I SP I Ricupito R, Grassi A, Zanuso M, Torneri P. The Influence of Cognitive Dual Tasking on
e de— the Outcomes of the Triple Hop Test Following Anterior Cruciate Ligament
SRORT PHNGICAL THERAY Reconstruction. //SPT. 2025;20(1):40-46. doi:10.26603/001c.127511

Original Research

The Influence of Cognitive Dual Tasking on the Outcomes of the
Triple Hop Test Following Anterior Cruciate Ligament
Reconstruction

Roberto Ricupito®, Alberto Grassi', Matteo Zanuso?, Paolo Torneri’
111 Clinic Rizzoli Orthopaedic Institute, 2 University of Verona, 3 F3 Physiotherapy Clinic
Keywords: ACL, Assessments, Neurocognitive, RTP, Hop
https://doi.org/10.26603/001¢.127511

International Journal of Sports Physical Therapy
Vol. 20, Issue 1, 2025

Introduction

Anterior cruciate ligament (ACL) reconstruction involves prolonged rehabilitation, with
Return to Sport (RTS) as a key goal for athletes. Integrating Dual Task (DT) strategies,
which combine cognitive and physical tasks, is critical, as multitasking mirrors real-world
and sports-specific demands. Assessing how distractions affect performance is essential
to optimize RTS outcomes for both the reconstructed and healthy limbs.

Purpose

To analyze the influence of DT on the performance of the Triple Hop Test for distance
(THD) in individuals’ status post ACL reconstruction.

Study type

Cross Sectional

Materials and Methods

Seventeen patients post-ACL were recruited and performed THD under two conditions:
single task (standard condition) and dual task (with an added neurocognitive task).
Assessments were conducted on both the healthy and the previously injured limb over six
meters, measured via a standard measuring tape. Paired t-tests and
Mann-Whitney-Wilcoxon or Kruskal-Wallis tests were applied to investigate differences.
Categorical variables were compared using chi-squared tests.

Results

There was a significant difference in average distance between single task performances
in the healthy and previously operated limbs, with a difference of 20.71 cm (p=0.016). A
significant difference was also observed in DT performance, with a distance variation of
10.41 cm (p=0.038). Comparing performances, both the healthy and the
ACL-reconstructed limbs showed performance deterioration under DT conditions, with a
greater percentage decline in the healthy limb.

Conclusions

Dual Task conditions appear to hinder performance in the THD in both the healthy and
post-ACL reconstructed limbs.
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Level Of Evidence
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INTRODUCTION

The post-operative rehabilitation after anterior cruciate
ligament (ACL) injuries is an important topic in sports med-
icine and ACL reconstruction is commonly undertaken to
restore knee stability and return the individual to function.
Neuroplasticity, or the brain’s ability to reorganize itself,
allows the central nervous system to adapt to both external
(environmental) and internal factors, such as injuries. In
some cases, patients may struggle with adopting effective
motor-learning strategies, or traditional rehabilitation may
not provide sufficient stimulation to promote motor skill
recovery. This could help explain why, after an ACL injury,
patients do not always regain full motor function, as cur-
rent rehabilitation programs may not fully engage the neu-
roplastic potential needed for optimal recovery.! The effi-
cacy of this recovery process is primarily evaluated through
functional tests like the Triple Hop for distance (THD),
which is one means to assess the dynamic movement ca-
pabilities of individuals. Despite the routine nature of this
test, daily life and sports often require multitasking, and
the impact of dual-tasking on THD performance remains an
underexplored area.23

The safe return to sports activities following ACL recon-
struction is a critical chapter in the multidisciplinary man-
agement of patients undergoing this procedure. Scientific
interest in this area has increased over the years, highlight-
ing that despite growing knowledge, the re-injury rate re-
mains high. An area of interest that could have implications
for a safer return to sports is the investigation of neurocog-
nitive performance.

The prevalence of individuals experiencing a second in-
jury to the same knee within the first five years after ACL
reconstruction exceeds 15%, while it is around 8% for the
contralateral knee.%5 In a recent study, Della Villa et al.6
reported an impressive 42% rate of isolated ACL injuries
with non-contact mechanisms experiencing re-injury
within five years. According to research by Paterno et al.,’
this risk is up to 15 times higher, with a fourfold increased
risk for female individuals of sustaining a homolateral ACL
injury and six times for the contralateral knee.

Limited evidence suggests that deficits in neurocognitive
functions are associated with an increased risk of re-in-
jury.2:8-10 While the mechanisms through which neurocog-
nitive demands influence injury risk are not fully under-
stood, it is known that performing a motor action under
the influence of a dual cognitive task exposes the athlete
to a more realistic context that requires cognitive process-
ing and decision-making.11-13 In sports activities, where
cognitive demands are high, motor deficits may become
more apparent, thereby exposing the patients to a higher
risk of injury. The introduction of neurocognitive distrac-
tion elements into testing protocols is advocated to provide
a more realistic and comprehensive assessment of an ath-
lete’s readiness to return to sport, potentially mitigating

the high risk of re-injury associated with ACL rehabilita-
tion.1415

Emerging studies suggest that current functional tests
may not adequately simulate the complex environments
encountered during sports, which often leads to injuries.
These environments typically involve cognitive distractions
that can impact performance, highlighting a gap in stan-
dard testing protocols.1415

Furthermore, neuroplastic changes following ACL in-
juries can lead to maladaptations such as arthrogenic mus-
cle inhibition, influenced by altered sensory feedback and
disrupted homeostasis.1®17 Authors have assessed the ef-
fect of cognitive challenge during functional tasks!819 but
this is the first to assess the effect of a dual task during
a triple leg hop for distance on ACLR patients. This man-
uscript explores incorporating dual-task scenarios into the
rehabilitation assessment as this could better reflect true
functional capacity by mimicking the cognitive and motor
tasks athletes face in competitive environments.

This study aims to explore the influence of DT on the ex-
ecution of the THD, comparing the healthy limb to the sur-
gically repaired limb in patients post-ACL reconstruction. !4

The hypothesis was that the injured knee will show a
greater decline in performance during dual-task conditions
compared to the healthy limb.

MATERIAL AND METHODS

STUDY DESIGN

Between March 2023 and February 2024, patients who had
undergone anterior cruciate ligament (ACL) reconstruction
surgery were recruited from one physiotherapy clinic for a
normal testing procedure after completing the rehabilita-
tion programs. All patients undergoing ACL reconstruction
between 2022 and 2023 were screened for inclusion in the
study.

Inclusion criteria were: patients who had undergone an
ACL reconstruction at least six months but not greater than
12 months prior (with full passive range of motion and ab-
sence of swelling) and participated in neurocognitive train-
ing during rehabilitation, being 18 years of age or older,
of activity level 1 or 2, and having a stable contralateral
knee with no history of injury or surgery in the prior two
years, The exclusion criteria included the presence of con-
current musculoskeletal conditions (e.g., back, hip, or ankle
pain) impairing the ability to perform jumps on both lower
limbs, advanced degenerative changes (grade III or higher
per the Kellgren-Lawrence classification based on pre-op-
erative or intra-operative radiography), and an inability to
speak, read, write, or understand Italian.

Each patient underwent a protocol to evaluate their per-
formance on THD under two different conditions: a single
task (standard condition) and a dual task (incorporating a
neuro-cognitive task), on both the healthy limb and the
post-operative limb. Testing protocols were uniformly ap-
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Figure 1. Setting for triple leg hop

plied across all testing sessions and were administered by
the same researcher to ensure consistency.

SETTING AND PROCEDURES

The testing session was conducted in a private muscu-
loskeletal clinic during a single test session following the
usual clinical practices. All patients had already completed
rehabilitation programs before the testing session, and the
testing procedure did not modify any component of the ex-
isting rehabilitation pathways. The data were collected as
part of routine clinical practice and did not introduce ex-
perimental research elements.

TESTING PROCEDURE

All procedures were performed following written informed
patient consent and in accordance with the ethical stan-
dards of the institutional and national research committee
and the 1964 Declaration of Helsinki. Since the approval
was obtained as part of established clinical practice, no spe-
cific code is required. The approval date corresponds to the
session held on May 24, 2022. All participants signed an in-
formed consent form before participating in the study.

The THD was performed on a concrete floor with a 6-me-
ter-long and 15 cm-wide tape (Figure 1).

Prior to the test, participants underwent a five minute
warm-up on a stationary bicycle, followed by 10 bipedal
squats, 10 right/left lunges, a one minute break, 10 bipedal
vertical jumps, 10 bipedal horizontal jumps, a two minute
break, and five vertical and horizontal jumps on each side.
Participants then familiarized themselves with the THD by
performing it twice per leg without any additional cognitive
stimuli.

For each leg, three trials were performed for each test
condition (single and dual task). Trials were always con-
ducted starting with the healthy leg followed by the injured
leg. To qualify as successful, the landing of the THD had to
be maintained for two seconds. If the attempt was unsuc-
cessful, verbal feedback was provided, and the test was re-
peated without additional instructions, typically requiring
one or two extra trials. The mean distance from the three
trials was used for analysis.

In the dual task condition, cognitive interference was in-
troduced through the use of two smartphones (iPhone X)
placed on tripods at eye level to the right and left of the
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Figure 2. Setup for THD with cognitive interference.

Two iPhone X were placed at the same distance left/right from the patient’s side and at
the end of the tape an iPad was placed in front of the patent that played a random se-
quence of numbers.

participant and an iPad in front showing a sequence of 8
numbers every 0.3 seconds through the switch-ON app. The
phones displayed a color signal changing between blue, yel-
low, and green every 0.3 seconds. Participants began the
test when the signal turned green, regardless of phone po-
sition. During the THD, participants were instructed to pri-
oritize the cognitive task of observing the number sequence
and recalling it in reverse order after completion of the
physical test. The accuracy of the neuro-cognitive task was
not assessed (Figure 2).

In research contexts, the effect of the dual task can be
quantified as the percentage change in performance para-
meters between the dual task and single task, known as
the Dual Task Cost (DTC).3 The dual task cost, as proposed
by Grooms and colleagues,3refers to the decline in per-
formance observed when an individual is required to si-
multaneously execute both a cognitive task and a physical
task, such as during neurocognitive testing for ACL reha-
bilitation. In the context of ACL patients, this cost is typ-
ically evaluated by comparing performance on functional
motor tasks (e.g., jumping, cutting, or balancing) with and
without the addition of a concurrent cognitive task, such
as responding to visual or auditory stimuli, or engaging
in working memory challenges. The dual task cost is cal-
culated by comparing performance on a task when it is
performed in isolation (single task) to performance when
it is paired with a concurrent cognitive task (dual task).
The formula is typically
DTC (%) = dual task — single task / single task x 100. Ac-
cording to the formula, a greater distance covered in the
jump indicates better performance; thus, a DTC value below
100% indicates a performance deterioration in the dual-
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Table 1. Demographic and clinical characteristics of the included patients.

Male Female Total p-value

N 12 (70.6%) 5(29.4%) 17 (100.0%)
Age (years) 23.7(5.4) 22.2(4.9) 23.2(5.1) 0.607
Weight (kg) 73.1(10.2) 66.2 (6.5) 71.1(9.7) 0.189
Height (cm) 178.9(7.9) 175.0(8.5) 177.8(8.0) 0.377
BMI (Kg/m?2) 22.8(2.5) 21.6(1.4) 22.4(2.3) 0.343
Injured Leg

Right 7 (58.3%) 1(20.0%) 8(47.1%) 0.149

Left 5(41.7%) 4 (80.0%) 9(52.9%)

Activity level (moderate) 1(8.3%) 1(20%) 2(11.8%) 0.496

Activity level (intense) 11(91.7%) 4(80%) 15 (88.2%)

task condition, while a value above 100% reflects improved DISCUSSION

performance under dual-task conditions.

STATISTICAL ANALYSIS

The sample size for this observational descriptive study was
determined based on a hypothesized 15% reduction in jump
height post-intervention from a literature-based mean (u)
of 547 cm to 464 cm, with a population standard deviation
(o) of 97 cm. The calculated effect size (d) was 0.8556701,
indicating an expected 15% decrease. Thus, a sample size
of 17 subjects was determined a priori to ensure 95% power
(1-B), reflecting the likelihood of detecting a true effect.

All statistical analyses were performed using Stata ver-
sion 18. Paired Student’s t-tests were used to compare the
means of continuous variables with normal distributions.
For continuous variables not meeting normality assump-
tions, nonparametric tests (Mann-Whitney-Wilcoxon or
Kruskal-Wallis) were applied. Frequency distributions of
categorical variables were compared using 2x2 contingency
tables and chi-square tests.

RESULTS

Seventeen patients were included (mean age of 23.2 5.1
years), 12 males and 5 females Detailed demographic and
clinical characteristics of the patients are shown in Table 1.

During the THD under ST conditions, a statistically sig-
nificant difference in the average distance was observed be-
tween the healthy and operated limbs, with a mean dif-
ference of 20.7 +/- 3.64 cm (p= 0.016). A statistically
significant difference was also noted under DT conditions,
with a difference of 10.41 cm % 22.6, (p= 0.038) between the
healthy and operated limbs.

When comparing the differences in performance be-
tween the healthy and operated limbs DTC results were uti-
lized and the results are presented in Table 2.

A higher percentage drop in performance for the healthy
limb is demonstrated compared to the operated limb.

MAIN FINDINGS

The most important finding of the present study is that
patients who have undergone anterior cruciate ligament
(ACL) reconstruction showed disparities between the
healthy limb and the operated limb in the THD. Perfor-
mance measurements were significantly better in the
healthy limb versus the post operative limb.

An unexpected outcome was that the sample demon-
strated a better dual task cost value on the post-operative
limb compared to the healthy one. All subjects included
in the study integrated traditional rehabilitation with mo-
tor learning that incorporated elements of distraction from
the earliest stages. This allows us to hypothesize that the
administered interventions might have addressed deficits
that would have been expected. One possible explanation
for the better result in DTC condition, is that the majority
of the ‘neurocognitive’ training was performed on the post-
operative leg. Patients generally engaged in strength and
conditioning exercises for both limbs; however, the injured
leg was more frequently targeted during dual-task condi-
tions and cognitive challenges. These included tasks such
as maintaining balance while tracking the movement of a
laser pointer with their gaze or performing exercises like
jumps and running drills while memorizing sequences of
numbers displayed on a screen. Notably, there was a more
pronounced performance decline in the healthy limb com-
pared to the operated limb, further underscoring the com-
plexity of the relationship between ACL reconstruction and
motor skills. A second reason could be that neuroplastic al-
terations occur bilaterally, potentially affecting the healthy
limb as well or strength deficit that could persist after com-
pleting rehabilitation program.20 Finally, due to decondi-
tioning, the healthy limb may not always represent a re-
alistic target for recovery. It is important to note that In
this research design, only the distance of the hop was mea-
sured, which do not incorporate metrics pertaining to qual-
ity, such as knee valgus motion or trunk displacement. Cog-
nitive proficiency/scores, such as the accurate recall of
numerical sequences were also not measured.
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Table 2. Percentage of Dual Task Cost in the healthy and post-operative limb during the Triple Hop Test

Males (%) n=12 (70,6) Females (%) n=5 (29,4) Full sample (%) n=17 (100)
DTC Healthy limb? 6.09% 4.54% 6.49%
DTC Healthy limb? 6.23% 7.78% 6.66%
DTC Post=operative limb? 4.30% 4.37% 4.32%
DTC Post-operative limb?2 5.11% 4.04% 4.80%

1=Average performance, 2=Best performance

CLINICAL IMPLICATION

Despite the modest magnitude of these disparities, the
findings are crucial from both clinical and scientific per-
spectives. Clinically, they underscore the need to develop
specific rehabilitative approaches that can precisely mea-
sure the effects of neurocognitive interventions based on
the pathophysiology of ACL reconstruction that involves
neuroplastic changes in the brain. In research, the exami-
nation of performance assessments assists in deepening the
understanding of the effects of specific rehabilitation pro-
tocols, enhancing knowledge in a critical area of medical
research. . A previous study had investigated the effects of
dual tasking in the context of the triple hop test, focusing
on healthy subjects and finding no significant performance
variations. In the current study, substantial differences
were observed not only in healthy participants but also in
those with ACLR, suggesting that both lower limbs could be
negatively affected in terms of overall performance.

A strength of the study is its novelty in evaluating the ef-
fects of dual tasking on the outcomes of the triple hop test
between six and 12 months after ACL reconstruction. This
indicates that after ACL surgery, limited cognitive resources
may not only impact the affected limb but also the unin-
jured limb. This consideration is crucial, especially given
that a significant percentage of re-injuries occur in the con-
tralateral limb.

LIMITATIONS

Due to limited resources and the small number of patients
recruited, it was not feasible to test subjects who had not
undergone neuro-cognitive training as part of their reha-
bilitation. A limitation relates to the neuro-cognitive skills
prescribed during the rehabilitation period prior to the
tests. Rehabilitation tasks and progressions for these sub-
jects were not reported.

Different variables could provide deeper insights into
the observed differences between the performance of the
healthy and operated limbs, which, while statistically sig-
nificant, remained below a 15% threshold. As mentioned,
this study considered performance only qualitatively (dis-
tance), while the influences of dual tasking on biomechan-
ical quality (kinematics) were not accounted for due to re-
source limitations. Cognitive distraction could impact the
quality of performance during activities and the subsequent
risk of injury, highlighting the need for further exploration
of the relationship between these variables. For instance,
while performing a jump, the patient might recall numbers

displayed on a screen. If the uninjured leg achieves 4/4
correct responses but the injured leg achieves only 2/4,
this may indicate a decline in cognitive performance during
functional tasks.

Finally, strength data were not included in the testing
session so it cannot be assumed that deficits in perfor-
mance are a consequence of a decline in strength. Including
a cognitive task evaluation within the functional assess-
ment could provide valuable insights. The relatively small
sample size and low proportion of female participants limit
the generalizability of these findings to the broader popu-
lation undergoing ACL reconstruction.

Although RTS testing impacts the risk of reinjury, it can-
not fully predict who may sustain a second ACL injury.2l:
22 Future research should evaluate dual-task effects in this
population, focusing on both performance quantity (e.g.,
distance) and quality (e.g., kinematics and cognitive func-
tion). Investigating the impact of neurocognitive training
or graft type on dual-task cost could provide further in-
sights.

CONCLUSIONS

The results of this study demonstrate significant disparities
in performance on the THD between the healthy and oper-
ated limbs of patients following anterior cruciate ligament
(ACL) reconstruction, under both single and dual task con-
ditions. Notably, the healthy limb exhibited a greater de-
cline in performance, suggesting that both limbs are vul-
nerable to the effects of cognitive load post-surgery. These
insights suggest the potential value of incorporating neuro-
cognitive elements in future research to better address the
complex demands of real-world activities and explore
strategies to reduce the risk of re-injury.

The results underscore the importance of considering
both limbs in the rehabilitation process, reflecting the in-
terconnectedness of bodily systems and the widespread im-
pact of cognitive factors on motor performance. Further re-
search is encouraged to explore the broader implications
of dual task training in ACL rehabilitation and its potential
to improve long-term outcomes for patients returning to
sport.
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