 7.74

PS knee internal rotation ( 1 ) angle, deg 1.89 .18 0.22 .65 0.80 .38
UT group 9.53 6 5.40 10.07 6 6.07
CON group 12.50 6 5.79 13.77 6 6.61

Kinetic
IC knee flexion (–) moment, N�m/kg 0.61 .44 8.87 .01b 0.05 .83

UT group –0.11 6 0.09 –0.14 6 0.16
CON group –0.10 6 0.13 –0.16 6 0.13

PS knee abduction (–) moment, N�m/kg 0.02 .88 0.72 .40 6.80 3 10–5 .99
UT group –0.59 6 0.21 –0.58 6 0.23
CON group –0.60 6 0.21 –0.58 6 0.22

PS knee internal rotation ( 1 )
moment, N�m/kg

1.10 .30 0.08 .78 0.002 .97

UT group 0.01 6 0.03 0.01 6 0.02
CON group 0.01 6 0.02 0.01 6 0.03

PS vGRF, %BW 4.50 .04d 0.18 .68 4.99 .03c

UT group 3.86 6 0.59 4.08 6 0.74
CON group 3.70 6 0.62 3.34 6 0.62

aData are presented as mean 6 SD unless otherwise indicated. BW, body weight; CON, control; IC, initial contact; Post, posttraining; Pre,
pretraining; PS, peak stance; UT, unplanned training; vGRF, vertical ground-reaction force.

bSignificant main effect of training (P \ .05).
cSignificant main effect of group (P \ .05).
dSignificant interaction effect (P \ .05).

APPENDIX TABLE A1
(continued)

Variable Pre Post

Test Within:
Training 3 Group

Test Within:
Training

Test Between:
Group

F(1, 32) P F(1, 32) P F(1, 32) P

PS knee internal rotation ( 1 )
moment, N�m/kg

0.03 .87 1.33 .26 0.23 .64

UT group 0.02 6 0.03 0.02 6 0.02
CON group 0.03 6 0.03 0.02 6 0.02

PS vGRF (%BW) 2.53 .12 5.85 .02c 0.70 .41
UT group 4.32 6 0.85 4.24 6 0.66
CON group 4.25 6 0.81 3.85 6 0.99

aData are presented as mean 6 SD unless otherwise indicated. BW, body weight; CON, control; IC, initial contact; Post, posttraining; Pre,
pretraining; PS, peak stance; UT, unplanned training; vGRF, vertical ground-reaction force.

bSignificant interaction effect (P \ .05).
cSignificant main effect of training (P \ .05).
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