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From Control to Chaos:
Visual-Cognitive Progression During
Recovery From ACL Reconstruction

ost anterior cruciate ligament (ACL) injuries occur via non-
contact mechanisms (>70%)* during movements requiring
rapid deceleration or change of direction.!” After ACL rupture,
reconstructive surgery (ACL-R) is a common treatment
combined with rehabilitation that aims to restore athletes to at least
their previous level of function through range of motion, strength,
and neuromuscular training.***% Nearly 1 in 4 young athletes who

return to pivoting and cutting sport par-
ticipation suffer a second ACL rupture.”
Given high reinjury rates and the large
percentages of young to elite athletes never
returning to sport,**” we question the cur-
rent efficacy of traditional rehabilitation
and return-to-sport (RTS) testing criteria.

A missing element in rehabilitation is
targeting the compensatory central nervous
system (CNS) adaptations.” Common met-
rics of recovery (ie, muscle strength, patient
reported outcomes, and neurocognitive
function) are associated with altered CNS
activation after ACL-R.%1>1236 Specifically,

© BACKGROUND: Anterior cruciate ligament

tear is a serious knee injury with implications

for central nervous system (CNS) plasticity. To
perform simple knee movements, people with a
history of anterior cruciate ligament reconstruction
(ACL-R) engage cross-modal brain regions, and
when challenged with cognitive-motor dual tasks,
physical performance deteriorates. Therefore,
people with ACL-R may increase visual-cognitive
neural processes for motor control.

@ CLINICAL QUESTION: What components of
CNS plasticity should the rehabilitation prac-
titioner target with interventions, and how can
practitioners augment rehabilitation exercises to
target injury associated plasticity?

© KEY RESULTS: This clinical commentary
(1) describes the neurophysiological foundation for
visual-cognitive compensation after ACL-R,

(2) provides a theoretical rationale for implementing
visual-cognitive challenges throughout the return-to-
sport continuum, and (3) presents a framework for
implementing visual-cognitive challenges from the
acute phases of rehabilitation. The Visual-Cognitive
Control Chaos Continuum (VC-CCC) framework
consists of five training difficulties that progress
visual-cognitive challenges from high control to high
chaos to better represent the demands of sport.

@ CLINICAL APPLICATION: The VC-CCC frame-
work augments traditional rehabilitation so that
each exercise can progress to increase difficulty
and promote sensorimotor and visual-cognitive
adaptation after ACL-R. J Orthop Sports Phys
Ther 2024;54(7):431-439. Epub 4 June 2024.
doi:10.251%jospt.2024.12443

@ KEY WORDS: anterior cruciate ligament
reconstruction, dual task, visual cognition

the regions that clinical metrics are associ-
ated with are those that are highly engaged
in visual-cognitive functions and cross-
modal sensory integration (ie, propriocep-
tive-visual).®14261 We believe that, to target
CNS function after ACL-R, a structured
framework of progressive visual-cognitive
challenges designed to augment traditional
rehabilitation is needed. This clinical com-
mentary will (1) lay the neurophysiological
foundation for visual-cognitive compensa-
tion after ACL-R, (2) provide a theoretical
rationale for visual-cognitive dual-task in-
terventions, and (3) outline a framework to
implement visual-cognitive dual tasks
starting in the acute phase of recovery.

CROSS-MODAL
NEUROPLASTICITY AND
VISUAL-COGNITIVE
DUAL-TASK RATIONALE

EUROPLASTICITY AFTER ACL RUP-
N ture is likely the result of a partial

proprioceptive deafferentation cas-
cade induced by disruption of sensory
signals from the knee joint to the CNS
in addition to repetitive use of modified
motor behaviors.?*7 Specifically, cross-
modal brain regions that play a role
in cognitive control of movement and
multisensory integration are impacted
after ACL-R.>?%%! Cross-modal regions
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examine the congruency of temporal
and spatial characteristics across senses,
facilitating a seamless integration for
instance, between vision and touch.?"?®
The extent of cross-modal plasticity can
depend in part on the severity of deaffer-
entation.’® Also, attention can modulate
cross-modal plasticity due to the func-
tional and anatomical connectivity be-
tween cross-modal and attentional brain
regions.®*? The cross-modal regions acti-
vated during knee movement after ACL-
R are also active during tasks that require
external focus of attention, working
memory, and visual-spatial processing
(ie, precuneus, lingual gurus, posterior
cingulate cortex).##> Qur data suggest
that cross-modal regions like the lingual
gyrus within the medial occipital cortex
may increase activity to compensate and
preserve knee motor control, especially
in cases with less functional recovery
such as low quadriceps limb symmetry
index.”” Additionally, when compared to
healthy controls, individuals with ACL-R
may activate the posterior parietal cortex
to a greater extent to preserve function
on clinical assessments of propriocep-
tion and dynamic stability.®* We suspect
that individuals after ACL-R experience
greater activity in cross-modal regions
due to a combination of deafferentation
and rehabilitation, which promotes at-
tending to sensorimotor control via the
frontoparietal network (FPN).515

The FPN consists of anatomically sep-
arate but functionally connected atten-
tional and cross-modal cortical “nodes™°
that play a key role in cognitive control
of goal-directed behavior.” Theoreti-
cally, the functional and structural con-
nectivity within the FPN may facilitate
cross-modal plasticity associated with
ACL-R, promoting a visual-cognitive
neural compensation®® that preserves
physical function. This is exemplified by
individuals 6 weeks after ACL-R, being
able to perform postural stability to the
level of controls via greater FPN connec-
tivity.*> However, as rehabilitation pro-
gresses and after return to sport, when
performing more challenging dual-task
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postural control,*#® gait,% and dynamic
cutting paradigms,® individuals with
ACL-R experience a performance decline
relative to controls. An elegant example
of this neural compensation framework
was recently discovered by Sherman et al.
who found that, during a lower extrem-
ity response inhibition task, those with
ACL-R have greater cortical inhibition
and commit more decision accuracy er-
rors to maintain reaction time, compared
to healthy controls.®> While neuroplasti-
city may preserve some facets of motor
control after ACL-R,**? when challenged
with dual-task or response inhibition
conditions, motor and/or cognitive errors
are increased.® The intensive visual-
cognition demands of sport only serve to
amplify the potential for motor coordi-
nation errors secondary to neurological
changes associated with ACL-R.

THE FOUNDATION OF VISUAL
COGNITION IN SPORT

ECAUSE VISUAL COGNITION IS MULTI-
faceted,” we will focus on the athlete’s
ability to extract task-relevant (ie, ig-
nore irrelevant) visual cues from external
stimuli to inform goal-directed movement
decisions. Visual-cognitive processes in
sport require components of both divided
and selective visual attention. The cortical
regions active during divided and selective
attention overlap with the FPN, are highly
engaged during sport and involve regions
associated with neuroplastic changes after
ACL-R, providing clinicians an avenue for
exercise prescription.5
Divided attention is often referred to
as “dual-tasking” or the ability to simulta-
neously provide attention to or switch be-
tween two or more stimuli.”? The Limited
Resource Theory (LRT) of divided atten-
tion, implies only a single pool of atten-
tional resource that is distributed among
competing stimuli.”>** Imagine a soccer
match scenario: two players are giving
verbal instruction to the same player si-
multaneously; forcing an attentional “di-
vision”, in turn, degrading the potential
to respond to both equally. Although the

LRT is predominantly used to describe
dual-task interference, the Multiple Re-
source Theory (MRT) acknowledges that
not all competing stimuli require the
same neural or attentional resources.™ In
the soccer scenario, the stimuli compet-
ing for attention are both verbal-auditory
stimuli. Therefore, the neural systems (ie,
auditory) competing for attention overlap
substantially and will experience high in-
terference. According to the MRT, if the
stimuli competing for attention come
from different sensory modalities (ie,
one auditory and one visual), the dual-
task interference is lower and attentional
resources are more easily divided.

Selective attention is the ability to se-
lect pertinent and/or ignore irrelevant
stimuli.’®* The biased competition mod-
el of selective attention indicates that an
athlete’s attentional allocation directly
influences sensory integration neural ac-
tivity.” This process can occur through ei-
ther top-down or bottom-up attentional
allocation. Top-down selective attention is
voluntary attention that a person allots to
a given task for identifying task-relevant
stimuli.’®? In a corner-kick scenario,
strikers position themselves to find the
best opportunity to score a goal. At a giv-
en moment, the striker chooses to allocate
their attention to predicting the spatial
location of the ball, or a player’s posi-
tion within the penalty area. Bottom-up
selective visual attention is derived from
a visual stimulus that a person responds
to unconsciously without planning and
can be modulated by the stimulus inten-
sity.’®3> Consider a corner kick scenario
where players are jostling for position. As
the ball passes through the air, it deflects
off a player’s head, which catches the pe-
ripheral attention of a striker who was
previously fighting for position. The strik-
er’s attention is immediately drawn to the
sudden change in ball speed and direc-
tion causing an instantaneous switch in
attention® that allows for a rapid change
in goal-directed motor behavior enabling
a shot on the goal.

Understanding the differences be-
tween divided and selective attention is
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important for ACL-R rehabilitation be-
cause they are distinct neurophysiologi-
cal processes that occur in parallel.?>7
After ACL-R, rehabilitation tends to pre-
allocate attention to knee motor control
and movement quality (ie, knee over toes,
do not collapse your knee inward, etc).?
Because attention is a key modulator of
sensory integration neural activity,® in-
terventions must challenge divided and
selective attentional processes to mitigate
attention to the movement strategy when
faced with intensive visual-cognitive dis-
tractions in sport.

THE VISUAL-COGNITIVE
CONTROL CHAOS
CONTINUUM

HE CONTROL-CHAOS CONTINUUM

(CCC)¢ addresses qualitative and

quantitative aspects of “load” dur-
ing on-pitch rehabilitation.’®** We pro-
pose a visual-cognitive CCC (VC-CCC)
that extends the control to chaos concept
to visual-cognitive dual tasks through
a phased progression from high stabil-
ity to increasing levels of cognitive com-
plexity. The VC-CCC is intended to be
implemented as early as possible in the
recovery from ACL-R. In the following
section, we share examples of how prac-
titioners might apply the VC-CCC during
the acute to intermediate phases of reha-
bilitation. We encourage practitioners to
extrapolate these concepts to recovery
from other types of musculoskeletal in-
juries and across all stages of the RTS
process.

There are recent guides to integrating
generalized neurocognitive challenges
and sensory perturbations into injury
prevention training,” late-stage rehabili-
tation,?* and RTS testing.”?¢ There are
also compelling arguments to emphasize
motor learning theory, such as focus of
attention, throughout recovery.?? The
VC-CCC focuses on the acute phase of
recovery, which is typically overlooked
regarding dual-task challenges. The VC-
CCC ultimately progresses to focus on
visual-cognitive interventions, provides

structure for implementation and pro-
gression, and is informed by neurophysi-
ological data specific to those recovering
from injury.

Applying VC-CCC
The goal of the VC-CCC (FIGURE 1) is to
progress individual exercises (FIGURE 2)
throughout the continuum rather than
categorizing the athlete and all the exer-
cises into a single phase of progress. To
depict a sample progression throughout
the VC-CCC phases, a straight leg raise
(SLR) and a variety of intermediate
phase exercises are used. TABLE 1 out-
lines the theories of divided and visual
selective attention with associated theo-
retical neural targets through each phase
of the VC-CCC, and TABLE2 provides addi-
tional intermediate-level exercise exam-
ples using both high- and low-technology
options for visual-cognitive dual-task
challenges.

Throughout the VC-CCC, the visual-
cognitive dual tasks progress from sim-

ply reducing the ability of cognition to
compensate for motor control (Phase 2)
to directly informing motor control via
the addition of linking visual stimuli to
response inhibition and decision mak-
ing (Phase 3-5).°7%35* Additionally, the
VC-CCC phases progress from isolated
visually displayed dual tasks to those
requiring motor and cognitive decision
making and response inhibition (ie, vi-
sual-cognitive dual tasks) with low tech-
nological requirements. In Phases 2-5,
visual-cognitive dual tasks should be used
to induce moderate exercise complexity
so that athletes complete 70% of repeti-
tions successfully without error.**6° We
acknowledge that several mechanisms
of motor learning occur through reha-
bilitation such as instructive, reinforce-
ment, and use-dependent mechanisms.*°
However, as sports commonly associated
with ACL injury require intensive senso-
rimotor prediction, rehabilitation with
visual-cognitive dual tasks may induce
prediction errors at various intensities to

The Visual-Cognitive
Control Chaos
Continuum (VC-CCC)

MODERATE
CONTROL

MODERATE

CONTROL

Stage 5: Cross-modal sensory
integration, unanticipated
reaction, response inhibition

CHAOS

"

Stage 4: Multistep processing
and response inhibition

Stage 3: Two-step processing
and congruent decision making

HIGH
CONTROL P

displayed working memory

Stage 2: Single-step, visually 1
challenge

—

Stage 1: No visual-cognitive
dual task

FIGURE 1. Progression of visual-cognitive dual-task interventions from high control to high chaos. Visual-cognitive
dual tasks should be progressed strategically through isolated working memory to multi-sensory response
inhibition type tasks. This progression targets both divided and selective attention neural mechanisms. The
practitioner should monitor both physical and cognitive performance to ensure maximal effort in both domains.
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Applying the Visual-Cognitive Control Chaos Continuum

MODERATE CONTROL TO MODERATE
‘ HIGH CONTROL ‘ CONTROL ’ CHAOS CHAOS HIGH CHAOS
Phase Goal: Phase Goal: : Phase Goal: Phase Goal: : Phase Goal:
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Visual-Cognitive Task: | Visual-Cognitive Task: i Visual-Cognitive Task: ! Visual-Cognitive Task: ! Visual-Cognitive Task:

No added visual-

cognitive dual-task
challenge

Two-step decisions :
while respondingto !
visual stimuli
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FIGURE 2. Visual Cognitive-Control Chaos Continuum phase goals and VCDT examples for acute to intermediate
exercise examples from high control to high chaos with various modes of technology. High Control - No added
VCDT. Moderate Control - Visually displayed working memory task during continuous repetitions. Control to

Chaos - Visually displayed congruent decision-making task using a pretimed slide deck. Moderate Chaos - Visually
displayed decision-making tasks with response inhibition. The inhibition trials occur much less frequently than

the non-inhibition trials. Variation in timing between stimuli is recommended. Light systems can also be used to
display visual cues. High Chaos - In virtual reality, a red vs green light is displayed and indicates which leg the
athlete responds with in conjunction with congruent auditory stimuli. The athlete may experience unanticipated
physical perturbations from the practitioner. Abbreviations: SLR, straight leg raise; VCDT, visual-cognitive dual task.
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ultimately promote sensorimotor adapta-
tion. Therefore, practitioners should use
technology as available to create phased
progressions that ultimately require in-
tensive visual-spatial processing and de-
cision making.

VC-CCC Phase 1: High Control

The focus should be on task stability and
movement quality. Phase 1: High Control
consists of traditional exercise with no
added visual-cognitive load, and athletes
are cued to complete repetitions at their
discretion (FIGURE 1 and FIGURE 2). Pro-
gression between VC-CCC phases does
not require completely errorless exercise
performance (ie, SLR without lag 10/10
repetitions vs 7/10 repetitions). In fact,
if performance is errorless, the challenge
of the exercise alone may not be difficult
enough for learning.*® Therefore, the
time spent within high control may be as

short as one session or even a single set of
an exercise (TABLE 1 and TABLE 2).

VC-CCC Phase 2: Moderate Control

The goal is to layer a single-step, visually
displayed working memory challenge
on to a continuous exercise (FIGURE 1). A
continuous visual-cognitive dual task can
create a mild cognitive-motor interfer-
ence through divided attention mecha-
nisms. The rationale for implementing
a visually-mediated divided attention
task is to dissociate cognition from mo-
tor control. Instead of allowing an ath-
lete to “think” intently on completing an
isometric quadriceps contraction, which
may foster a movement strategy depen-
dent on attention for motor control,
implementing a Moderate Control inter-
vention requires the athlete to maintain
both physical and cognitive performance.
Like Phase 1: High Control, this mildly

divided attention task may only induce
moderate variability in the exercise for a
single set of an exercise or one treatment
session.

To add single-step working memory to
an active SLR, the practitioner may ask
the athlete to pace their repetitions to a
visual metronome (ie, blinking screen) or
to complete simple math displayed on a
tablet/computer screen that simultane-
ously displays while performing the SLR
exercise. The same visual-cognitive chal-
lenges can be overlaid to several exercises
of varying difficulty. For example, as the
athlete progresses in rehabilitation and
has the physical competency to perform
a split squat, the simple arithmetic slides
can be administered simultaneously dur-
ing repetitions. While the athlete is per-
forming the working memory task, the
practitioner should be analyzing both the
physical and cognitive performance to
ensure effort in both domains.

VC-CCC Phase 3: Control to Chaos

Phase 3 begins to integrate problem solv-
ing and congruent decision making with
continuous exercises. The visual-cognitive
dual tasks should include two-step process-
ing where the athlete completes a congru-
ent working memory task (step 1) and
then completes a predetermined exercise
(step 2). The goal of phase 3 is to transition
from visually mediated dual tasks (Phase
2) to visual-cognitive dual tasks that link
visual stimulus to a particular motor ac-
tion. If the technology and environment
allow, practitioners should consider add-
ing a spatial element to the visual stimuli
presented to stimulate visual search.

For example, a practitioner may in-
struct an athlete to complete a supine SLR
or an isometric quadriceps contraction de-
pendent on the visual-cognitive dual task.
The visual-cognitive dual task may be a
pretimed slide deck with a Stroop Test (ie,
the word BLUE is depicted in the same
or different color than the word). Prior to
starting the exercise, the athlete and prac-
titioner indicate that congruent images
(ie, the word BLUE is in blue font) indi-
cate completion of a 5-second quadriceps
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THEORETICAL VISUAL-COGNITIVE TARGETS BY VC-CCC PHASE

Attention is pre-allocated by the
visual-cognitive cue (ie, odd
answer indicates jump left) and
targets more prefrontal and premo-

cognitive cue (ie, odd answer
indicates jump left).
Bottom Up

High Control Moderate Control Control to Chaos Moderate Chaos High Chaos
Divided Attention: Divided Attention: Divided Attention: Divided Attention: Divided Attention:
None Limited Resource Theory Limited Resource Theory Multiple Resource Theory Multiple Resource Theory
Targets the prefrontal cortex and Targets the prefrontal and premotor ~ Targets the prefrontal and premotor ~ Targets the prefrontal and premotor
primary visual cortices through cortices challenging working cortices to remember cues and cortices to remember cues and
visually mediated working memory memory and congruent decision plan action accordingly. Cues may plan action accordingly. Cues
tasks. making. include both visual and auditory should include both visual and
stimuli. auditory stimuli and link to goal-
directed actions (ie, cross-modal
integration).
Selective Attention: Selective Attention: Selective Attention: Selective Attention: Selective Attention:
None None Top Down Top Down Top Down

Attention is pre-allocated to the visual-  Patients self-select attentional alloca-

tion to perform the goal-directed
intervention.
Bottom Up

tor cortices.

Pre-allocated attention is interfered by ~ Pre-allocated attention is interfered

response inhibition (No-Go) stimuli
that targets pre-supplementary
motor and cerebellar-sensorimotor

on by unanticipated reactions,
choice reactions, and sensory dis-
turbance (ie, visual-perturbation

cortices.

glasses). Interventions should
also include response inhibition
to target premotor, cerebellar, and
sensorimotor regions.

Note: This table aims to visually depict the continuum of visual-cognitive dual-task challenges that progress from relatively “simple” visually mediated divided
attention tasks (Moderate Control) to tasks that span various modes of selective and divided attention (High Chaos). We theorize the neural targets of each
phase based on level of dual-task difficulty grounded in neurophysiological evidence.’7*>5* In general, as dual-task difficulty increases, higher level multisen-
sory integration centers become engaged in conjunction with cognitive processing regions. Additionally, when sensorimotor prediction errors are introduced,
cerebellar-sensorimotor cortices are targeted. Thus, if a practitioner aims to train motor performance with less compensatory neural activation, the dual task
should theoretically aim to take away the compensation strategy. Abbreviation: VC-CCC, Visual-Cognitive Control Chaos Continuum.

isometric contraction and incongruent
images (ie, the word BLUE is in red font)
indicate performance of three consecutive
SLRs. As an intermediate example, ath-
letes might be performing a forward drop
jump landing. Using a computer or digital
monitor, a pretimed slide deck of simple
math is displayed (ie, 2 + 4 = ?). Answers
summing to odd numbers indicate that the
athlete should perform a forward double
leg drop landing and answers summing to
even values indicate upon landing the ath-
lete performs a vertical double leg jump.
In these examples, visual attention
is pre-allocated and the visual-cognitive
dual-task display using pretimed slides
provides both a cognitive and movement
selection challenge. Practitioners can
easily evaluate physical (ie, jumping me-
chanics) and cognitive performance (ie,

math solutions and exercise selection—
drop landing vs vertical double leg jump).

VC-CCC Phase 4: Moderate Chaos
Exercises begin to include multistep
processing and response inhibition (ie,
No-Go) challenges. The goal of phase 4
is to advance the visual-cognitive chal-
lenges by incorporating incongruent and
response inhibition stimuli and other
distractors such as visual and/or auditory
stimuli from various spatial locations.
An athlete completing SLRs may ob-
serve a Stroop paradigm on a computer
or tablet screen that consists of both
congruent (approximately 30%; same
color word/text) and incongruent (ap-
proximately 70%; opposite color word/
text) trials.?»3> While performing contin-
uous SLRs, the athlete says the color of

the word on the screen. On incongruent
trials, the athlete performs continuous
SLRs, and on congruent trials, they per-
form isometric quadriceps contractions.
Simultaneously an auditory “bell” stimu-
lus is played with each slide advancement
regardless of congruency. If the auditory
stimulus is a “crash” instead of a “bell,”
the athlete is supposed to perform nei-
ther the SLR nor isometric exercise. The
addition of an auditory stimulus should
not replace but rather augment the visual-
cognitive dual task if implemented.

To progress the plyometric example
from Phase 3, the same slide deck may now
include colored backgrounds. Answers
summing to odd numbers indicate that the
athlete should perform a forward double
leg drop jump landing, answers summing
to even values indicate upon landing the
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EXAMPLE INTERVENTIONS BY VC-CCC PHASE AND LEVEL OF TECHNOLOGY

High Control Moderate Control Control to Chaos Moderate Chaos High Chaos

Limited Technology

Exercise: Lunge to tricolored Exercise: Lunge to tricolored Exercise: Double limb vertical Exercise: Double limb vertical Exercise: Four-corner reactive

targets (self-paced). targets. jump or dynamic forward lunge. jump or dynamic forward lunge. cone tap (submaximal speed).

Visual-Cognitive Task: Visual-Cognitive Task: Pretimed ~ Visual-Cognitive Task: Pretimed ~ Visual-Cognitive Task: Visual-Cognitive Task:

None slide deck of randomized colors slide deck of randomized Pretimed slide deck of random- Pretimed slide deck with colors
and transition times (1.25-2.0 simple math. Odd answer ized simple math on slides (paced at 2.0-2.5 seconds).
seconds). indicates jump and even answer  with colored backgrounds. Odd Touch the cone corresponding

indicates lunge. answer indicates jump and even to the slide color and return the
answer indicates lunge. Orange soccer ball back to the target
background indicates NoGo. (visual perturbation glasses
may be added).

Greater Technology

Exercise: Split stance lunge. Exercise: Split stance lunge. Exercise: Dynamic lateral lunge. Exercise: Dynamic lateral lunge. Exercise: Submaximal directional

Visual-Cognitive Task: Visual-Cognitive Task: Visual-Cognitive Task: Visual-Cognitive Task: ball dribble.

None Reaction light system - Memorize  Reaction light system - Two lights  Reaction light system - Two lights  Visual-Cognitive Task:

a sequence of three to eight are in front of the person on are in front of the person on Reaction light system -
lights during the lunge set, then tripods. A green light indicates tripods. A green light indicates ~ Practitioner calls out a direction
place the lights in appropriate lunge right. A red light indlicates lunge right. A red light indicates to dribble a soccer ball

order and recall color after
each set.
Object manipulation - Catch the

lunge left. Lights appear in
randomized order on either
tripod.

lunge left. A blue light displayed
at the same time as Red/Green
indicates NoGo. Lights appear

(ie, forward, backward, etc).
410 6 lights are arranged at
various depths in front of the
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Y stick color that is called (ie,
Catch the “RED” side of the
object while you lunge).

Virtual reality - Avoid the obstacles

by lunging away from them. tripod.

in randomized order on either

athlete. They flash a series of
colors to be memorized with
spatial location.

Note: The exercise examples above transition into intermediate phases of recovery and use both low technology and high technology examples. The authors
acknowledge that practice setting may be a rate limiting factor as to what technology can be used to implement visual-cognitive dual-task challenges. The
examples above are meant to represent access to both limited and greater technology. Please see SUPPLEMENTAL VIDEOS for limited technology examples.
Abbreviation: VC-CCC, Visual-Cognitive Control Chaos Continuum.

athlete performs a submaximal double leg
jump, if either is presented on a slide with
a “red” background, no exercise is per-
formed. Response inhibition should occur
on fewer than half of the trials to miti-
gate habituation to inhibition trials.?"3?
As sports require continuous instances
of response inhibition, we suggest using
higher proportions of congruent trials.
In situations where greater technological
resources are available, devices like Stro-
boscopic glasses, smartphone virtual real-
ity, or reaction light training systems can
be integrated. Multistep cognitive process-
ing is vital in sports, especially inhibition
of intended movement sequences based on
new sensory information. It is paramount
that practitioners quantitatively assess
both physical and cognitive performance
and encourage maximal effort in both the
physical and cognitive domains.

VC-CCC Phase 5: High Chaos

The goal is to mimic the visual-cognitive
demands of sport by employing an inter-
vention that requires an athlete to engage
both divided and selected attentional re-
sources while emphasizing integration
of stimuli from multiple senses. Visual-
cognitive interventions should include
unanticipated reactions, choice reactions
(including go/no go signals), visual distur-
bance (stroboscopic glasses), and unantici-
pated physical perturbations (ie, tackle pad
contact). Mimicking the visual-cognitive
demands of sport does not require that the
exercise or visual-cognitive dual task are
sport-specific. The expectation is that the
athlete can perform the physical exercise
under any of the progressive levels of
visual-cognitive challenges with both qual-
ity motor and visual-cognitive performance
(ie, minimal cognitive-motor interference).

Therefore, the athlete is skilled enough in
both the physical and cognitive domains
where the dual-task nature of the exercise
with highly chaotic challenges is relatively
habitual, as these are the domains under
which athletes participate in sport.

To progress the SLR task from Phase 4,
unanticipated manual perturbations can
be simultaneously applied by the practi-
tioner and/or a teammate while using the
same visual-cognitive dual-task challenge.
Additionally, in the Phase 4 intermediate
example, the athlete may progress to Phase
5 by wearing visual disturbance glasses or
catching a multicolor ball/wand during
the task. Phase 5 is about creating both
physical and cognitive chaos to challenge
dual-task interference in a similar neural
context as sport. Practitioners should aim
to incorporate interventions that require
decision making via integrating multiple

436 | JuLY 2024 | VOLUME 54 | NUMBER 7 | JOURNAL OF ORTHOPAEDIC & SPORTS PHYSICAL THERAPY



Downloaded from www.jospt.org at on June 16, 2025. For personal use only. No other uses without permission.

Copyright © 2024 Journal of Orthopaedic & Sports Physical Therapy®. All rights reserved.

Journal of Orthopaedic & Sports Physical Therapy®

sensations (ie, auditory, visual, somato-
sensory) to mitigate attentional compen-
sation (ie, FPN). Practitioners should also
avoid pretuning an individual’s attention
to focus on either the cognitive or physical
outcome and promote optimizing perfor-
mance in both domains.

FUTURE RESEARCH

whole brain neural and neurocogni-

tive contributions to (1) ACL injury
and recovery, (2) the impact to the un-
involved limb,* and (3) investigate how
individuals who chose to undergo non-
operative management of their injury
respond. Preliminary work has examined
if neural®* and/or neurocognitive?®+7.6*
factors play a role in the risk of sustain-
ing an ACL injury. Recent work has also
examined the association between neu-
rocognition and noncontact vs contact
injury mechanisms.” It is unclear if neu-
ral or neurocognitive factors precede the
injury event, or to what extent the injury,
rehabilitation, and daily activity influences
neuroplasticity.* To date, one fMRI study
in an ACL-deficient population found al-
terations in primary and secondary sen-
sorimotor and posterior inferior temporal
gyrus regions.>* Other seminal work dem-
onstrates that individuals with ACL defi-
ciency have altered neural responses in the
primary somatosensory cortex.'>¢%¢ How-
ever comparing the neurophysiology be-
tween individuals who are ACL deficient
to those with ACL-R is also insufficient.
Longitudinal data are needed to better
understand the individual contributions
of injury, surgery, and rehabilitation.™

KEY MESSAGE FOR
PRACTITIONERS

FUTURE RESEARCH MUST PARSE OUT

lenges in early stages of rehabilitation
may reduce the development of com-
pensatory neural strategies that in the
long term might be ineffective for RTS
participation. Quantifying both visual-
cognitive accuracy and physical errors to

I MPLEMENTING VISUAL-COGNITIVE CHAL-

determine VC-CCC progression is vital to
determine if the athlete is engaging in a
prioritization strategy (sacrificing perfor-
mance on cognition to preserve physical
performance or vice versa). The goal is to
train athletes to optimize both cognitive
and motor reserve capacity and mitigate
compensating for poor motor capacity
with visual-cognitive neural resources.?

SUMMARY

ISUAL-COGNITIVE DUAL TASKS THAT
Vtarget the neural mechanisms of

divided and selective attention can
augment traditional rehabilitation exercis-
es beginning in acute phases. The VC-CCC
framework can be used by rehabilitation
practitioners as a starting point and was
developed through a neurophysiological
lens targeted to mitigate visual-cognitive
compensation from ACL-R with both low-
and high-technology resources. ®

KEY POINTS
FINDINGS: The Visual-Cognitive Control
Chaos Continuum (VC-CCC) is a frame-
work for integrating visual-cognitive
challenges through a neurophysiological
lens in the rehabilitation continuum be-
ginning in acute phases.
IMPLICATIONS: Augmenting rehabilitation
with visual-cognitive dual tasks earlier af-
ter anterior cruciate ligament reconstruc-
tion may mitigate compensatory reliance
on visual-cognitive neural resources.
CAUTION: The VC-CCC should augment
standard of care rehabilitation prac-
tice after anterior cruciate ligament
reconstruction.
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