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Abstract

Background Research suggests that individuals with musculoskeletal injury may have difficulty negotiating physical tasks
when they are combined with cognitive loads.

Objective Our objective was to conduct a systematic review to understand the effects of increased cognitive demand on
movement patterns among individuals with musculoskeletal injuries.

Methods A comprehensive search of PubMed, MEDLINE, the Cumulative Index for Nursing and Allied Health Literature
(CINAHL), and SPORTDiscus was conducted to find research reports that included a population that had previously expe-
rienced an ankle, knee, or low back injury, included an uninjured control group, and assessed a dual-task paradigm.
Results Forty-five full-text research reports were assessed, of which 28 studies (six ankle injury, nine knee injury, and 13
low back pain studies) were included in the review. Included studies were assessed for methodological quality and the study
design extracted for analysis including the participants, cognitive and physical tasks performed, as well as outcome meas-
ures (e.g., three-dimensional kinematics, center of pressure, etc.). All studies included were cross-sectional or case—control
with methodological quality scores of 17.8 +2.2 out of a possible 22. Twenty-five of the 28 studies found changes in motor
performance with dual-task conditions compared with single tasks. Furthermore, 54% of studies reported a significant group
by task interaction effect, reporting at least one alteration in injured groups’ motor performance under dual-task conditions
when compared with an uninjured group.

Conclusion The results of this systematic review indicate that motor performance is further impaired by placing a cogni-
tive load on individuals in populations with musculoskeletal injury. More demanding tasks such as gait appear to be more
affected in injured individuals than simple balance tasks. Future investigators may want to consider the difficulty of the tasks
included as well as the impact of dual-task paradigms on rehabilitation programs.

Key Points

The addition of cognitive load leads to changes in motor
performance that increase with the difficulty of the motor

task.
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1 Introduction

Musculoskeletal injury has a notable impact on world
healthcare systems, with costs incurred secondary to
initial treatment of the injury, loss of time from work or
duty, addressing sequelae of that injury, and prevention of
long-term health impacts [1-3]. These problems are often
compounded by the high recurrence rate of many of these
injuries. For instance, re-injury rates for anterior cruciate
ligament (ACL) tears and ankle sprains may be as high as
30% and 70%, respectively [4, 5]. Similarly, low back pain
(LBP) has been observed to recur in 25-80% of individu-
als, often contributing to a notably decreased quality of life
[6, 7]. These high re-injury rates occur despite extensive
rehabilitation protocols that appear to restore normal func-
tional outcomes in clinic-based settings. However, upon
return to real-world activities, injury and/or sensations of
instability appear to recur, indicating limited transfer of
gains from rehabilitation. A potential explanation for this
discrepancy is that these individuals are not able to main-
tain appropriate movement patterns as levels of arousal
and/or cognitive demand increase throughout activities
of daily living or athletic competition compared to the
controlled clinic-based setting [8]. The inability to nego-
tiate this increased cognitive demand throughout activity
may therefore be a key contributing factor to recurrent
injury and subsequent decreased physical activity and
health-related quality of life observed across populations
of injured individuals.

There is a long-established relationship between the
level of arousal and motor performance, suggesting that
some degree of arousal is necessary to achieve optimal
performance on a motor task [9, 10]. This relationship
has often been investigated using dual-task paradigms,
whereby concurrent cognitive and motor tasks are per-
formed simultaneously to understand the interference
between the two tasks. It is believed that individuals
have a limited processing capacity and that every task
requires portions of that overall processing capacity [11].
While some level of cognitive demand may contribute
towards optimal performance, when these demands for
the task exceed the processing capacity, performance on
the motor and/or cognitive task decreases. This relation-
ship is observed to be complex in nature, with decre-
ments depending on the type of motor and cognitive task
involved [12, 13]. For instance, structural interference may
occur when the cognitive and motor task require identical
resources, leading to a further degradation in performance
of both tasks [14]. Alternately, cross-talk or central bot-
tlenecking may lead to a disruption in functional networks,
impairing task performance [15, 16]. While offering cer-
tain limitations, the dual-task paradigm is a crucial model
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as performance of tasks throughout daily living and sport
are dependent on negotiating cognitive decision-making
and visual interference during the simplest motor tasks
[17, 18].

Among injured populations, a similar relationship may
exist but with more significant implications. Individuals
with ligamentous injury (i.e., ACL rupture, ankle sprain)
have demonstrated potentially maladaptive neuroplasticity
within the brain whereby motor and premotor areas of the
cortex are more active during simple movement tasks than
uninjured individuals [8]. This, therefore, likely increases
the processing demand for the primary motor task and may
limit the residual processing capacity for subsequent cog-
nitive tasks. When real-world demand imposes constraints
that may increase cognitive demand or increase the difficulty
of the motor task, these injured individuals may have less
capacity to handle these constraints, resulting in movement
patterns that may lead to subsequent re-injury. This would
subsequently explain the inconsistent research findings sug-
gesting balance and gait deficits among injured individuals
versus uninjured controls [19-22].

Understanding the interaction of cognitive demand and
musculoskeletal injury on movement patterns is a key com-
ponent towards addressing secondary injury prevention and
restoring function in the large subset of individuals experi-
encing these injuries. Determining if cognitive load is a key
component explaining the degradation of movement patterns
leading to re-injury has the potential to modify rehabilita-
tion paradigms [23]. While the theoretical framework for
this relationship is in place, the implementation is limited
by the scope and variability in the available research. Vari-
ability in populations, methodologies, cognitive demands,
and outcome measures have made it difficult to draw conclu-
sions, limiting their clinical application. We therefore aimed
to conduct a systematic review of the literature to understand
the effects of increased cognitive demand on movement pat-
terns in relation to individuals with musculoskeletal injuries
compared with uninjured individuals. We specifically aimed
to answer this question among the most common injuries
observed in the literature: ankle sprains, ACL rupture, and
chronic LBP.

2 Methods
2.1 Literature Search Strategy

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement was used as a basis
for the systematic search of the literature (see Electronic
Supplementary Material Appendix S1) [24]. Electronic
database searches were carried out in PubMed, MEDLINE,
Cumulative Index for Nursing and Allied Health Literature
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(CINAHL), and SPORTDiscus using the following search
terms and Boolean operators: (“‘dual-task” OR “dual-task”
OR attention OR cognit*) AND (balance OR “postural con-
trol” OR “postural sway” OR kinetics OR kinematics OR
gait) NOT (concussion OR “traumatic brain injury”). This
search was then combined using the operator “AND” with
the injuries of interest: (“anterior cruciate ligament” OR
ACL), (“ankle sprain” OR “ankle instability”’), and (“back
pain”) as separate searches. The search was performed
separately by two reviewers (ARN and LC). Papers pub-
lished between database inception and 1 October 2018 were
included in the search.

2.2 Inclusion and Exclusion Criteria

Research reports identified by the two independent investiga-
tors were screened against inclusion and exclusion criteria
agreed upon a priori by the study team. The following were
considered inclusion criteria:

e Participants included a population of individuals that
had previously experienced a musculoskeletal injury.
Specifically, articles were included if they included a
group of individuals that had chronic ankle instability
(CAI), history of ankle sprain, ACL-deficiency, ACL-
reconstruction, or history of chronic or recurrent LBP.

e Participants included a control group of individuals with-
out the index injury of the experimental group and/or
included a comparison to the uninjured side in the case
of unilateral lower extremity injury.

e A direct comparison was made between performance on
single- and dual-task conditions, with the dual-task con-
dition including one motor task (e.g., balance, gait) and
one cognitive task.

e Outcome measures included a measure of motor perfor-
mance related to function. Specifically, outcome meas-
ures based on gait parameters, balance performance,
or other measures of functional performance must be
reported.

e All articles had to have been available in the English
language and published in full within a peer-reviewed
journal.

The following criteria were used to determine if articles
needed to be excluded:

e Relevant outcome measures were not recorded during
both single- and dual-task conditions.

e Groupings represented unnatural injury descriptions,
such as experimentally induced injury.

e Articles appeared only in abstract format, or did not
include a sufficient amount of detail to gauge study qual-
ity and extract results.

2.3 Study Selection

The search strategy is displayed in Fig. 1. The two review-
ers independently screened all abstracts for those potentially
meeting inclusion criteria, and full texts of those articles
were subsequently retrieved. The reviewers then met with
the entire review team and disagreements were resolved via
consensus.

The initial search yielded 289 publications excluding
duplicates (29 CAI, 104 ACL, and 156 LBP). Following
screening of titles and abstracts, 45 (11 CAI, 15 ACL, 19
LBP) full-text articles were retrieved. Full-text review was
completed to determine final inclusion, with 28 articles
meeting criteria for inclusion into this systematic review
(six CAI nine ACL, 13 LBP).

2.4 Assessment of Study Quality

Our criteria restricted inclusion of studies to those with case
control or other observational designs. As such, articles were
assessed using the checklist put forth by the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) statement [25]. Two reviewers (ABR, CJB) inde-
pendently assessed each article against the 22 criteria put
forth in the STROBE statement to determine a score indi-
cating the reporting quality of included articles. Disagree-
ments in STROBE scores across reviewers were resolved
by consensus.

2.5 Data Extraction

For each study that met the full inclusion and exclusion
criteria, information regarding the study design including
the participants, cognitive and physical tasks completed as
well as outcome measures (e.g., three-dimensional kinemat-
ics, center of pressure, etc.) were extracted. In addition, the
major results of each study were briefly summarized, which
were particularly focused on the differences between groups
during the dual-tasking conditions.

3 Results

Ultimately, 28 manuscripts were assessed, with six CAI
(Table 1) [26-31], nine ACL (Table 2) [32—40], and 13 LBP
(Table 3) [41-52].

3.1 Movement Task Outcome Measures

Single-limb stance (CAI=4, ACL=6, LBP=1) [26-29, 32,
35-38, 45], double-limb stance (CAI=0, ACL=2, LBP=7)

[33, 38,41, 44, 47-50, 53], gait (CAI=2, ACL=3, LBP=4)
[30, 31, 34, 39, 40, 42, 43, 46, 51], and sitting (CAI=0,
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Articles identified through initial database searching

n=0615

— |

326 duplicate articles
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—

after title and abstract

244 articles removed l
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17 full-text articles
removed after
inclusion/exclusion
criteria screening

e Did not include
musculoskeletal
injury group (n=2)

¢ Did not include
healthy control group
(n=3)

® Did not compare
single and dual task
performance (n=9)

® Did not include an
outcome measure of
motor performance
(n=3)

=
Il
)

T

ACL injury Low back pain
n=220 n =345
n=104 n=156
n=15 n=19
n=9 n=13

Fig. 1 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flowchart of articles included in the systematic review.

ACL anterior cruciate ligament, CA/ chronic ankle instability

ACL=0, LBP=1) [52] were the movement tasks reported
across studies. Force plate assessments (mainly based on
center of pressure measures) were the most common out-
come measures (CAI=4, ACL=4, LBP=6) [26-29, 33,
35, 37, 38] followed by spatial-temporal measures (CAI=1,
ACL=3,LBP=4) [30, 32, 34, 40] and kinematic variables
(CAI=1,ACL=1,LBP=4)[31, 39].

3.2 Cognitive Task Implementation

A description of neurocognitive tests and their outcome
measures described in the literature used as part of the
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dual-task paradigms can be found in Table 4. The most
commonly used paradigms included number generation or
digit span tasks (CAI=2, ACL=4, LBP=5) [26, 28, 36-39,
44, 47, 48, 52, 53], serial subtractions (CAI=4, ACL=1,
LBP=1) [27, 29-31, 33, 45], and Stroop tests (CAI=0,
ACL=2,LBP=4)[32, 35, 41, 46, 49, 50].

3.3 Major Results
Inspection of the major results of the included studies

yielded 54% of studies that reported a significant group by
task interaction effect (CAI=3, ACL=3, LBP=9) [28,
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STROBE

Cognitive task(s) Outcome measure Results

Physical task(s)

Participants

Table 1 (continued)

References
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Task

Group

Group by task interac-

tion

19

Significant difference  Significant differences

Significant. Greater

Serial subtraction Three-dimensional

Gait

19 controls
21 FAI

Tavakoli et al. [31]

ankle inversion and
plantarflexion in

in sagittal plane

in frontal plane

ankle kinematics,

errors

kinematics between

groups

motion during the

FAI during dual-task
than in controls.
FAI group had

dual-task compared
with single-task

worse cognitive task
performance during

walking

AP anteroposterior, APSI anteroposterior stability index, CAI chronic ankle instability, COP center of pressure, FAI functional ankle instability, ML mediolateral, MLSI mediolateral stability

index, OSI overall stability index, STROBE Strengthening the Reporting of Observational Studies in Epidemiology

30-32, 34, 35, 41-44, 48-52], 32% reported non-significant
interactions (CAI=1, ACL=5,LBP=4) [26, 33, 36-38, 40,
45-47, 53], and the remaining 14% did not report or assess
interactions (CAI=2, ACL=1, LBP=0) [27, 29, 39]. Sig-
nificant differences between injured and uninjured groups
were reported by 46% (CAI=1, ACL=5,LBP=7) [31, 34,
36, 38, 40-43, 46, 47, 49, 53], whereas 39% reported no
differences (CAI=3, ACL=2, LBP=6) [26, 28, 29, 33,
35, 44, 45, 48, 50-52] and 14% did not report or assess
this (CAI=2, ACL=2, LBP=0) [27, 30, 32, 39]. Signifi-
cant task or condition differences between single- and dual-
tasking were reported by 68% (CAI=2, ACL=6, LBP=11)
[29, 31, 33-37, 39, 41, 43-52], whereas 21% reported no
differences (CAI=3, ACL=0, LBP=2) [26, 28, 29, 42, 53]
and 11% did not report or assess this (CAI=1, ACL=2,
LBP=0) [30, 32, 40].

3.4 Quality Assessment

All of the studies included were cross-sectional or case—con-
trol, limiting the level of evidence of included studies to
levels 3 and 4. The average STROBE score across all of
the evaluated studies was 17.8 +2.2 out of a possible 22,
and broken down by system the scores were 16.8 +2.9 for
CAI studies (Electronic Supplementary Material Table S1),
19.0+ 1.4 for ACL studies (Electronic Supplementary Mate-
rial Table S2), and 17.5 + 1.9 for LBP studies (Electronic
Supplementary Material Table S3). Several disagreements
in STROBE scoring occurred and were resolved through
consensus, with disagreements most often related to the
reporting of settings and locations, level of detail for par-
ticipants or results, whether or not the authors had a cautious
interpretation of their findings and limitations, and if the
authors provided sufficient discussion on the external valid-
ity of their results.

4 Discussion

The purpose of this systematic review was to identify how
dual-tasking affects motor behavior in individuals with
musculoskeletal injury. All but three [26, 40, 53] of the 28
manuscripts evaluated in this review described a change in
motor performance (e.g., worsened balance, increased vari-
ability in performance values) under dual-task conditions as
assessed by significant task or interaction effects. However,
when investigating the interaction between dual-tasking and
injury, results were more varied: 54% of investigations in
patients with CAI, 71% of investigations in patients with
ACL injury, and 69% of investigations of patients with LBP
reported at least one alteration in motor performance under
dual-task conditions when compared with a control group.
Generally, it is reported that patients with musculoskeletal



1239

Cognitive Load, Motor Behavior, and Injury

yse)-o[3urs
UBY[} SUONIPUOd
ysej-renp Surmp
QouB[eq 9SIOM
pajensuowap
syuedronred 'sed
-1put Kyiqess

LT TN Iof yueoyrustg

SUONIPUOD
ysej-fenp 3urmnp
Aiqerrea yipim

pue y33u9r dogs
19mo] pey siuedron

Ig  -red [1v Juedyrusig

Q0BJINS 9[qelS

s uey) ped weoy

y)m pue udado

S99 uey) pasord

S9Aa Surnp asiom
ar1om sdnois [y

yse) o[3urs

UBy[} UONIPUOd

yse3-renp Surmp

eare pue yjed Aems
0¢ Ieqews Apueoyrusig

JUBOYIUSIS-UON

dnoi3 Ayireay

oy} uey) KI100[oA

pue yi3u9y dojs ur

Aypiqerrea 101e013

pey sjuedronted

TOV "sajqelrea
[Te 10§ JueoyruUSIS

JUBOYTUSIS-UON

uonipuod pauado
-5949 9 [9A9] SuLIp
s100[qns Y IOV ur
JsIOM Sem douR[Rg
"soa1pur AJ[IqeIS
dV pue [[eIoA0

10§ JueOyTUsIg
SUOIIPUOd
ysey-[enp Surmnp
Kyrooraa days 1omog
PajENSUOWOP
sjuedronred 1OV
‘uontpuod yroddns
JO 9seq molreu
Y} uj "AI1o0[oA

doys 10§ JueoyTUSIS

JUBOYTUSIS-UON
syuedronred YOV
ur suonjeqinjzod
AnTu30o 33re[ Jur

Xapur

Aypiqess A “xepur

Ainiqess gy “xoput
Aiqess [[eroAQ

K)1o0[2A
pue y)3u9r dojs jo
UONBLIBA JO JUSIOY

-J209 ‘A11001oA

1591 doong K1031pny

Qoue)s qUII-I[TUIS

suorn
-1puoo 110ddns jo

doys ‘iSuor doys  Sununoos spremsoeqg  9seq om) JuLnp yren

yed
pue vare Aems JOD

suoneqan)rad

uonoeNqNs [BLIS

Joue)s qUIT[-[qnoq

S[O1IU0D PAydIeW /|
ATOV LT

pamfur-1oV L1
Apreay 61

dTOV 61
S[OTU0D |7

[s€] Te 10
pey-1peweyo

[€] 'Te 10 Loyezey

[e€] Te 19 oIy

-1p pajrodar saoud Joue[eq 0} opn) IOV ST
-IoyIp Jueoyrusrg  -ridure pue Koude| aov ST
1T Passasse 10N Passasse 10N pariodar JoN QW) UOTIORIY doong  ooues quui-o[Surg Apireay ¢z [z€] e 10 Lequyy
uonoe
yseL dnoin  -1our ysej £q dnoin
F94OULS SINSY QINSeaW dWONNO (s)3se) aanTus0) (s)3se) reotsAyg syuedronreq SOOUAIYY

Kn(ur Juowre3I| 91e1oNId JOLIAIUR Y)im s[enpiaiput jo suonendod SunesrsoAur sa[onJe Ioj s)Nsay g d|qel

A\ Adis



.J. Burcal et al.

1240

yse)-9[3urs YPIm
paredwod puewap
aAnTu30o Jurmp
SsjuowIow! pue
9[3ue uoIXay U
Yyead paseardaq

aprs painfur uo
S[eLI) SUIPEO] QAT
-1u309 oy Jurnp
sonjewaury pue diy
Ul SQOULIYIP quu|

souy pue diy
Uy} Jo sonewAULy

61 ‘JueoyIusig Passasse J0N -IO] "JUBOYIUSIS  [RUOISUSWIIP-QIY],  Sununod premyoeg Jren IOV ST [6€] T8 12 IYS
S[01u0d
AqiTeay uey)
AKdonua pue wst
-utuLeIep % TN
pue v 1oyea1d
pey sjuoned
TN d'TOV *dues quuij
pue gy ur Adonua -9[qnop Surmn
puE WSIUIWLIAPP  90ue)S qUI[-9[SUIS
pasearour AJnoy ur Adonue gy TN pue Jv ur
-J1p 9AnTus0) jdooxa soqerrea Kdonus uouueysg QouR)S QU]  S[OTUOD PAydjewW /7
81 ‘Jueoyrusig ITe 10§ JuedyIUSIS JUBOYTUSIS-UON ‘wsunuIlep 9 ueds N3Ip premyoeg  -9[3uIS pue d[qnog a1V Lz [8¢€] Te 10 uequeSoN
S[onuod Ayieay
uey} SIOLI QAU SI0110 AATIIUS 0D
-300 1078013 pajEns SuondIIp TN pue
-uowap syuaned dV uI A1190[9A JO
Suryse)-Tenp Sur ATDV 'S[onuod UONRIASD PIEPUR)S
-Inp 9SIOM PAWLIOJ uey) ooue[eq pue ‘reniod
-1od syuedionied  osiom pey syuoned ouerd aseyd Ay S[OIIUOD PayYdIeW /7
81 IV uedyusiy IOV uedoyusig JUROYIUSIS-UON  -O0[9A JOO UBA]N 1S9} JISIp plemydeg  ddue)S qUII-O[SUIS ATOV LT [L£] Te 10 uequesoN
SUONIPUOD YSB)
-[enp SuLmp sjon
-uod Ayjresy ueyy
(owm j0e)U0d pue
Kouanbaig 10v1U00
yse)-o[3urs I91e013) Q0UR[Rq
ym paredwod panfurun 9SIOM pajens
uonIpuod uryse) s pareduwod -uowap Y IOV
-Tenp ut Kouonbaiy dnoi3 pamfur )M sjuaned
paseaiou] “Kouanb ) ur Aouanbaiy ‘uonorIAUI Aoy
-01J 19BIU0D 10BIUOD PISBAIIU] -J1p 2AnTU309 Aq Jw 198IU0D puL 159} ueds NS1p pIeoq 9[qqoMm U0 S[OTU0D GT
61 I0J ueOyTUsIS "JuedyIudIg dnoi3 jueoyru3ig Kouanbaij 10.3U0D pIemyoeq JUS[IS  9ouer)s qQUI-I[3UIS AIDV Sz [9¢] ‘T 10 ueque3oN
uornoe
Jsel, dnoiy  -1ojur yse) £q dnoiny
A9OULS synsay QINSeawW WO (s)yse) eAnIuS0) (s)yse1 TeorsAyq sjuedronreq SOOUAIJIY

(ponunuoo) zsjqey

A\ Adis



Cognitive Load, Motor Behavior, and Injury 1241

conditions often have deficits in balance and alterations in
gait; however, recent evidence has suggested that this find-
ing may be more complicated, with these individuals dem-
onstrating an increased dependence on attentive resources
and visual feedback during simple movement tasks [8,
54-56]. The data from this review support this assertion,
as the majority of studies indicated that motor behavior was
further impaired by placing a cognitive load on individuals.

STROBE

18

Not reported

Task

4.1 Balance
4.1.1 Role of Dual-Tasking on Balance

Similar to many lower extremity motor tasks, balance typi-
cally requires few cognitive resources, with tonal alterations
in the lower extremity regulated subconsciously by subcor-
tical structures [57]. However, it has been hypothesized
that following injury, more cortical resources are dedicated
to balance in individuals with musculoskeletal injury [8].
Although the effects of dual-tasking on balancing in the gen-
eral population have been described as varied, with levels
of cognitive demand potentially improving balance [58], the
results of this review showed the majority of studies reported
a balance deficit under dual-task conditions, and no studies
reported improvements with increased cognitive demand.
Balance was found to decrease when using outcomes includ-
ing traditional and non-linear center of pressure variables
[29, 33, 37, 38, 41, 47, 48], stability indices from the Bio-
dex Stability System [27, 35, 50], the Star Excursion Bal-
ance Test [45], and performance on an instrumented wobble
board [36]. These outcome variables account for mainte-
nance of static stability, believed to involve increased reac-
tive neuromuscular control, together with dynamic postural
control and variability analyses that are believed to reflect
feedforward neuromuscular control abilities [59, 60]. These
differences also include a variety of cognitive interference
tasks, such as counting, numeric, and digit-span tasks, as
well as verbal word-matching and Stroop tasks. We might
therefore conclude that taxing executive resources during
balance leads to disruptions in descending neuromuscular
control that potentially affect the ability to appropriately
regulate motor activity to compensate for normal fluctua-
tions in balance.

However, this conclusion is confounded by several inves-
tigations that did not reveal a significant task effect on pri-
mary outcome measures [26, 28, 40, 53]. It is difficult to
identify common trends in these manuscripts that may have
led to null results; however, these may have been affected
by the degree of difficulty of the cognitive tasks perhaps not
being sufficient to impair balance, a decrease in cognitive
performance being favored over a decrease in motor perfor-
mance, or participants developing new motor solutions when
faced with constraints by altering movement patterns in a

Significant. ACLR
group had better
performance on
Trail Making Test.
No significant
differences for kin-
ematic variables

Group

Group by task inter-

action
Non-significant

Results

stance time, step
length, and double
support; test per-

Outcome measure
formance

(card-flip test)

1) Trail Making Test Limb excursion,
3) Pursuit rotor test

Cognitive task(s)
2) Reaction time test
4) Purdue pegboard

Physical task(s)

Gait

Participants
20 ACLR
20 controls

ACL anterior cruciate ligament, ACLD anterior cruciate ligament deficient, ACLR anterior cruciate ligament reconstructed, AP anteroposterior, COP center of pressure, ML mediolateral,
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Table 2 (continued)
Stone et al. [40]
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STROBE

Results

Cognitive task(s) Outcome measure

Physical task(s)

Participants

Table 3 (continued)

References
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Task

Group

Group by task inter-

action

19

Significant. During

Stable and unstable ~ Backward counting ~ Angular deviation of ~ Significant. In the Not significant

21 LBP

Van Daele et al. [52]

unstable sitting

stable sitting both
groups demon-

trunk flexion/exten-
sion, rotation, and

lateral flexion

task

sitting

21 controls

condition there

were significantly
increased lateral

strated increased

rotational and
lateral flexion

flexion and rotation

=
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g %
= i o R
S S5 O @A
g o =
5o 53
S 29
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éblg‘xmv
s© &5
o
©n =3 -
g O o &
S B~ a3
E28z3¢
2g 2238
S 2 =29
O‘a’“mﬂq
SEEZERM
gow.zd
S2E32
22553
.58 0.8

AP anteroposterior, APSI anteroposterior stability index, COP center of pressure, EMG electromyography, LBP low back pain, ML mediolateral, MLSI mediolateral stability index, OSI overall

stability index, RWF Regensburger word fluency test, SEBT Star Excursion Balance Test, STROBE Strengthening the Reporting of Observational Studies in Epidemiology

non-deleterious manner. Determining whether participants
prioritize the cognitive or the motor task is a challenge to
this type of research, with instructions playing an impor-
tant role in determining how subjects perform on each task
[61]. It is possible that participants would choose to prior-
itize the less familiar cognitive tasks when presented with a
more familiar static balance task. The conflicting results in
this review are unsurprising, as a recent systematic review
evaluating effects of dual-tasking in healthy participants
found that approximately 50% of studies found acute defi-
cits in balance under cognitive demand, while 30% of studies
reported improved balance under such demand [58]. While
no improvements were described in our studies, this may
have been influenced by the inclusion of groups with mus-
culoskeletal injuries.

4.1.2 Effects of Injury on Balance Ability During
Dual-Tasking

Given results that suggest a general effect on balance under
dual-task constraints, we anticipated that these performance
trade-offs would be greater in patients with musculoskeletal
injury. However, less than half of the investigations sup-
ported this assertion as investigators failed to uncover a
group by task interaction effect. This was consistent across
injury models in studies that assessed the group by task
interaction, with one of two investigating CAI [28], three of
five assessing ACL injury [32, 35, 36], and three of six arti-
cles investigating LBP [48-50] observing an increased effect
of dual-tasking on balance. These inconsistencies may not
be surprising given the nature of each injury, their common
treatments, and their effects on the central nervous system.

It has been posited that balance ability under dual-
tasking would be more affected in injured individuals sec-
ondary to maladaptive injury-induced neuroplasticity that
places an increased demand on cortical areas to produce
simple movement [8]. Many of these neuroplasticity-based
changes are described as adaptations to sensory inputs com-
mon across injury models, such as the presence of pain and
development of muscle inhibition that generates long-term
decreases in cortical and segmental motor excitability [8,
62]. While these may be common across injury models,
there are several notable differences. For instance, LBP and
CALI are both highly heterogeneous pathologies, with vari-
able presentations across participants that are not controlled
for in study recruitment efforts (e.g., non-specific LBP and
functional vs. mechanical joint instability) [63, 64]. Alter-
natively, while ACL tears are an injury that presents with
more homogeneity, studies include both ACL-deficient and
ACL-reconstructed individuals who may have undergone
more extensive rehabilitation than CAI and LBP counter-
parts. Although patient-reported outcome measures have
the potential to allow for normalization of injury severity,
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Table 4 Description of neurocognitive tests and their outcome measures outlined in the literature as being used as part of the dual-task para-

digms

Cognitive task Description

Outcome measure

Number-based tasks
Digit span
N-back test

Participants recall a randomized set of numbers

Error scoring ()

Participants are presented with a sound or word and they have to remember if that Error scoring ()

was the same word or sound n-trials prior

Random number generation
Serial subtraction

Visual-oriented tasks
Card-flip test

Participants generate a random set of numbers
Participants count backwards from a number, typically by 7 s or 3 s

Computer-based test, where a deck of cards is presented to the subject and the

Turning Point Index
Error scoring (n), time (s)

Time (s)

participant has to respond when the card is flipped over

Color digit counting

Several digits are displayed to the participant on a screen and they are asked to

Error scoring (n)

count the number of digits displayed in a specified color

Manikin test
two planes

Purdue peg board
Pursuit rotor task
Stroop
Trail Making TEST
on a piece of paper
Commission tasks

Auditory Stroop
high pitch vs. low pitch)

Regensburger word fluency test Participants are asked to produce as many words as possible based on a given

Participants are asked to identify the orientation of a stick-figure that rotates in

Participants place small metal pegs on a board
Participants track a dot moving around a circle
Participants are asked to match (or ignore) the font color to the word meaning

Participants are asked to match (or ignore) the sound to the word meaning (i.e.,

Error scoring (n)

Time (s)
Time (s)

Error scoring (n), time (s)

With a pen and paper, the participant draws lines and connects numbers randomly Time (s)

Error scoring (), time (s)

Number of words (1)

category during a time period (i.e., name all words you can think of that start

with the letter ‘A’ in 60 s)

the general variability of questionnaires across studies and
their use as inclusion criteria make this standardization dif-
ficult. Without sufficient control across studies with regard to
population parameters and outcome measures, conclusions
would be mostly speculative.

Despite these differences in methodology, it appears dual-
tasking results in a decreased ability to balance regardless
of injury. However, it is possible that the motor demands
of postural control during these tasks were not sufficient
to exacerbate these deficits in injured participants. While
single-task static balance deficits are consistently reported
in the literature, the reported effect sizes are typically
small [20, 22, 65]. Only one investigation using static bal-
ance reported an interaction between group and cognitive
load [49]. It may be hypothesized that static balance may
be an insufficiently challenging motor task; that is, it does
not generate enough cortical demand to produce sufficient
degradation in cognitive task performance. However, con-
trolled dynamic balance—such as that on a wobble board or
Biodex Stability System—may be a more demanding bal-
ance task and result in greater motor performance trade-offs.
In fact, 67% of investigations that did show deficits among
injured individuals under dual-task conditions did so while
investigating balance on unstable surfaces [28, 35, 36, 50].
Therefore, we might expect that the deficit among injured

populations increases proportionally with the functionality
and difficulty of the balance task.

4.2 Gait
4.2.1 Role of Dual-Tasking on Gait Parameters

Gait, like balance, is a lower extremity task that is largely
regulated by subcortical structures, with several notable
differences. Unlike balance, gait is a patterned dynamic
movement involving processes that are regulated by cen-
tral pattern generators in the central nervous system [66].
Additionally, gait is among the most practiced tasks in the
nervous system, and is frequently carried out under dual-
task conditions, such as while conducting a conversation,
or manipulating a mobile device. Despite this level of prac-
tice, two-thirds of investigations evaluating the effects of
cognitive loading on gait parameters reported altered gait
during dual-task conditions. These findings are consistent
with those reported among healthy older adults [67]. Most
often, dual-tasking has been described as contributing to a
slowing effect, where individuals decrease gait velocity and
cadence while facing increased cognitive demands in order
to ensure normal movement quality [51].

A\ Adis
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In the studies investigated through this review, variables
typically included variability of kinematic (e.g., joint angles)
[31, 39] or spatiotemporal (e.g., step length) [30, 34, 40, 42,
43, 46, 51] outcomes between gait cycles. These outcome
measures inform us about the flexibility versus rigidity of
movement patterns, determining individuals’ ability to either
behave ‘predictably’ or adapt to changing environments.
Some conflicting data exist regarding the overall effect of
dual-tasking on gait variability, with stride time variability
reported to increase during the Regensburger word fluency
test [43]; however, step length and width variability were
decreased during a backwards counting task [34]. While
increased variability may represent the flexibility of the gait
pattern to allow for optimal performance on both cognitive
and motor tasks, the decreased variability may indicate a
more conservative strategy, encouraging automaticity and
thus increasing the predictability of movement patterns.

4.2.2 Effects of Injury on Gait Parameters
during Dual-Tasking

Compared to evidence on changes in balance while dual-
tasking, there is more support for the hypothesis that gait is
altered while dual-tasking in injured populations. In CAI,
100% of studies supported changes under dual-tasking [30,
31], 67% in the ACL literature [34, 39], and 75% of studies
in LBP patients [42, 43, 51]. Among patients with LBP,
studies reported either an increase in movement variability
during dual-tasking [42, 43, 51] or no decrease when com-
pared with a control group [46]. Similar effects were seen in
CALI patients, suggesting that while dual-tasking these par-
ticipants have potentially more flexible, or less predictable,
movement patterns [30, 31]. While increased variability may
be helpful to accommodate changing environments [68],
many of these studies were performed in controlled labora-
tories, where variable movement patterns were not needed. It
may be a more likely explanation that these individuals were
potentially using attentive cortical resources to contribute to
consistent movement patterns, and that consistency is lost
when completing cognitive tasks, leading to unpredictability
and potential re-injury.

In addition to changes in variability, injured popula-
tions also demonstrated both spatiotemporal and kinematic
changes under cognitive demand. In ACL-reconstructed
individuals, participants demonstrated decreased gait veloci-
ties during narrow walking—a task that also incorporates
a balance component [34]. This suggests individuals may
be prioritizing the cognitive task and decreasing perfor-
mance on the motor task, potentially due to competition
for resources. Additionally, ACL-injured individuals dem-
onstrated increased injured limb to uninjured limb differ-
ences while cognitively loaded [39], while patients with CAI
demonstrated more injury-prone kinematics (i.e., increased

A\ Adis

inversion and plantarflexion in gait) [31]. These data collec-
tively support hypotheses that to display ‘normal’ movement
patterns, injured individuals are recruiting a greater propor-
tion of available neural resources than their uninjured coun-
terparts. Then, as those attentive resources become stressed
by the addition of a secondary task, these individuals express
biomechanical patterns that may predispose them to further
injury.

A common finding in healthy individuals is that gait
speed and cadence are decreased under dual-task condi-
tions [67], and the results of our systematic review support
this finding for people with musculoskeletal injury. One
explanation for the observed slowing down of gait is likely
competition for resources in the cortex. One of the more
common theories explaining dual-task interference is that
there is a finite capacity of cortical resources, and trade-offs
in performance of one or both tasks result when tasks are
simultaneously competing for the same resources [16]. A
common example of such a relationship is text messaging
while walking [69]. Schabrun et al. [69] found decreased
gait speed and increased deviations from a straight trajectory
when participants were walking while text messaging on a
cell phone. The shift in attention or focus is a key factor in
determining which task takes priority of cognitive resources,
based on the goals of the individual [16, 70]. The cognitive
tasks that were commonly used in these studies are not dif-
ficult tasks to perform in isolation, and it is likely that the
laboratory environment of the studies leads an individual to
place more emphasis on the cognitive task.

4.3 Other Movement Tasks
4.3.1 Role of Dual-Tasking on Other Movement Tasks

Although balance and gait were clearly the most investigated
in terms of dual-task performance trade-offs, several studies
utilized other movement tasks, such as reactions to balance
perturbations [32, 41, 44], performance on the timed up-
and-go test [45], sitting [52], and turning during gait [51].
Such tasks are often selected to potentially reflect increasing
degrees of difficulty—such as requiring a response in addi-
tion to balance maintenance—or to reflect measures more
applicable to everyday function. The studies that investi-
gated muscular responses to postural perturbations reported
increased latency while dual-tasking, suggesting that cogni-
tive processing slows reaction times in the absence of injury
[32, 41, 44].

These impairments seemingly carried over towards func-
tional tasks. Postural alterations during stable and unstable
sitting tasks present similar challenges as studies investigat-
ing balance, albeit while decreasing lower extremity influ-
ence [52]. Despite a significant increase in the base of sup-
port, increased angular deviations of the trunk were observed
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while cognitively loaded, indicating that motor regulation of
posture was negatively affected by cognitive task perfor-
mance [52]. These findings were similarly reflected during
two gait-related tasks, including timed up-and-go perfor-
mance and gait with turning tasks [45]. Similar deviations in
task performance and increases in kinematic variability were
observed, providing support for the hypothesis that cognitive
demand changes motor performance across functional tasks.

4.3.2 Effects of Injury on Other Movement Tasks During
Dual-Tasking

While each of the other movement tasks were found to
demonstrate a main task effect, where dual-tasking alone
impacted motor performance, this effect was amplified in
individuals with musculoskeletal injuries. Whereas balance
and gait parameters yielded often conflicting results, all
but one investigation [45] assessing these other movement
tasks indicated that motor performance was more greatly
affected in individuals with musculoskeletal injuries. Given
our hypotheses that injured individuals utilize more cog-
nitive resources for simple movement, and the increased
demands in these other movement tasks beyond posture and
stereotyped movements, these findings are not surprising.
However, the relationship may be more complicated than
it appears on the surface. For instance, two investigations
in patients with LBP demonstrated an interaction effect
between dual-tasking and injury groups during perturba-
tions [41, 44]. However, while healthy individuals decreased
velocity of responses to perturbations, injured individuals
were observed to increase response velocity. While this
could be seen as a positive benefit of having faster reac-
tions, these responses are likely less controlled than in those
of healthy participants, potentially contributing to re-injury
[71]. Follow-up investigations of the associated muscle
activity found earlier onset of agonist and antagonist mus-
cle groups, representing a quicker, but likely disorganized,
response when compared with healthy controls [41, 44].

In directed movement tasks involving postural and gait-
related mechanisms, group interaction effects presented
some curious findings. This included two investigations that
found increased movement variability among healthy sub-
jects, with no changes occurring in patients with LBP [51,
52]. van Daele et al. [52] reported increased sitting kinematic
variability in healthy controls but not LBP patients, while
Smith et al. [51] observed increased kinematic variability
during a turning task in healthy individuals. On the surface,
this would imply there was no detriment to movement per-
formance during dual-task conditions in LBP patients; how-
ever, given the pathological population, it is possible that
this is negative adaptation, whereby healthy individuals had
a trade-off between motor performances while dual-tasking
but injured individuals made no such accommodations. This

may represent an inability of patients with LBP to appropri-
ately shift attention between tasks. While under laboratory
settings this demonstrated consistent movement patterns that
would be beneficial for movement, it remains unclear what
the lack of trade-off may account for in real-world scenarios.

The LBP literature evaluated in this review included a
wide variety of outcome variables, leaving it unclear how
similar movement tasks—and notably perturbations and
reaction times—might be affected in patients with CAI and
ACL injury. The data supporting neuroplasticity affecting
motor planning is far more established in these models, pro-
viding evidence for increased cognitive demand during sim-
ple movement [8]. Further, the onset of pain and re-injury
in CAI and ACL injury is far more associated with a single
aberrant movement than in LBP models [8]. Further research
in this area should be encouraged to understand the motor
implications of tasks with increased complexity in patients
with CAI and ACL injury.

4.4 Cognitive Task Models

Across the 28 studies, a total of nine different cognitive tasks
were utilized as a dual-task load (Table 4). The majority of
tasks involved the manipulation or memorization of numbers
and/or digits [26-31, 33, 34, 36-39, 44, 45, 47, 48, 52, 53].
These number-based tasks are easy to implement, and may
offer greater cognitive stress when compared to tasks with a
visual component. As the cortical structures involved with
number manipulation and visual working memory are differ-
ent, clinicians and researchers should take this into consider-
ation when implementing dual-task paradigms of this nature.
Although both are known to rely on the prefrontal cortex
activity for working memory functions [72], cognitive tasks
with a visual component may also utilize resources from
cortical areas that are involved with balance and gait, such
as the posterior parietal cortex and occipital cortex [73]. It is
no surprise that such tasks would have a negative impact on
motor performance in injured individuals, as patients with
CAI and ACL injury are known to place more emphasis on
visual cues during balance [54, 56]. Cognitive tasks with a
visual component represent an ideal model for neural inter-
ference, where the likely explanation for worsened motor
performance during these tasks results from competition for
visual processing resources between the motor task and the
cognitive task [70]. Non-visual cognitive tasks often rely
on the prefrontal cortex for the monitoring of commission,
errors, and performance; interference wherein motor per-
formance is decreased during these tasks likely represents a
finite capacity model, with both tasks competing for a pool
of overall cortical resources or arousal [70]. It is difficult to
speculate which category of cognitive task results in greater
motor trade-offs; only one investigation compared multiple
cognitive task domains (e.g., number-based and those with
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a visual component), and this was one of two papers that did
not identify a main effect of cognitive load on balance [26].
We advise future research be designed to evaluate the differ-
ences between cognitive task model and motor performance
trade-offs, perhaps through the inclusion of cognitive task
difficulty indices.

4.5 Clinical Implications
4.5.1 Implications for Assessment of Injury

Our data indicate that a complex relationship exists between
cognitive demand and injury, whereby populations with
musculoskeletal injury may not appropriately adjust their
neuromuscular control under dual-task implications. Part of
the challenge in researchers’ understanding the mitigating
risk factors for recurrent injury in the cases of CAI, ACL
injury, and LBP is the large degree of variability and equivo-
cality in the existing literature, and the lack of control for
pre-injury cognitive status [74]. Specifically, in relation to
balance, gait, and functional performance, conflicting results
and small effect sizes are reported in meta-analyses when
describing these deficits [19, 21, 22, 75, 76]. We propose
that inclusion of cognitive loading during initial assessment
and ongoing care may contribute to the better identification
and benchmarking of deficits among these populations, as
prospective investigations have tied baseline cognitive status
to injury risk—although the interaction of dual-task interfer-
ence is unclear [74]. However, given the largely equivocal
data in this subset, we recommend introducing cognitive
demand in the form of more complex movement patterns or
utilizing demands beyond simple quantitative tasks. Regard-
less of the overall effects, assessing the potential degradation
of movement patterns under cognitive demand is a poten-
tially useful tool in assessment-based rehabilitation plans
for injured individuals.

4.5.2 Implications for Injury Rehabilitation

Although utilizing the findings of this systematic review
in the assessment of injuries may not be grounded in the
strongest of evidence, there is still much to understand
regarding the role of cognitive demand in injury rehabilita-
tion [23]. In multiple cohorts of neurologically compromised
populations, incorporation of cognitive tasks into simple gait
and balance training has been demonstrated to improve auto-
maticity and ultimately outcomes in this population [77].
It has been demonstrated that injury—specifically liga-
mentous injury to the ankle and knee—is associated with
cortical adaptations not unlike those in these neurologically
impaired populations [8]. It might, therefore, be concluded
that incorporation of increased cognitive demand, dual-task-
ing, and decision-making tasks in the rehabilitation setting
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could potentially be useful for improving the flexibility and
automaticity of human movement. Some examples of these
could include ball catching tasks during balancing with dif-
ferential instructions for catching different colored objects,
or incorporating backwards counting or serial subtraction
into normal rehabilitative exercises [23].

There is still much to understand about the role of cogni-
tive demand in rehabilitation, as no studies published at the
time of this review have incorporated cognitive loading into
rehabilitation paradigms for musculoskeletal injury. Cur-
rently, evidence does exist regarding the use of modifying
attentional focus in these populations, with data describing
positive changes in movement patterns along with increased
retention of these movement patterns [78, 79]. It is possible
that increased manipulation of contextual interference in
addition to modified attentional focus may serve to improve
the rate and retention of motor learning following injury.

4.6 Study Quality and Bias Assessment

Several factors within this systematic review lead us to urge
caution with the interpretation of these data, which may
limit the generalizability of this systematic review. First
and foremost is the relatively low quality of the included
manuscripts, particularly for ankle and LBP studies. The
largest demerits during STROBE assessment arose from the
lack of reporting of research settings, risk of bias, sample
size explanation, and addressing potential limitations along
with the study’s generalizability. The lack of power analyses
to justify sample size in many studies is concerning given
the variability of results, as we were unable to rule out the
possibility of type II error in several studies. Further, the
large number of dependent variables reported throughout
these investigations, combined with the lack of error rate
corrections (e.g., Bonferroni adjustment), also elevates the
risk of type I error reporting. However, these do not nec-
essarily detract from the validity of these studies, as error
rates have more applicability in interventional studies rather
than observational studies, and some recommendations sug-
gest exploring an event-to-variable ratio rather than strict
error rate corrections. While cumulative effect sizes would
certainly improve the interpretation of these data, the lack
of consistency in research designs and outcome measures
inhibited our ability to quantitatively evaluate research via
a meta-analysis.

The literature base regarding dual-tasking in musculo-
skeletal injuries may suffer from publication bias. In a sys-
tematic review, it is difficult to establish the publication bias
due to the lack of consistent reporting across studies. One
of the important calculations common in conjunction with
meta-analyses is the fail-safe n, which estimates the number
of manuscripts that would reduce a significant effect size to
a null result. Giving insight to this factor, we qualitatively
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observed in included manuscripts that many tested several
dependent variables, with most only having significant find-
ings for a small portion of the total. Additionally, we noticed
publications with the same author groups potentially creat-
ing a duplicate publication bias, which has been identified to
be a consistent issue among systematic review publications,
and may have influenced the results of our review [80].

5 Conclusions

This systematic review sought to synthesize the available
literature regarding the effect of dual-tasking on those with
ankle, knee, and low back injuries. A large majority of stud-
ies reported a degradation in movement when a dual-task
paradigm was applied. In injured populations just over half
of the included studies reported increased changes compared
with control groups. In addition, the results of dual-tasking
were clearly dependent on key components of the study
designs, in particular the dependent variables being observed
(e.g., gait vs. balance), dual-task paradigms, and patient
group. Echoing this, gait appeared to be more affected in
injured individuals by dual-task designs when compared
with simple postural control tasks. Researchers may want to
consider the difficulty of the task, both from a physical (e.g.,
hopping, landing) as well as the neurocognitive (e.g., verbal
Vs. memory) perspective, as it appears this has large implica-
tions on the results. Lastly, the clinical implications of dual-
tasking remain ambiguous. As dual-task paradigms could
be a means to reduce persistent performance deficiencies
that often exist among individuals with a history of muscu-
loskeletal injury, future work should investigate the impact
of including dual-task paradigms in rehabilitation programs.
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