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A B S T R A C T   

Quick responses to a loss of balance or “automatic postural responses” (APRs) are critical for fall prevention. The 
addition of a distracting task— dual-tasking (DT), typically worsens performance on mobility tasks. However, the 
effect of DT on APRs is unclear. We conducted a systematic review and meta-analyses to examine the effects of 
DT on spatial, temporal, and neuromuscular components of APRs and the effect of DT on cognitive performance. 
A Meta-analysis of 19 cohorts (n ! 329) showed significant worsening in spatial kinematic features of APRs 
under DT conditions (P ! 0.01), and a meta-analysis of 9 cohorts (n ! 123) demonstrated later muscle onset 
during DT (P ! 0.003). No significant DT effect was observed for temporal kinematic outcomes in 18 cohorts (n 
! 328; P ! 0.47). Finally, significant declines in cognitive performance were evident in 20 cohorts (n ! 400; P !
0.002). These results indicate that, despite the somewhat reactive nature of APRs, the addition of a secondary 
task negatively impacts some aspects of the response. These findings underscore the importance of cortical 
structures in APR generation. Given the importance of APRs for falls, identifying aspects of APRs that are altered 
under DT may inform fall-prevention treatment approaches.   

1. Introduction 

Falls often occur due to challenges, or perturbations, to balance. For 
instance, a sudden loss of balance could occur due to a trip, slip, or 
failure to control body weight shifts during voluntary movements. 
Automatic postural responses (APRs) are quick, context-specific muscle 
activations in response to a balance challenge and are critical to prevent 
falls (Maki and McIlroy, 1997; Mansfield et al., 2013; Okubo et al., 2019; 
Sturnieks et al., 2013). An APR involves the rapid integration of sensory 
information and descending cortical control (Bolton, 2015; Jacobs and 
Horak, 2007; Nonnekes et al., 2013). Although APRs may vary in size (e. 
g., feet-in-place sway vs. a step) and type (e.g., lower extremity move-
ments vs. upper extremity grasping), they are often compromised in 
aging (McIlroy and Maki, 1996; Mileti et al., 2019) and neurologic 
populations (Jacobs and Horak, 2006; Peterson et al., 2016a; Peterson 
et al., 2016b; Salot et al., 2016), and effectiveness of these responses in 
the lab can predict falls in the community (Maki and McIlroy, 1997; 

Mansfield et al., 2015; Mansfield et al., 2013). APRs performance can be 
quantified in several ways, including, but not limited to, spatial (e.g., 
center of mass [COM] displacement, reactive step length), temporal 
(COM movement latency, step onset), or neuromuscular (muscle onset), 
among others. Interestingly, recent work indicates these aspects of APRs 
may be differentially related to important outcomes such as falls (Batcir 
et al., 2020; Mansfield et al., 2013; Van Liew et al., 2022). 

Dual-tasking (DT) involves the simultaneous performance of two 
tasks requiring the division of attentional resources. Divided attention is 
ubiquitous in daily life, and most mobility tasks, including APRs, occur 
under these circumstances. Several theories regarding DT processing 
exist (Pashler, 1984, 1994; Tombu and Jolicœur, 2003; Yogev-Selig-
mann et al., 2012), but a common theme is that as the task difficulty 
increases, decrements in performance can occur in one or both tasks. For 
example, adding a secondary cognitive task typically reduces perfor-
mance on the mobility task. This change in task performance with DT is 
known as dual-task cost or dual-task interference (DTI). Interestingly, 
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the impact of a concurrent task on APRs has not been conclusively 
determined, and results from various studies are mixed. This is partly 
because the effects of DT on APRs can be challenging to evaluate due to 
varying study designs (e.g., in-place or walking responses, varying 
outcome measures, sizes of perturbations, etc.). 

Given the importance of APRs for fall avoidance and the ubiquity of 
DT scenarios, determining the impact of divided attention on specific 
aspects of reactive postural control will improve our understanding of 
APRs generally and inform rehabilitative targets for fall-prevention in-
terventions. Therefore, the primary purpose of this study was to estimate 
the effect of DT on APRs by conducting a systematic review and meta- 
analysis of published data. Given the variability of outcomes typically 
used to measure APR performance, the effect of DT was calculated for 
spatial, temporal, and neuromuscular components of APRs, as well as 
the influence of DT on the secondary cognitive task. Finally, in a sec-
ondary analysis, we assessed whether the DT effect varied across healthy 
young adults, healthy old adults, and adults with neurological or or-
thopedic impairments. 

2. Method 

A systematic review and meta-analyses were conducted according to 
the Preferred Reporting Items for Systematic Review and Meta-Analysis 
(PRISMA) guidelines (Moher et al., 2009). The study protocol was 
registered with the Open Science Framework (retrieved from osf.io/ 
y5tzw). 

2.1. Literature search strategy 

A computerized literature search in the following electronic data-
bases was completed in February 2020 by two authors (HJ and DP): 
MEDLINE (PubMed), Web of Science, and CINAHL. The following terms 
were used in combination and/or alone: perturb, slip, tilt, platform 
movement, rotation, and dual-task (see Supplementary File 1 for de-
tails). These terms are the most common in the field of reactive postural 
control. 

2.2. Eligibility criteria 

Original research articles investigating the effect of a concurrent 
secondary task on the APRs were considered for inclusion. Inclusion 
criteria were articles: (1) with cross-sectional design or a randomized 
control trial with baseline data, (2) involved human subjects, (3) in 
which the postural perturbations were external, acute, and delivered 
with unpredictable timing, (4) that involved postural perturbations from 
a standing or walking position, and (5) with cognitive or motor sec-
ondary tasks. Exclusion criteria were: (1) animal studies, (2) “contin-
uous” perturbations (e.g., standing on a foam pad) or those that were 
fully anticipated in terms of type, timing, and direction, (3) postural 
perturbations administered from the seated position, and (4) secondary 
tasks that involved postural tasks (e.g., holding objects). No restrictions 
were imposed on the date of publication. Only studies published in 
English were included. Excluded studies are provided in Supplementary 
File 2. 

2.3. Screening process and data extraction 

Titles and abstracts of studies retrieved using the search strategy 
were screened by two researchers using Rayyan (Ouzzani et al., 2016). 
Title screening included scanning titles using the following keywords for 
exclusion: (1) review, (2) systematic review, (3) case-control, (4) survey, 
(5) cadaveric, (6) animal, (7) thesis, and (8) cells. The keywords for 
inclusion were dual-task and perturbation. Then, researchers were un-
blinded to each other's inclusion/exclusion decisions. Disagreements 
were resolved via discussion between the authors (HJ and DP). Full-text 
reading of these studies was then performed independently by three 

reviewers (AM, HJ, and DP), considering the inclusion and exclusion 
criteria noted above. The author's decisions were blinded until the 
search was complete. Final choices for inclusion were then discussed 
among the review team (AM, HJ, and DP). Data extraction was per-
formed on full-text articles (AM, HJ, and DP). Missing data required for 
meta-analysis were requested via email from the original study authors. 

For the “spatial kinematic” analysis, articles included used step 
length, anterior-posterior center of pressure (AP COP) displacement, or 
hip range of motion. For “temporal kinematic analyses,” step latency 
and AP COP onset were included. For the neuromuscular analysis, 
agonist muscles' onset latency was used (i.e., tibialis anterior for back-
ward sway perturbations and gastrocnemius for forward sway pertur-
bations). Cognitive performance was reported as reaction time or 
accuracy. The posterior response outcomes were chosen when APRs 
were performed in both the anterior and posterior directions. The largest 
perturbation was analyzed when balance perturbations were adminis-
tered at varying intensities. 

2.4. Methodological qualities 

The Joanna Briggs Institute (JBI) Checklist for Analytical Cross- 
Sectional Studies, an 8-item checklist (Moola et al., 2020), and seven 
task-specific questions about the perturbation and DT protocol were 
used to assess methodological rigor (see Supplementary File 3 for 
details). 

2.5. Statistical analysis 

This analysis aimed to determine the influence of DT on 1) spatial 
kinematic aspects of APRs, 2) temporal aspects of APRs, 3) neuromus-
cular outcomes (muscle onset latency). These domains were chosen to 
characterize DT across a breadth of physiological APR outcomes. A 
fourth analysis was conducted to determine the influence of DT on 
secondary task performance. As noted below, we completed both 
narrative synthesis and meta-analytic approaches to include the 
maximum the amount of data in the analyses. 

First, a narrative synthesis was performed to include all identified 
manuscripts, regardless of the amount/type of data reported. Specif-
ically, for each cohort, we determined whether the direction of the DT 
effect (irrespective of statistical significance) was positive or negative 
(McKenzie and Brennan, 2021). This was done by determining whether 
the outcomes became better or worse with the addition of the secondary 
task. The numbers of positive and negative effects were then tallied (see 
Table 1), and a binomial probability test with 95% confidence intervals 
(using Wilson's method) (Brown et al., 2001) was used to assess the 
distribution of positive and negative outcomes for each of the four above 
questions. 

Next, meta-analyses of effect estimates were performed. The Meta- 
Essentials worksheet (Suurmond et al., 2017) assessing differences be-
tween dependent groups was used since measurements were collected in 
single-task (ST) and DT conditions for each participant. 

Effect size measures were calculated using the bias-adjusted stan-
dardized mean difference Hedges' g (Cumming, 2012; Hedges, 1981; 
Hirst et al., 2018; Lakens, 2013). Notably, the optimal effect size esti-
mation for studying dependent measures is the correlation coefficient (r) 
that describes the association between pairs of observations. This value 
was included where available. However, this value is often not reported 
in experimental results (Dunlap et al., 1996). When r was not available, 
the test statistic (t or f value) was used. If exact test statistics are un-
available, we chose to utilize Hedges' g, an accepted solution to calculate 
effect sizes for a within-subject experimental design (Hirst et al., 2018). 

Outcome measures were pooled using random-effects models for all 
meta-analyses, with 95% confidence intervals and 2-sided p-values. The 
primary aim was to determine the overall effect of DT on features of 
APRs and cognitive performance. Thus, the combined effect sizes were 
of principal interest. We also performed subgroup analyses to investigate 
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Table 1 
Narrative synthesis of secondary tasks' effects on spatial kinematic outcomes, temporal kinematic outcomes, muscle onset latency, and cognitive tasks. Positive 
(improvement; !) and negative (worsening; ") effects of the secondary task are noted for each study. As recommended by the Cochrane Handbook, to facilitate 
“directional vote-counting” analyses, ! and " direction of effects are provided irrespective of the magnitude or significance of effect (see text for details). Lateral 
arrows (#) designate no measured change from single to dual-tasking.  

Name, year Group 
(N) 

Postural task 
(translation, 
rotation, etc.) 

Stance/ 
walk 

2" cognitive task Postural 
recovery 
mechanism 

DT effect- 
posture 
(spatial) 

DT effect- 
posture 
(temporal) 

DT 
effect- 
muscle 
onset 

DT effect, 
secondary 
task 

Included in 
meta 
analysis? 

Akhbari et al., 
2015 

HY (19) 
No ACL 
(23) 
ACL 
recon. 
(25) 

Support surface 
translation 

Stance Stroop Task (set shifting 
& inhibition) 

In-Place 
(single leg 
stance) 

"HYa 

" ACL-a 

" ACL#a 

"HYa 

"ACL-a 

! ACL#a 

NR "HYa 

# ACL- 
# ACL#

Yes 

Beretta et al., 
2019 

HY (28) Support surface 
translation 

Stance Counting stimulus 
presentations 
(Sustained attention) 

In-Place !HYa NR NR NR Yes 

Brauer et al., 
2002a, 
2002b 

HY (13) 
HO (15) 
HO faller 
(13) 

Support surface 
translation 

Stance Stroop Task (set- 
shifting & inhibition) 

Stepping "HY 
"HOa 

"HO 
Fallera 

! HY 
! HOa 

! OA fallera 

"HYa 

"HOa 

"OA 
fallera 

"HYa 

"HOa 
"OA fallera 

Yes 

Brown et al., 
1999 

HY (15) 
HO (10) 

Support surface 
translation 

Stance Backward digit span 
(Working Memory) 

Stepping NR " HY 
! HO 

NR NR Yes 

Bruce et al., 
2019 

HY (29) 
HO (26) 
HO 
Hearing 
Loss (32) 

Support surface 
translation 

Stance n-Back (Working 
memory) 

In-Place " HYa 

! HO 
! OA 
hearing 
loss 

NR NR !HYa 

! HO 
" OA 
hearing 
lossa 

Yes 

Cheng et al., 
2013 

HY (10) 
HO (10) 

Support surface 
translation 

Stance Mental arithmetic with 
memory (Working 
memory) 

Arm 
movements 

"HC 
" HO 

"HCa 

"HOa 
"HCa 

"HOa 
" HC 
"HOa 

No 

Hemmati 
et al., 2018 

HY (25) 
HY Back 
Pain (25) 

Impact 
(pendulum) 

Stance Backward digit span 
(Working Memory) 

In-place NR NR " HY 
! Pain 

NR No 

Jacobs and 
Kasser, 2012 

HO (13) 
MS (13) 

Support surface 
rotation 

Stance Stroop Task (set- 
shifting & inhibition) 

In-Place # HO 
" MS 

NR NR ! HO 
! MS 

Yes 

Jacobs et al., 
2014 

HO (10) 
PD (10) 

Support surface 
translation 

Stance Verbal Fluency Stepping NR " (HO) 
" (PD) 

NR NR Yes 

Kowalewski, 
2018 

HY (20) 
HO (20) 
OA 
Hearing 
Loss (19) 

Support surface 
translation 

Stance Repeat sentences back 
to tester (Working 
Memory) 

Stepping "All 
groupsb 

NR NR NR No 

Laing and 
Tokuno, 
2016 

HY (19) 
HO (16) 

Support surface 
translation 

Stance Mental arithmetic 
(working memory) 

Arm 
movements 

NR NR NR NR No 

Little and 
Woollacott, 
2014 

HY (34) 
HO (34) 
OA frail 
(5) 

Support surface 
translation 

Stance Change-detection task 
(working memory) 

In-Place "HYa 

"HOa 
NR NR " HY 

" HOa 
No 

Maki et al., 
2001 

HY (10) 
HO (19) 

Support surface 
translation 

Stance Visuomotor pursuit 
tracking 

In-Place NR NR NR NR No 

Mersmann 
et al., 2013 

HY (32) 
HO (30) 

Support surface 
compliance 

Walk Mental arithmetic with 
memory (Working 
memory) 

Stepping "HY 
!HO 

NR NR " HYa 

" HOa 
No 

Mochizuki 
et al., 2017 

HY (10) Lean and 
release (cable) 

Stance Go No-Go task 
(inhibition) 

Stepping "HY NR "HYa " HY No 

Morris et al., 
2000 

HO (15) 
PD faller 
(15) 
PD no-fall 
(15) 

Shoulder tug 
test 

Stance Backward recital (days 
of the week) (working 
memory) 

Stepping # HO 
# PD 
faller 
# PD 
non-fall 

NR NR NR No 

Müller et al., 
2004 

HY (10) 
HO (10) 

Support surface 
translation 

Stance Choice reaction time 
task (Attention and 
processing speed) 

In-Place NR "all subjects NR "HYa 

"HOa 
No 

Müller et al., 
2007 

HY (12) Support surface 
translation 

Stance Choice reaction tim\e 
task (Attention and 
processing speed) 

In-Place " HY NR NR " HYa No 

Nnodim et al., 
2013 

HY (32) Footwear 
perturbation 

Walk Vocal choice reaction 
task (Attention and 
processing speed) 

Stepping NR NR NR #HY No 

Nnodim et al., 
2016 

HO (8) Footwear 
perturbation 

Walk Vocal choice reaction 
task (Attention and 
processing speed) 

Stepping " HO " HO NR " HOa No 

Norrie et al., 
2002 

HY (6) Support surface 
translation 

Stance Visuomotor pursuit 
tracking 

In-Place " HY " HY # HY NR Yes 

(continued on next page) 

A.S. Monaghan et al.                                                                                                                                                                                                                           



([SHULPHQWDO *HURQWRORJ\ ��� ������ ������

�

the DT effect across healthy young and old adults and adults with 
neurological or orthopedic impairments. The variance explained by the 
random-effects model (Q*) was used to assess the equality of combined 
effect sizes across subgroups. Heterogeneity was evaluated using the Tau 
and I2 statistic. An I2 statistic greater than 50% is considered indicative 
of substantial heterogeneity. P-values!0.05 were considered statisti-
cally significant. 

3. Results 

3.1. Studies included 

The selection process for included studies is described in Fig. 1 
(PRISMA). The initial computerized search returned 288 articles. Initial 
abstract screening excluded 248 articles. After the full-text reading of 
the remaining 40 articles, 11 were excluded due to overlapping partic-
ipants, unmet perturbation criteria, and no secondary task performance 
(see Supplementary File 2). A total of 29 studies were included for the 
narrative synthesis. Of these manuscripts, 12 did not provide sufficient 
data for inclusion in the meta-analysis. Therefore, 17 manuscripts were 
included in the quantitative, meta-analytic synthesis. See Table 1 for 
descriptions of included studies. 

3.2. Description of included studies 

A description of manuscripts included in the narrative analysis is 
provided in Table 1. The twenty-nine studies represent a diverse set of 
analyses and participants, including healthy younger adults, healthy 
older adults, and varying conditions such as stroke, Parkinson's Disease 
(PD), multiple sclerosis (MS), hearing loss, fall-risk, back pain, and ACL 
injury. The majority (25/29) of these studies utilized perturbations from 
stance, while four used walking perturbations, including slips, surface 
compliance manipulations, and underfoot obstacle manipulations. Re-
sponses to standing postural perturbations included “in-place,” i.e., 
ankle or hip strategy, responses (n ! 13), stepping responses (n ! 14), 
and arm movements to catch one's balance (n ! 2). 

3.3. Methodological quality 

An a priori decision was made to include studies in the current re-
view independently of the quality assessment. In summary, 20 of 29 
studies defined inclusion criteria for their respective samples, and 14 
described subjects and setting. Confounding factors were identified in 14 
studies, and 9 stated strategies to deal with confounding factors. 
Twenty-eight studies used appropriate statistical analysis for the ques-
tions relevant to this review, whereas this was judged as unclear in 1 
study (Rankin et al., 2000). The perturbation methods were standard-
ized in all but 1 study (Morris et al., 2000) and unpredictable in timing 

Table 1 (continued ) 

Name, year Group 
(N) 

Postural task 
(translation, 
rotation, etc.) 

Stance/ 
walk 

2" cognitive task Postural 
recovery 
mechanism 

DT effect- 
posture 
(spatial) 

DT effect- 
posture 
(temporal) 

DT 
effect- 
muscle 
onset 

DT effect, 
secondary 
task 

Included in 
meta 
analysis? 

Patel and 
Bhatt, 2015 

HY (17) Support surface 
translation 

Stance Alphanumerical 
sequencing task 
(working memory, set- 
shifting) 

Stepping "HYa "HYa "HYa " HYa Yes 

Peterson et al., 
2020 

HO (14) 
PD (16) 

Support surface 
translation 

Stance Stroop 
(set-shifting and 
inhibition) 

Stepping " HO 
" PD 

! HO 
# PD 

" HOa 

" PDa 
" HOa 

" PDa 
Yes 

Quant et al., 
2004 

HY (7) Support surface 
translation 

Stance Visuomotor pursuit 
tracking 

In-Place NR " HY NR NR Yes 

Rankin et al., 
2000 

HY (14) 
HO (12) 

Support surface 
translation 

Stance Serial subtraction 
(Attention and working 
memory) 

In-Place NR NR ! HY 
" HO 

NR Yes 

Redfern et al., 
2017 

HY (20) 
HO (20) 

Support surface 
translation 

Stance Choice reaction task 
(Attention and 
processing speed) 

In-Place NR " HY 
! HO 

NR ! HY 
! HO 

Yes 

Schinkel-ivy 
et al., 2016 

Stroke 
(70) 

Lean and 
release (cable) 

Stance Serial subtraction 
(Attention and working 
memory) or verbal 
fluency (updating) 

Stepping NR " Stroke NR NR Yes 

Soangra and 
Lockhart, 
2017 

HY (7) 
HO (7) 

Support surface 
compliance 

Walk Serial subtraction 
(Attention and working 
memory) 

Stepping " HY 
" HO 

" HY 
"HO 

NR NR No 

Zettel et al., 
2008 

HY (12) 
HO (6) 

Support surface 
translation 

Stance Visuomotor pursuit 
tracking 

Stepping # HY 
" HO 

! HY 
! HOa 

NR NR Yes 

Totals           
N ! 29 HO (416) 

HO (295) 
Other 
(243) 

Translation 
(20) 
Rotation (1) 
Footwear (2) 
Compliance (2) 
Lean/Release 
(2) 
Pendulum (1) 
Shoulder Tug 
(1) 

Stance 
(25) 
Walk 
(4) 

Working mem (13) 
Processing speed (5) 
Visuomotor (4) 
Sust. attention (1) 
Stroop/inhibition (5) 
Verbal Fluency (1) 

In-place (13) 
Stepping 
(14) 
Arm/catch 
(2) 

" (23) 
! (4) 
# (5) 
NR (11) 

" (16) 
! (9) 
# (1) 
NR (14) 

" (11) 
! (2) 
# (1) 
NR (21) 

" (19) 
! (6) 
# (3) 
NR (14) 

Yes (15) 
No (14) 

Abbreviations: HO- Healthy Older adults; HY- Healthy Young Adults; OA- Older Adults; PD- Parkinson's Disease, MS- Multiple Sclerosis, NR- Not Reported. 
“"”: The secondary task had a negative effect on a relevant outcome. 
“!”: The secondary task had a positive effect on a relevant outcome. 
“#”: The secondary task had no measurable effect on a relevant outcome. 

a Effect was statistically significant (not incorporated into tallies or Narrative Synthesis binomial analyses). 
b Number of steps reported. 
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all but (Cheng et al., 2013). Perturbation direction was unpredictable in 
15 of 29 studies. 

3.4. Narrative synthesis results 

The narrative analysis of secondary tasks' effects on 1) spatial kine-
matic outcomes, 2) temporal kinematic outcomes, 3) muscle onset after 
perturbations, and 4) cognitive tasks are outlined in Table 1 (see bottom 
row). Notably, most manuscripts included multiple and distinct groups 
analyzed separately here and in the meta-analysis. Binomial probability 
tests were conducted on outcomes that reported numerical differences 
between ST and DT. Spatial kinematics were negatively affected during 
DT, with 23 of 27 studies reporting reduced spatial measures compared 
during DT (85% (95% CI: 68% to 94%), p ! 0.001). For temporal 
postural outcomes, 16 of 25 studies showed later temporal kinematics 
during DT compared to ST, resulting in a non-significant effect (64% 
[95% CI: 45% to 80%], p ! 0.23). Concerning the impact of DT on 
postural performance, delayed muscle onset was negatively impacted 
during DT compared to ST, with 11 of 13 studies reporting delayed 
onsets resulting in a significant DT effect (85% [95% CI: 58% to 96%], p 
! 0.02). Finally, a significant worsening of cognitive performance dur-
ing DT was observed, with 19 of 25 studies showing worse cognitive 
performance (76% [95% CI: 57% to 89%], p ! 0.01). 

3.5. Meta-analytic analyses 

Meta-analytic results are generally consistent with those of the 
Narrative Analysis, showing that the addition of a secondary task 
resulted in significantly poorer spatial kinematic measures, EMG la-
tency, and cognitive performance, but not reactive temporal outcomes, 
compared to single-task performance. Details of each analysis are pre-
sented in turn. 

3.5.1. DT & spatial kinematic measures 
Data from 10 studies (n ! 329) (Akhbari et al., 2015; Beretta et al., 

2019; Brauer et al., 2002a, 2002b; Bruce et al., 2019; Jacobs and Kasser, 
2012; Norrie et al., 2002; Patel and Bhatt, 2015; Peterson et al., 2020; 
Quant et al., 2004; Zettel et al., 2008) with 19 subgroups were analyzed. 
Overall, spatial kinematic outcomes of APRs were significantly worse 
during DT conditions compared to ST conditions (Hedges'g $ 0.34, 95% 
CI: [$0.63, $0.06], P ! 0.01, I2 ! 78.20%) (Fig. 2). Specifically, APRs 
performed with wile DT yielded shorter step lengths, greater AP COP 
displacement, and greater hip extension (Fig. 2). 

Subgroup analyses included 5 studies (n ! 74) in elderly populations 
(Akhbari et al., 2015; Beretta et al., 2019; Brauer et al., 2002a, 2002b; 
Bruce et al., 2019; Norrie et al., 2002; Patel and Bhatt, 2015; Quant 
et al., 2004; Zettel et al., 2008), 8 studies in young adults (n ! 133) 
(Akhbari et al., 2015; Beretta et al., 2019; Brauer et al., 2002a, 2002b; 
Bruce et al., 2019; Norrie et al., 2002; Patel and Bhatt, 2015; Quant 
et al., 2004; Zettel et al., 2008), and 6 studies (n ! 122) in adults at 

Fig. 1. The PRISMA flow diagram for study selection.  
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increased fall-risk (Brauer et al., 2002a, 2002b) or hearing (Bruce et al., 
2019), orthopedic (Akhbari et al., 2015) and/or neurological impair-
ments (Jacobs and Kasser, 2012; Peterson et al., 2020). No significant 
differences were observed between ST and DT conditions in the older 
(Hedges'g $ 0.38, 95% CI:[$0.87, 0.11], P ! 0.12, I2 ! 73.62%) and 
younger (Hedges'g $ 0.30, 95% CI:[$0.90, 0.29], P ! 0.31, I2 !
85.55%) cohorts (Fig. 2). The spatial measures were significantly worse 
for the neurological, hearing, and orthopedic impairments group 
(Hedges'g $ 0.38, 95% CI:[$0.87, 0.11], P ! 0.12, I2 ! 73.62%). 
However, no statistically between-group differences were observed (Q* 
! 0.11, df ! 2, P ! 0.95). 

3.5.2. Effect of dual-task on temporal kinematic measures 
Data from 9 studies (n ! 328) (Akhbari et al., 2015; Brauer et al., 

2002a, 2002b; Brown et al., 1999; Jacobs et al., 2014; Patel and Bhatt, 
2015; Peterson et al., 2020; Redfern et al., 2017; Schinkel-ivy et al., 
2016; Zettel et al., 2008) consisting of 18 subgroups were used to 
compare the temporal features of APRs in ST and DT conditions. No 
significant overall effect was observed for temporal measures between 
ST and DT conditions (Hedges'g $ 0.13, 95% CI: [$0.50, 0.25], P ! 0.47, 
I2 ! 82.06%) (Fig. 3). Sub-group analyses included in 6 studies in elderly 
participants (n ! 75) (Brauer et al., 2002a, 2002b; Brown et al., 1999; 
Jacobs et al., 2014; Peterson et al., 2020; Redfern et al., 2017; Zettel 
et al., 2008), 8 studies in young adult participants, (n ! 98) (Akhbari 
et al., 2015; Brauer et al., 2002a, 2002b; Brown et al., 1999; Patel and 
Bhatt, 2015; Redfern et al., 2017; Zettel et al., 2008), and 6 studies (n !
155) in adults at heightened fall-risk (Brauer et al., 2002a, 2002b), 
neurological impairment (Jacobs et al., 2014; Peterson et al., 2020; 
Schinkel-ivy et al., 2016), or orthopedic (Akhbari et al., 2015) impair-
ments. No significant differences were observed in the temporal 

kinematic characteristics of APRs within old (Hedges'g $ 0.40, 95% CI: 
[$0.83, 0.04], P ! 0.07, I2 ! 59.93%), young (Hedges'g $ 0.09, 95% CI: 
[$0.56, 0.38], P ! 0.71, I2 ! 78.87%), or the neurologically and 
orthopedically impaired adults (Hedges'g 0.13, 95% CI:[$0.74, 1.00], P 
! 0.76, I2 ! 82.06%) (Fig. 3). Similarly, there were no significant dif-
ferences between the 3 groups (Q* ! 2.49, df ! 2, p ! 0.29). 

3.5.3. DT & muscle onset latency 
Muscle onset latency was assessed in 5 studies (n ! 123) (Brauer 

et al., 2002a, 2002b; Patel and Bhatt, 2015; Peterson et al., 2020; Quant 
et al., 2004; Rankin et al., 2000) consisting of 9 subgroups. There was a 
significant overall DT effect, such that muscle onset latencies were 
significantly longer in the DT condition compared to the ST (Hedges'g 
0.49, 95% CI: [0.12, 0.87], P ! 0.003, I2 ! 76.93%) (Fig. 4). 

Subgroup analyses included 3 studies (n ! 41) in older adults (Brauer 
et al., 2002a, 2002b; Peterson et al., 2020; Rankin et al., 2000), 4 studies 
(n ! 53) in young adults (Brauer et al., 2002a, 2002b; Patel and Bhatt, 
2015; Quant et al., 2004; Rankin et al., 2000), and 2 studies (n ! 29) in 
adults at increased fall-risk (Brauer et al., 2002a, 2002b) or with Par-
kinson's Disease (PD) (Peterson et al., 2020). Significantly later muscle 
onsets in the DT condition were observed for adults with PD and at fall- 
risk (Hedges'g 0.41, 95% CI: [0.18, 0.64], P ! 0.001, I2 ! 0,00%) 
(Fig. 4), but not in older (Hedges'g 0.43, 95% CI: [$0.30, 1.16], P ! 0.23, 
I2 ! 84.02%) adult populations. The effect of bordered on significance in 
the and younger adult population (Hedges'g 0.63, 95% CI: [0.00, 1.26], 
P ! 0.05, I2 ! 76.35%) (Fig. 4). Subgroup analyses found no statistically 
significant differences between groups (Q* ! 0.08, df ! 2, P ! 0.96). 

3.5.4. DT & cognitive performance 
Data from 9 studies (n ! 400) and a total of 20 subgroups (Akhbari 

Fig. 2. The effect of dual-task on spatial components of APRs. Hedge's effect sizes and 95% confidence intervals for the spatial features of APRs in single-task (ST) and 
dual-task (DT) conditions in three subgroups of adults: 1) old, 2) young, and 3) adults with increased fall risk, Parkinson's Disease (PD), orthopedic and hearing 
impairments, and multiple sclerosis (MS). (Brauer et al., 2002a, 2002b; Peterson et al., 2020; Jacobs and Kasser, 2012; and Bruce et al., 2019) measured APRs 
backward. (Akhbari et al., 2015; Norrie et al., 2002; Patel and Bhatt, 2015) and (Zettel et al., 2008) measured forward APRs. (Jacobs and Kasser, 2012) normalized 
displacement to % foot length. a indicates a stepping response and the outcome step length. b indicates an “in-place” response and the outcome AP COP displacement. 
c indicates an “in-place” response with the outcome hip extension. Anterior-posterior (AP) center of pressure (COP) displacement was measured relative to baseline. 
The size of the filled circle reflects the weight of the study. Significance was set at p ! 0.05. 
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Fig. 3. The effect of dual-task on temporal components of APRs. Hedge's effect sizes and 95% confidence intervals for the temporal features of APRs in single-task 
(ST) and dual-task (DT) conditions in three subgroups of adults: 1) old, 2) young, and 3) adults with increased fall risk, Parkinson's Disease (PD), stroke, and or-
thopedic impairments. Brauer et al., 2002a, 2002b; Brown et al., 1999; Jacobs et al., 2014; Peterson et al., 2020; and Schinkel-ivy et al., 2016 measured APRs in the 
backward direction. Zettel et al., 2008; Redfern et al., 2017; Patel and Bhatt, 2015; and Akhbari et al., 2015 measured forward APRs. a indicates a stepping response 
and the outcome step latency. b indicates an “in-place” response and the outcome AP COP latency. Step onset and AP COP onsets were measured relative to 
perturbation onset. The size of the filled circle reflects the weight of the study. Significance was set at p ! 0.05. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 4. The effect of dual-task on neuromuscular components of APRs. Hedge's effect sizes and 95% confidence intervals for the muscle onset latencies of APRs in 
single-task (ST) and dual-task (DT) conditions in three subgroups of adults: 1) old, 2) young, and 3) adults with increased fall risk and Parkinson's Disease (PD). 
Muscle onset latencies represent the agonist muscle during the APR. The tibialis anterior was the agonist muscle in Brauer et al., 2002a, 2002b; Peterson et al., 2020; 
Patel and Bhatt, 2015; and Quant et al., 2004. The gastrocnemius muscle was the agonist muscle in Rankin et al., 2000. a indicates a stepping response. b indicates an 
“in-place” response. Muscle onset latencies were measured relative to perturbation onset. The size of the filled circle reflects the weight of the study. Significance was 
set at p ! 0.05. 
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et al., 2015; Brauer et al., 2002a, 2002b; Bruce et al., 2019; Jacobs and 
Kasser, 2012; Kowalewski, 2018; Mochizuki et al., 2017; Patel and 
Bhatt, 2015; Peterson et al., 2020; Redfern et al., 2017) were used to 
assess cognitive performance with a concurrent postural perturbation. 
Overall, cognitive performance was significantly worse in the DT con-
dition compared to ST (Hedges'g $ 0.88, 95% CI: [$1.47, $0.28], P !
0.002, I2 ! 91.36%) (Fig. 5). 

Subgroup analyses included 6 studies in older adults (n ! 121) 
(Brauer et al., 2002a, 2002b; Bruce et al., 2019; Jacobs and Kasser, 
2012; Kowalewski, 2018; Peterson et al., 2020; Redfern et al., 2017), 7 
studies in younger adults (n ! 135) (Akhbari et al., 2015; Brauer et al., 
2002a, 2002b; Bruce et al., 2019; Kowalewski, 2018; Mochizuki et al., 
2017; Patel and Bhatt, 2015; Redfern et al., 2017), and 6 studies (n !
144) (Akhbari et al., 2015; Brauer et al., 2002a, 2002b; Bruce et al., 
2019; Jacobs and Kasser, 2012; Kowalewski, 2018; Peterson et al., 2020) 
in adults at heightened fall-risk (Brauer et al., 2002a, 2002b), adults 
with neurological (Jacobs and Kasser, 2012; Peterson et al., 2020), or-
thopedic (Akhbari et al., 2015) conditions, or adults hearing impair-
ments (Bruce et al., 2019; Kowalewski, 2018). Despite trends indicating 
decrements in cognitive performance in the DT condition in all groups, 
no statistically significant differences were observed for the older adults 
(Hedges'g $1.12, 95% CI: [$2.34, 0.11], P ! 0.07, I2 ! 93.29%), the 
younger adults (Hedges'g $1.08, 95% CI: [$2.23, 0.07], P ! 0.06, I2 !
92.97%), or the group containing the adults with neurological, ortho-
pedic, or hearing impairments (Hedges'g $ 0.55, 95% CI: [$1.21, 0.11], 
P ! 0.10, I2 ! 83.60%) (Fig. 5). Subgroup analysis showed that cognitive 
performance was not significantly different between the 3 groups (Q* !
2.49, df ! 2, p ! 0.29). 

3.6. Publication bias 

Publication bias was evaluated visually using funnel plots and sta-
tistically using Begg's rank test for each meta-analysis (Begg and 
Mazumdar, 1994). Additional information is provided in Supplementary 
File 4; however, in short, there were no significant differences between 
the observed combined effect size and the adjusted value in any meta- 
analyses, indicating the observed effects are likely to be robust to po-
tential publication biases. 

4. Discussion 

This systematic review and meta-analysis synthesized evidence on 
the effect of DT on reactive balance and cognitive performance. Meta- 
analytic and narrative approaches were generally in agreement, indi-
cating that, across all studies 1) spatial but not temporal kinematic as-
pects of postural responses were worse with DT, 2) the neuromuscular 
response is delayed with DT, and 3) cognitive performance was consis-
tently negatively impacted when simultaneously performing a postural 
task. Subgroup analyses indicated relatively consistent effects across 
young adults, older adults, and adults with orthopedic or neurologic 
conditions, although effects were typically smaller when separated into 
subgroups than when combined. The observed deficits in reactive 
postural control while completing a secondary task highlight the need 
for additional work to determine whether such deficits increase the risk 
of falls and, if so, are amenable to rehabilitation. 

Fig. 5. The effect of dual-task on cognitive performance. Hedge's effect sizes and 95% confidence intervals for the cognitive reaction time (ms) and accuracy during 
APRs in single-task (ST) and dual-task (DT) conditions in three subgroups of adults: 1) old, 2) young, and 3) adults with increased fall risk, Parkinson's Disease (PD), 
multiple sclerosis (MS), stroke, and orthopedic and hearing impairments. a indicates a stepping response. b indicates an “in-place” response. # indicates the cognitive 
performance outcome was reaction time (ms). ## indicates cognitive performance accuracy. Akhbari et al., 2015; Brauer et al., 2002a, 2002b; Jacobs and Kasser, 
2012; and Peterson et al., 2020 measured reaction times during the auditory Stroop test. Redfern et al., 2017 applied an auditory choice reaction time task. Bruce 
et al., 2019 used the auditory working memory “n-back” task, Mochizuki et al., 2017 used an error-perception task, Patel and Bhatt, 2015 applied an alphanumerical 
sequencing task, Kowalewski, 2018 utilized a Bamford-Kowal-Bench Speech-In-Noise (BKB-SIN) test. The size of the filled circle reflects the weight of the study. 
Significance was set at p ! 0.05. 
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4.1. Dual-tasking and APRs 

A consistent finding in the current analysis was the worsening of 
cognitive performance when completed simultaneously with the 
postural task. Overall, we observed a combined effect size of $0.88 in 
the meta-analysis and 76% of manuscripts in the narrative analysis 
reporting worse cognitive performance under DT conditions. This effect 
was larger than the reduction in kinematic postural performance while 
DT, where effect sizes were $0.34 and $0.13 for spatial and temporal 
outcomes, respectively. The observation that cognitive performance was 
more robustly negatively affected while DT than postural deficits may 
indicate a relative posture-first prioritization under reactive balance 
conditions. That is- individuals generally seemed to quickly redirect 
attention to the APR after perturbations, likely at the expense of delayed 
and less accurate responses to the cognitive task (Brauer et al., 2002a, 
2002b; Quant et al., 2004). However, inferences concerning prioritiza-
tion are speculative, as we could not quantify task prioritization rigor-
ously and accurately via meta-analytic approaches. 

Despite possible prioritization of postural tasks, significant deficits in 
spatial APR outcomes (step length, COP displacement) with DT were 
observed. Further, after postural perturbations, muscle onset latency 
was consistently (85% of studies in narrative analysis) and robustly 
(mean effect size of 0.49 in meta-analysis) negatively impacted with the 
addition of a secondary task. These findings may, at first glance, be 
surprising given the presumed automaticity of APRs and their reliance 
on sub-cortical structures (Nonnekes et al., 2015). Indeed, brainstem 
structures such as the pontomedullary reticular formation are critical for 
reactive postural control in general, particularly the initial muscular 
response (Nonnekes et al., 2015). However, converging results indicate 
that cortical structures are important in reactive postural control (Bol-
ton, 2015; Jacobs and Horak, 2007); see below for additional details. 
Therefore, it is reasonable that adding a secondary cognitive task im-
pacts APRs. Specifically, and despite the relatively automatic release of 
APRs, the current results indicate that reactive postural responses seem 
to be negatively affected by secondary distractive stimuli both at the 
neuromuscular level and the whole-body kinematic response (albeit 
perhaps in a less robust way). 

The lack of DT impact on temporal kinematic outcomes is inter-
esting, particularly in light of the delayed neuromuscular response with 
DT. The apparent inconsistency between neuromuscular onset and 
temporal kinematic findings may be due to the small amplitude of effects 
on neuromuscular outcomes. For example, the median effect of DT 
across all studies in the meta-analysis was to delay EMG responses by 4 
ms (all but one had a mean effect of !10 ms). Therefore, although this 
effect was consistent, the effect was small and thus less likely to impact 
the timing of whole-body kinematic responses. 

4.2. Subgroup analyses 

Figs. 2‑5 report the impact of secondary tasks across younger healthy 
adults, older healthy adults, and “other” populations (i.e., individuals 
with neurological or orthopedic diagnoses). We observed meta-analytic 
effects to be relatively consistent across groups for all outcomes (spatial 
kinematic, temporal kinematic, neuromuscular response, cognitive 
performance) as across-group effect sizes were not significantly 
different. Similarly, we observed similar descriptive trends in prioriti-
zation across groups, such that there was a modest posture-first priori-
tization in all groups. This is in contrast to some individual reports on 
prioritization during DT gait, which indicate, for example, that older 
adults display increased reliance on the posture-first compared to young 
adults (Yogev-Seligmann et al., 2010, 2012). While this provides some 
initial insight into potential differences (or lack thereof) in reactive 
postural control across subgroups, additional research is necessary to 
confirm these observations. For example, although outside of the scope 
of the current analysis, it is possible that different subgroup classifica-
tions, such as cognitive or mobility status, may provide more targeted 

insight into differences in DT on APRs across groups. 

4.3. Neurophysiology of DT reactive stepping 

Recent work indicates that responses to external postural perturba-
tions may be mitigated by a distributed network extending across spinal, 
brainstem, subcortical, and cortical regions. Specifically, while the 
earliest (short and medium latency) responses likely rely on spinal and 
brainstem circuitry, later and more functional responses such as step-
ping and reaching utilize cortical structures. Indeed, neurophysiological 
probes have specifically linked several cortical regions to postural re-
sponses following external perturbations (for reviews, see (Bolton, 2015; 
Jacobs and Horak, 2007; Maki and McIlroy, 2007)). 

In particular, investigations of the cortical potentials and oscillatory 
activity before and during perturbations have solidified the role of the 
cortex in reactive balance (Varghese et al., 2017). This work shows that 
a series of cortical potentials occur from approximately 30 to 400 ms 
after the external perturbation and are influenced by a number of 
perturbation and attentional manipulations. For example, Solis- 
Escalante et al. used high-density EEG to describe the cascade of oscil-
latory cortical patterns from preparation to execution of reactive bal-
ance that included visual, somatosensory, and prefrontal cortices, 
among others (Solis-Escalante et al., 2019). Further, several recent 
studies described specific links between cortical activity and reactive 
balance, showing that the amplitude and oscillatory activity of cortical 
responses to perturbations 1) are not scaled directly to muscle response 
size, but rather are linked to the perceived threat of the perturbation 
(Payne and Ting, 2020b), 2) are inversely correlated to balance ability in 
young (Ghosn et al., 2020; Payne and Ting, 2020a) and older adults 
(Palmer et al., 2021), and 3) may be larger when a reactive step is 
planned in advance (Payne and Ting, 2020b). These data underscore not 
only the role of the cortex in reactive movements (and in particular, 
reactive stepping) across the lifespan but also the complex relationship 
between cortical activity and these behaviors. 

Finally, it is notable that postural responses also rely on deep brain 
structures, including the cerebellum (to support modification and 
adaptation of postural response gain based on experience) (Horak and 
Diener, 1994; Timmann and Horak, 1997); and the basal ganglia (to 
support pre-selection and optimization of postural responses based on 
context). Together, these results underscore the reliance of reactive 
postural control on a distributed and diverse cortical and subcortical 
network. This would suggest that some aspects of reactive movements 
are impacted in circumstances of altered attention—a finding born out 
in the current analyses. 

4.4. Application of existing attentional frameworks to DT reactive 
postural control 

Mapping findings of DT reactive stepping to established attentional 
frameworks can facilitate a deeper understanding of mechanisms and 
deficits in this behavior. Early work on the attention system by Peterson 
and Posner (Petersen and Posner, 2012; Posner and Petersen, 1990) 
proposed a framework where three distinct attentional components 
(alerting, orienting, and executive) operate on sensory, decisional, and 
motor representations to optimize behavior. Alerting is a brainstem- 
mediated attentional component that modulates changes in alertness 
to events happening in the environment. Orienting is an attentional 
component grounded in a frontal-parietal network of regions that pri-
oritize and shift between goal-relevant stimuli. Executive function is a 
frontally-mediated interference control system that manages tradeoffs in 
processing goal-relevant and goal-irrelevant information. 

This attention network framework provides insight into the rela-
tionship between attention and reactive postural control. DT reactive 
stepping presents simultaneous and competing goals of cognitive and 
balance tasks and requires that attention be prioritized across tasks and 
dynamically shifted between them. This process utilizes the above 
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alerting, orienting, and executive functions (and likely more), and the 
inability to effectively engage these functions may contribute to DTI. For 
example, the orienting function of attention may be particularly 
important for reactive balance when completing a secondary task, given 
the need to shift quickly across tasks. This was demonstrated by Norrie 
and colleagues, where participants executed a continuous motor 
tracking task while the ground was shifted underfoot. This allowed 
precise identification of short-and medium latency postural responses 
(e.g., EMG onset) and temporal information regarding the attentional 
shift away from the continuous, secondary task. Interestingly, the first 
short/medium latency reactive balance components were executed 
before a complete redirection of attention. That is, the first EMG bursts 
from relevant leg muscles occurred before the disruption of secondary 
task performance (see (Norrie et al., 2002), Fig. 1). Notably, a follow-up 
study by Zettel and colleagues indicated little differences across young 
and older adults in their ability to redirect attention across tasks (Zettel 
et al., 2008). 

Executive components may contribute to the prioritization across 
tasks. As noted above, the consistent finding that cognitive performance 
is negatively impacted when an APR is imminent indicates that people 
typically allocate attention to this impending task before they are forced 
to redirect attention to it quickly. This is perhaps unsurprising given the 
salience of the balance perturbations (the risk of performing poorly on 
the balance task could result in a fall). However, additional work will be 
important to understand further how prioritization may shift between 
reactive balance and secondary cognitive tasks when the degree of dif-
ficulty of both tasks are systematically varied. 

Clearly, although different aspects of APRs may be loosely assigned 
to various aspects of this particular attentional model, additional 
research is necessary to more directly test these ideas by examining 
attention network components, potentially under conditions of DTI. It is 
possible that one or multiple attentional components interact with 
brainstem-mediated postural control to maintain balance when atten-
tion is divided. 

4.5. Implications for rehabilitation 

Reactive stepping ability generally (Maki and McIlroy, 1997; 
Mansfield et al., 2015; Mansfield et al., 2013) and, in particular, spatial 
reactive outcomes (Batcir et al., 2020) have been related to falls. 
Therefore, deficits in the amplitude of reactive stepping with DT may 
place individuals at greater fall risk, and DT reactive stepping outcomes 
may be a future target for fall-prevention rehabilitation. Indeed, previ-
ous work indicates that DT training is beneficial for walking with 
divided attention (Brauer and Morris, 2010; Canning et al., 2007; Fok 
et al., 2012). Similarly, cognitive training to supplement DT APR 
training may also be considered a target for research. For example, 
incorporating cognitive aspects to motor rehabilitation can lower fall- 
risk greater than motor training alone (Mirelman et al., 2016). As 
noted above, DT reactive balance responses require quick redirection or 
switching of attention (Jacobs and Horak, 2007). Therefore, a cognitive 
training task that targets this domain may translate into faster APRs. 
Interestingly, little published work to date has examined DT training in 
the context of APRs. Work from our research group has begun to explore 
this topic, showing that one day of practice may improve DT reactive 
step length and cognitive performance, but not step latency, in people 
with PD (Monaghan et al., 2021). These results provide preliminary 
evidence that such outcomes may be amenable to change. However, 
additional investigation is warranted to determine the effectiveness of 
DT APR training for step performance and in-home fall reduction. 

4.6. Limitations 

First, some of the desired statistics (e.g., r values between single- and 
dual-task measures) used to compute effect sizes for dependent samples 
were unavailable. Therefore, effect sizes were calculated using Hedge's g 

(Hirst et al., 2018). Second, there was substantial heterogeneity in our 
analyses (Figs. 2‑5), which could partially hamper interpretability. The 
heterogeneity may be due to the varying administration methods to 
induce APRs. Third, we could not quantify prioritization between the 
APR and the cognitive task accurately because raw data would be 
required. Finally, we used vote-counting per the Cochrane Review 
Handbook in the narrative analysis (McKenzie and Brennan, 2021). This 
analysis incorporated the maximal amount of available data, but this 
method does not consider the amplitude of the effect. 

5. Conclusions 

Specific aspects of APRs and cognitive performance are impaired 
when performed in a DT context. Specifically, cognitive performance, 
neuromuscular onset, and spatial kinematic outcomes (but not temporal 
kinematic outcomes) seem to be worse under DT conditions. The syn-
thesis of this evidence may facilitate identification of targets for fall- 
prevention rehabilitation. Falls often occur when attention is divided, 
a ubiquitous feature of daily life. Given the importance of APRs to fall 
prevention and the deficits in APRs under DT scenarios observed in this 
review, future research should investigate the effectiveness of DT APR 
training and its generalizability to falls. 

Funding 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 

CRediT authorship contribution statement 

Andrew S. Monaghan: Data curation, Formal analysis, Methodol-
ogy, Visualization, Writing – original draft, Writing – review & editing. 
Hanna Johansson: Conceptualization, Data curation, Formal analysis, 
Methodology, Resources, Software, Validation, Writing – review & 
editing. Alexis Torres: Writing – original draft, Writing – review & 
editing. Gene A. Brewer: Writing – original draft, Writing – review & 
editing. Daniel S. Peterson: Conceptualization, Data curation, Meth-
odology, Project administration, Supervision, Validation, Writing – re-
view & editing. 

Declaration of competing interest 

None. 

Acknowledgments 

We would like to thank Adrian Jimenez and Lindsey Masterson for 
their assistance with data extraction. We would also like to thank all the 
authors who complied with our request for data. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.exger.2022.111759. 

References 

Akhbari, B., Salavati, M., Ahadi, J., Ferdowsi, F., Sarmadi, A., Keyhani, S., 
Mohammadi, F., 2015. Reliability of dynamic balance simultaneously with cognitive 
performance in patients with ACL deficiency and after ACL reconstructions and in 
healthy controls. Knee Surg. Sports Traumatol. Arthrosc. 23 (11), 3178–3185. 
https://doi.org/10.1007/s00167-014-3116-0. 

Batcir, S., Shani, G., Shapiro, A., Alexander, N., Melzer, I., 2020. The kinematics and 
strategies of recovery steps during lateral losses of balance in standing at different 
perturbation magnitudes in older adults with varying history of falls. BMC Geriatr. 
20 (1), 249. https://doi.org/10.1186/s12877-020-01650-4. 

Begg, C.B., Mazumdar, M., 1994. Operating characteristics of a rank correlation test for 
publication bias. Biometrics 50 (4), 1088–1101. https://doi.org/10.2307/2533446. 

A.S. Monaghan et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.exger.2022.111759
https://doi.org/10.1016/j.exger.2022.111759
https://doi.org/10.1007/s00167-014-3116-0
https://doi.org/10.1186/s12877-020-01650-4
https://doi.org/10.2307/2533446


([SHULPHQWDO *HURQWRORJ\ ��� ������ ������

��

Beretta, V.S., Santos, P.C.R., Jaimes, D.A.R., Pestana, M.B., Jimenez, A.M.F., 
Scarabottolo, C.C., Gobbi, L.T.B., 2019. Postural adjustments of active youths in 
perturbation and dual-task conditions. Rev. Bras. Med. Esporte 25 (5), 428–432. 
https://doi.org/10.1590/1517-869220192505189240. 

Bolton, D.A.E., 2015. The role of the cerebral cortex in postural responses to externally 
induced perturbations. Neurosci. Biobehav. Rev. 57, 142–155. https://doi.org/ 
10.1016/j.neubiorev.2015.08.014. 

Brauer, S.G., Woollacott, M., Shumway-cook, A., 2002. In: The influence of a concurrent 
cognitive task on the compensatory stepping response to a perturbation in balance- 
impaired and healthy elders, 15, pp. 83–93. 

Brauer, Sandra G., Morris, M.E., 2010. Can people with Parkinson's disease improve dual 
tasking when walking? Gait Posture 31 (2), 229–233. https://doi.org/10.1016/j. 
gaitpost.2009.10.011. 

Brauer, Woollacott, M., Shumway-Cook, A., 2002. The influence of a concurrent 
cognitive task on the compensatory stepping response to a perturbation in balance- 
impaired and healthy elders. Gait Posture 15 (1), 83–93. https://doi.org/10.1016/ 
S0966-6362(01)00163-1. 

Brown, L.A., Shumway-Cook, A., Woollacott, M.H., 1999. Attentional demands and 
postural recovery: the effects of aging. J.Gerontol.A Biol.Sci.Med.Sci. 54 (4), 
165–171. https://doi.org/10.1093/gerona/54.4.M165. 

Brown, L.D., Cai, T.T., DasGupta, A., 2001. Interval estimation for a binomial proportion. 
Stat. Sci. 16 (2), 101–133. https://doi.org/10.1214/ss/1009213286. 

Bruce, H., Aponte, D., St-Onge, N., Phillips, N., Gagn!e, J.P., Li, K.Z.H., 2019. The effects 
of age and hearing loss on dual-task balance and listening. J.Gerontol.B Psychol.Sci. 
Soc.Sci. 74 (2), 275–283. https://doi.org/10.1093/geronb/gbx047. 

Canning, C.G., Ada, L., Woodhouse, E., 2007. Multiple-task walking training in people 
with mild to moderate Parkinson's disease: a pilot study. Clin. Rehabil. 22 (3), 
226–233. https://doi.org/10.1177/0269215507082341. 

Cheng, K.C., Pratt, J., Maki, B.E., 2013. Do aging and dual-tasking impair the capacity to 
store and retrieve visuospatial information needed to guide perturbation-evoked 
reach-to-grasp reactions? PLoS ONE 8 (11), 1–16. https://doi.org/10.1371/journal. 
pone.0079401. 

Cumming, G., 2012. Understanding the New Statistics: Effect Sizes, Confidence Intervals, 
And Meta-analysis. Routledge. 

Dunlap, W.P., Cortina, J.M., Vaslow, J.B., Burke, M.J., 1996. Meta-analysis of 
experiments with matched groups or repeated measures designs. Psychol. Methods 1 
(2), 170–177. https://doi.org/10.1037/1082-989X.1.2.170. 

Fok, P., Farrell, M., McMeeken, J., 2012. The effect of dividing attention between 
walking and auxiliary tasks in people with Parkinson's disease. Hum. Mov. Sci. 31 
(1), 236–246. https://doi.org/10.1016/j.humov.2011.05.002. 

Ghosn, N.J., Palmer, J.A., Borich, M.R., Ting, L.H., Payne, A.M., 2020. Cortical beta 
oscillatory activity evoked during reactive balance recovery scales with perturbation 
difficulty and individual balance ability. Brain Sci. 10 (11), 860. https://doi.org/ 
10.3390/brainsci10110860. 

Hedges, L.V., 1981. Distribution theory for glass's estimator of effect size and related 
estimators. J. Educ. Stat. 6 (2), 107–128. https://doi.org/10.3102/ 
10769986006002107. 

Hemmati, L, Piroozi, S, Rojhani-Shirazi, Z, 2018. Effect of dual tasking on anticipatory 
and compensatory postural adjustments in response to external perturbations in 
individuals with nonspecific chronic low back pain: Electromyographic analysis. 
J. Back Musculoskelet Rehabil. 31 (3), 489–497. https://doi.org/10.3233/BMR- 
170992. 

Hirst, R.J., Cragg, L., Allen, H.A., 2018. Vision dominates audition in adults but not 
children: a meta-analysis of the Colavita effect. Neurosci. Biobehav. Rev. 94 
(October 2017), 286–301. https://doi.org/10.1016/j.neubiorev.2018.07.012. 

Horak, F.B., Diener, H.C., 1994. Cerebellar control of postural scaling and central set in 
stance. J. Neurophysiol. 72 (2), 479–493. https://doi.org/10.1152/ 
jn.1994.72.2.479. 

Jacobs, J.V., Horak, F.B., 2006. Abnormal proprioceptive-motor integration contributes 
to hypometric postural responses of subjects with Parkinson's disease. Neuroscience 
141 (2), 999–1009. https://doi.org/10.1016/j.neuroscience.2006.04.014. 

Jacobs, J.V., Horak, F.B., 2007. Cortical control of postural responses. J. Neural Transm. 
114 (10), 1339–1348. https://doi.org/10.1007/s00702-007-0657-0.Cortical. 

Jacobs, J.V., Nutt, J.G., Carlson-Kuhta, P., Allen, R., Horak, F.B., 2014. In: Dual tasking 
during postural stepping responses increases falls but not freezing in people with 
Parkinson's disease, 20(7), pp. 779–781. https://doi.org/10.1016/j. 
parkreldis.2014.04.001.Dual. 

Jacobs, Jesse V., Kasser, S.L., 2012. Effects of dual tasking on the postural performance of 
people with and without multiple sclerosis: a pilot study. J. Neurol. 259 (6), 
1166–1176. https://doi.org/10.1007/s00415-011-6321-5. 

Kowalewski, V., 2018. Hearing loss contributes to balance difficulties in both younger 
and older adults. J. Prev. Med. 03 (02), 1–11. https://doi.org/10.21767/2572- 
5483.100033. 

Laing, JM, Tokuno, CD, 2016. The effects of dual-tasking on arm muscle responses in 
young and older adults. Hum. Mov. Sci. 46, 159–166. https://doi.org/10.1016/j. 
humov.2016.01.003. 

Lakens, D., 2013. Calculating and reporting effect sizes to facilitate cumulative science: a 
practical primer for t-tests and ANOVAs. In: Frontiers in Psychology, Vol. 4, p. 863 
https://www.frontiersin.org/article/10.3389/fpsyg.2013.00863.  

Little, Elaine C, Woollacott, Marjorie, 2014. Effect of attentional interference on balance 
recovery in older adults. Exp. Brain Res. 232 (7), 2049–2060. https://doi.org/ 
10.1007/s00221-014-3894-0. 

Maki, B.E., McIlroy, W.E., 2007. Cognitive demands and cortical control of human 
balance-recovery reactions. J. Neural Transm. 114 (10), 1279–1296. https://doi. 
org/10.1007/s00702-007-0764-y. 

Maki, Brian E., McIlroy, W.E., 1997. The role of limb movements in maintaining upright 
stance: the “change- in-support” strategy. Phys. Ther. 77 (5), 488–507. https://doi. 
org/10.1093/ptj/77.5.488. 

Mansfield, A., Wong, J.S., McIlroy, W.E., Biasin, L., Brunton, K., Bayley, M., Inness, E.L., 
2015. Do measures of reactive balance control predict falls in people with stroke 
returning to the community? Physiotherapy (United Kingdom) 101 (4), 373–380. 
https://doi.org/10.1016/j.physio.2015.01.009. 

Maki, B, Zecevic, A, Bateni, H, Kirshenbaum, N, McIlroy, W, 2001. Cognitive demands of 
executing postural reactions: does aging impede attention switching? Neuroreport 
12 (16), 3583–3587. https://doi.org/10.1097/00001756-200111160-00042. 

Mansfield, Avril, Inness, E.L., Wong, J.S., Fraser, J.E., McIlroy, W.E., 2013. Is impaired 
control of reactive stepping related to falls during inpatient stroke rehabilitation? 
Neurorehabil. Neural Repair 27 (6), 526–533. https://doi.org/10.1177/ 
1545968313478486. 

McIlroy, W.E., Maki, B.E., 1996. Age-related changes in compensatory stepping in 
response to unpredictable perturbations. J.Gerontol.A 51A (6), M289–M296. 
https://doi.org/10.1093/gerona/51A.6.M289. 

McKenzie, J.E., Brennan, S.E., 2021. Synthesizing and presenting findings using other 
methods. p. n.p. In: Higgins, J., Thomas, J., Chandler, J., Cumpston, M., Li, T., 
Page, M., Welch, V. (Eds.), Cochrane Handbook for Systematic Reviews of 
Interventions, Cochrane, 6.2. www.training.cochrane.org/handbook.  

Mersmann, F, Bohm, S, Bierbaum, S, Dietrich, R, Arampatzis, A, 2013. Young and old 
adults prioritize dynamic stability control following gait perturbations when 
performing a concurrent cognitive task. Gait Posture 37 (3), 373–377. https://doi. 
org/10.1016/j.gaitpost.2012.08.005. 

Mileti, I., Taborri, J., Rossi, S., Del Prete, Z., Paoloni, M., Suppa, A., Palermo, E., 2019. 
Reactive postural responses to continuous yaw perturbations in healthy humans: the 
effect of aging. Sensors (Basel, Switzerland) 20 (1), 63. https://doi.org/10.3390/ 
s20010063. 

Mirelman, A., Rochester, L., Maidan, I., Del Din, S., Alcock, L., Nieuwhof, F., Rikkert, M. 
O., Bloem, B.R., Pelosin, E., Avanzino, L., Abbruzzese, G., Dockx, K., Bekkers, E., 
Giladi, N., Nieuwboer, A., Hausdorff, J.M., 2016. Addition of a non-immersive 
virtual reality component to treadmill training to reduce fall risk in older adults (V- 
TIME): a randomised controlled trial. Lancet 388 (10050), 1170–1182. https://doi. 
org/10.1016/S0140-6736(16)31325-3. 

Mochizuki, G., Boe, S.G., Marlin, A., McIlroy, W.E., 2017. Performance of a concurrent 
cognitive task modifies pre- and post-perturbation-evoked cortical activity. 
Neuroscience 348, 143–152. https://doi.org/10.1016/j.neuroscience.2017.02.014. 

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., 2009. Preferred reporting items for 
systematic reviews and meta-analyses: the PRISMA statement. BMJ 339, b2535. 
https://doi.org/10.1136/bmj.b2535. 

Monaghan, A.S., Finley, J.M., Mehta, S.H., Peterson, D.S., 2021. Assessing the impact of 
dual-task reactive step practice in people with Parkinson's disease: a feasibility study. 
Hum. Mov. Sci. 80, 102876 https://doi.org/10.1016/j.humov.2021.102876. 

Moola, S., Munn, Z., Tufanaru, C., Aromataris, E., Sears, K., Sfetc, R., Currie, M., Lisy, K., 
Qureshi, R., Mattis, P., Mu, P., 2020. Systematic reviews of etiology and risk. In: 
Aromataris, E., Munn, Z. (Eds.), JBI Manual for Evidence Synthesis. https://doi.org/ 
10.46658/JBIMES-20-08. 

Morris, M., Iansek, R., Smithson, F., Huxham, F., 2000. Postural instability in Parkinson's 
disease: a comparison with and without a concurrent task. Gait Posture 12 (3), 
205–216. https://doi.org/10.1016/S0966-6362(00)00076-X. 

Müller, Martijn, Jennings, Richard, Redfern, Mark, Furman, Joseph, 2004. Effect of 
Preparation on Dual-Task Performance in Postural Control. Journal of Motor 
Behavior 36 (2), 137–146. https://doi.org/10.3200/JMBR.36.2.137-146. 

Müller, M, Redfern, M, Jennings, J, 2007. Postural prioritization defines the interaction 
between a reaction time task and postural perturbations. Exp Brain Res 183 (4), 
447–456. https://doi.org/10.1007/s00221-007-1065-2. 

Nonnekes, J., Scotti, A., Oude Nijhuis, L.B., Smulders, K., Queralt, A., Geurts, A.C.H., 
Bloem, B.R., Weerdesteyn, V., 2013. Are postural responses to backward and forward 
perturbations processed by different neural circuits? Neuroscience 245, 109–120. 
https://doi.org/10.1016/j.neuroscience.2013.04.036. 

Nnodim, J, Kim, H, Ashton-Miller, J, 2013. Effect of a vocal choice reaction time task on 
the kinematics of the first recovery step after a sudden underfoot perturbation during 
gait. Gait Posture 37 (1). https://doi.org/10.1016/j.gaitpost.2012.06.002. 

Nnodim, J, Kim, H, Ashton-Miller, J, 2016. Dual-task performance in older adults during 
discrete gait perturbation. Exp Brain Res 234 (4), 1077–1084. https://doi.org/ 
10.1007/s00221-015-4533-0. 

Nonnekes, Jorik, Carpenter, M.G., Inglis, J.T., Duysens, J., Weerdesteyn, V., 2015. What 
startles tell us about control of posture and gait. Neurosci. Biobehav. Rev. 53, 
131–138. https://doi.org/10.1016/j.neubiorev.2015.04.002. 

Norrie, R.G., Maki, B.E., Staines, R.W., McIlroy, W.E., 2002. The time course of attention 
shifts following perturbation of upright stance. Exp. Brain Res. 146 (3), 315–321. 
https://doi.org/10.1007/s00221-002-1172-z. 

Okubo, Y., Sturnieks, D.L., Brodie, M.A., Duran, L., Lord, S.R., Newman, A., 2019. Effect 
of reactive balance training involving repeated slips and trips on balance recovery 
among older adults: a blinded randomized controlled trial. J.Gerontol.A Biol.Sci. 
Med.Sci.s 74 (9). https://doi.org/10.1093/gerona/glz021. 

Ouzzani, M., Hammady, H., Fedorowicz, Z., Elmagarmid, A., 2016. Rayyan—a web and 
mobile app for systematic reviews. Syst.Rev. 5 (1), 210. https://doi.org/10.1186/ 
s13643-016-0384-4. 

Palmer, J.A., Payne, A.M., Ting, L.H., Borich, M.R., 2021. Cortical engagement metrics 
during reactive balance are associated with distinct aspects of balance behavior in 
older adults. Front. Aging Neurosci. 13, 684743 https://doi.org/10.3389/ 
fnagi.2021.684743. 

Pashler, H., 1984. Processing stages in overlapping tasks: evidence for a central 
bottleneck. In: Journal of Experimental Psychology: Human Perception and 

A.S. Monaghan et al.                                                                                                                                                                                                                           

https://doi.org/10.1590/1517-869220192505189240
https://doi.org/10.1016/j.neubiorev.2015.08.014
https://doi.org/10.1016/j.neubiorev.2015.08.014
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261341268767
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261341268767
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261341268767
https://doi.org/10.1016/j.gaitpost.2009.10.011
https://doi.org/10.1016/j.gaitpost.2009.10.011
https://doi.org/10.1016/S0966-6362(01)00163-1
https://doi.org/10.1016/S0966-6362(01)00163-1
https://doi.org/10.1093/gerona/54.4.M165
https://doi.org/10.1214/ss/1009213286
https://doi.org/10.1093/geronb/gbx047
https://doi.org/10.1177/0269215507082341
https://doi.org/10.1371/journal.pone.0079401
https://doi.org/10.1371/journal.pone.0079401
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261346375074
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261346375074
https://doi.org/10.1037/1082-989X.1.2.170
https://doi.org/10.1016/j.humov.2011.05.002
https://doi.org/10.3390/brainsci10110860
https://doi.org/10.3390/brainsci10110860
https://doi.org/10.3102/10769986006002107
https://doi.org/10.3102/10769986006002107
https://doi.org/10.3233/BMR-170992
https://doi.org/10.3233/BMR-170992
https://doi.org/10.1016/j.neubiorev.2018.07.012
https://doi.org/10.1152/jn.1994.72.2.479
https://doi.org/10.1152/jn.1994.72.2.479
https://doi.org/10.1016/j.neuroscience.2006.04.014
https://doi.org/10.1007/s00702-007-0657-0.Cortical
https://doi.org/10.1016/j.parkreldis.2014.04.001.Dual
https://doi.org/10.1016/j.parkreldis.2014.04.001.Dual
https://doi.org/10.1007/s00415-011-6321-5
https://doi.org/10.21767/2572-5483.100033
https://doi.org/10.21767/2572-5483.100033
https://doi.org/10.1016/j.humov.2016.01.003
https://doi.org/10.1016/j.humov.2016.01.003
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261348073234
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261348073234
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261348073234
https://doi.org/10.1007/s00221-014-3894-0
https://doi.org/10.1007/s00221-014-3894-0
https://doi.org/10.1007/s00702-007-0764-y
https://doi.org/10.1007/s00702-007-0764-y
https://doi.org/10.1093/ptj/77.5.488
https://doi.org/10.1093/ptj/77.5.488
https://doi.org/10.1016/j.physio.2015.01.009
https://doi.org/10.1097/00001756-200111160-00042
https://doi.org/10.1177/1545968313478486
https://doi.org/10.1177/1545968313478486
https://doi.org/10.1093/gerona/51A.6.M289
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261349359210
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261349359210
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261349359210
http://refhub.elsevier.com/S0531-5565(22)00067-5/rf202202261349359210
https://doi.org/10.1016/j.gaitpost.2012.08.005
https://doi.org/10.1016/j.gaitpost.2012.08.005
https://doi.org/10.3390/s20010063
https://doi.org/10.3390/s20010063
https://doi.org/10.1016/S0140-6736(16)31325-3
https://doi.org/10.1016/S0140-6736(16)31325-3
https://doi.org/10.1016/j.neuroscience.2017.02.014
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1016/j.humov.2021.102876
https://doi.org/10.46658/JBIMES-20-08
https://doi.org/10.46658/JBIMES-20-08
https://doi.org/10.1016/S0966-6362(00)00076-X
https://doi.org/10.3200/JMBR.36.2.137-146
https://doi.org/10.1007/s00221-007-1065-2
https://doi.org/10.1016/j.neuroscience.2013.04.036
https://doi.org/10.1016/j.gaitpost.2012.06.002
https://doi.org/10.1007/s00221-015-4533-0
https://doi.org/10.1007/s00221-015-4533-0
https://doi.org/10.1016/j.neubiorev.2015.04.002
https://doi.org/10.1007/s00221-002-1172-z
https://doi.org/10.1093/gerona/glz021
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.3389/fnagi.2021.684743
https://doi.org/10.3389/fnagi.2021.684743


([SHULPHQWDO *HURQWRORJ\ ��� ������ ������

��

Performance, Vol. 10. American Psychological Association, pp. 358–377. https:// 
doi.org/10.1037/0096-1523.10.3.358. Issue 3.  

Pashler, H., 1994. Dual-task interference in simple tasks: data and theory. In: 
Psychological Bulletin, Vol. 116. American Psychological Association, pp. 220–244. 
https://doi.org/10.1037/0033-2909.116.2.220. Issue 2.  

Patel, P.J., Bhatt, T., 2015. Attentional demands of perturbation evoked compensatory 
stepping responses: examining cognitive-motor interference to large magnitude 
forward perturbations. J. Mot. Behav. 47 (3), 201–210. https://doi.org/10.1080/ 
00222895.2014.971700. 

Payne, A.M., Ting, L.H., 2020a. Worse balance is associated with larger perturbation- 
evoked cortical responses in healthy young adults. GaitPosture 80, 324–330. https:// 
doi.org/10.1016/j.gaitpost.2020.06.018. 

Payne, A.M., Ting, L.H., 2020b. Balance perturbation-evoked cortical N1 responses are 
larger when stepping and not influenced by motor planning. J. Neurophysiol. 124 
(6), 1875–1884. https://doi.org/10.1152/jn.00341.2020. 

Petersen, S.E., Posner, M.I., 2012. The attention system of the human brain: 20 years 
after. Annu. Rev. Neurosci. 35, 73–89. https://doi.org/10.1146/annurev-neuro- 
062111-150525. 

Peterson, D., Barajas, J., Denney, L., Mehta, S., 2020. Backward protective stepping 
during dual-task scenarios in people with Parkinson's disease: a pilot study. 
Neurorehabil. Neural Repair 34 (8), 702–710. https://doi.org/10.1177/ 
1545968320935814. 

Peterson, D.S., Dijkstra, B.W., Horak, F.B., 2016. Postural motor learning in people with 
Parkinson's disease. J. Neurol. 5 (6), 1–8. https://doi.org/10.4172/2157- 
7633.1000305.Improved. 

Peterson, D.S., Huisinga, J.M., Spain, R., Horak, F.B., 2016. Characterization of 
compensatory stepping in people with multiple sclerosis. Arch. Phys. Med. Rehabil. 
97 (4), 513–521. https://doi.org/10.1002/cncr.27633.Percutaneous. 

Posner, M.I., Petersen, S.E., 1990. The attention system of the human brain. Annu. Rev. 
Neurosci. 13 (1), 25–42. https://doi.org/10.1146/annurev.ne.13.030190.000325. 

Quant, S., Adkin, A.L., Staines, W.R., Maki, B.E., McIlroy, W.E., 2004. The effect of a 
concurrent cognitive task on cortical potentials evoked by unpredictable balance 
perturbations. BMC Neurosci. 5, 18. https://doi.org/10.1186/1471-2202-5-18. 

Rankin, J.K., Woollacott, M.H., Shumway-Cook, A., Brown, L.A., 2000. Cognitive 
influence on postural stability: a neuromuscular analysis in young and older adults. 
J.Gerontol.A Biol.Sci.Med.Sci. 55 (3), 112–119. https://doi.org/10.1093/gerona/ 
55.3.M112. 

Redfern, M.S., Chambers, A.J., Jennings, J.R., Furman, J.M., 2017. Sensory and motoric 
influences on attention dynamics during standing balance recovery in young and 
older adults. Exp. Brain Res. 235 (8), 2523–2531. https://doi.org/10.1007/s00221- 
017-4985-5. 

Salot, P., Patel, P., Bhatt, T., 2016. Reactive balance in individuals with chronic stroke: 
biomechanical factors related to perturbation-induced backward falling. Phys. Ther. 
96 (3), 338–347. https://doi.org/10.2522/ptj.20150197. 

Schinkel-ivy, A., Huntley, A.H., Inness, E.L., Mansfield, A., 2016. Timing of reactive 
stepping among individuals with sub-acute stroke: effects conditions. HLY. https:// 
doi.org/10.1016/j.heliyon.2016.e00186. July.  

Soangra, R, Lockhart, T, 2017. Dual-task does not increase slip and fall risk in healthy 
young and older adults during walking. Appl Bionics Biomech. https://doi.org/ 
10.1155/2017/1014784. 

Solis-Escalante, T., van der Cruijsen, J., de Kam, D., van Kordelaar, J., Weerdesteyn, V., 
Schouten, A.C., 2019. Cortical dynamics during preparation and execution of 
reactive balance responses with distinct postural demands. NeuroImage 188, 
557–571. https://doi.org/10.1016/j.neuroimage.2018.12.045. 

Sturnieks, D.L., Menant, J., Delbaere, K., Vanrenterghem, J., Rogers, M.W., 
Fitzpatrick, R.C., Lord, S.R., 2013. Force-controlled balance perturbations associated 
with falls in older people: a prospective cohort study. PloS One 8 (8). https://doi. 
org/10.1371/journal.pone.0070981 e70981-e70981.  

Suurmond, R., van Rhee, H., Hak, T., 2017. Introduction, comparison, and validation of 
meta-essentials: a free and simple tool for meta-analysis. Res. Synth. Methods 8 (4), 
537–553. https://doi.org/10.1002/jrsm.1260. 

Timmann, D., Horak, F.B., 1997. Prediction and set-dependent scaling of early postural 
responses in cerebellar patients. Brain 120 (2), 327–337. https://doi.org/10.1093/ 
brain/120.2.327. 

Tombu, M., Jolicœur, P., 2003. A central capacity sharing model of dual-task 
performance. In: Journal of Experimental Psychology: Human Perception and 
Performance, Vol. 29. American Psychological Association, pp. 3–18. https://doi. 
org/10.1037/0096-1523.29.1.3. Issue 1.  

Van Liew, C., Huisinga, J.M., Peterson, D.S., 2022. Evaluating the contribution of 
reactive balance to prediction of fall rates cross-sectionally and longitudinally in 
persons with multiple sclerosis. GaitPosture 92, 30–35. https://doi.org/10.1016/j. 
gaitpost.2021.11.008. 

Varghese, J.P., McIlroy, R.E., Barnett-Cowan, M., 2017. Perturbation-evoked potentials: 
significance and application in balance control research. Neurosci. Biobehav. Rev. 
83, 267–280. https://doi.org/10.1016/j.neubiorev.2017.10.022. 

Yogev-Seligmann, G., Hausdorff, J.M., Giladi, N., 2012. Do we always prioritize balance 
when walking? Towards an integrated model of task prioritization. Mov. Disord. 27 
(6), 765–770. https://doi.org/10.1002/mds.24963. 

Yogev-Seligmann, G., Rotem-Galili, Y., Mirelman, A., Dickstein, R., Giladi, N., 
Hausdorff, J.M., 2010. How does explicit prioritization alter walking during dual- 
task performance? Effects of age and sex on gait speed and variability. Phys. Ther. 90 
(2), 177–186. https://doi.org/10.2522/ptj.20090043. 

Zettel, J.L., McIlroy, W.E., Maki, B.E., 2008. Effect of competing attentional demands on 
perturbation-evoked stepping reactions and associated gaze behavior in young and 
older adults. J.Gerontol.A Biol.Sci.Med.Sci. 63 (12), 1370–1379. https://doi.org/ 
10.1093/gerona/63.12.1370. 

A.S. Monaghan et al.                                                                                                                                                                                                                           

View publication statsView publication stats

https://doi.org/10.1037/0096-1523.10.3.358
https://doi.org/10.1037/0096-1523.10.3.358
https://doi.org/10.1037/0033-2909.116.2.220
https://doi.org/10.1080/00222895.2014.971700
https://doi.org/10.1080/00222895.2014.971700
https://doi.org/10.1016/j.gaitpost.2020.06.018
https://doi.org/10.1016/j.gaitpost.2020.06.018
https://doi.org/10.1152/jn.00341.2020
https://doi.org/10.1146/annurev-neuro-062111-150525
https://doi.org/10.1146/annurev-neuro-062111-150525
https://doi.org/10.1177/1545968320935814
https://doi.org/10.1177/1545968320935814
https://doi.org/10.4172/2157-7633.1000305.Improved
https://doi.org/10.4172/2157-7633.1000305.Improved
https://doi.org/10.1002/cncr.27633.Percutaneous
https://doi.org/10.1146/annurev.ne.13.030190.000325
https://doi.org/10.1186/1471-2202-5-18
https://doi.org/10.1093/gerona/55.3.M112
https://doi.org/10.1093/gerona/55.3.M112
https://doi.org/10.1007/s00221-017-4985-5
https://doi.org/10.1007/s00221-017-4985-5
https://doi.org/10.2522/ptj.20150197
https://doi.org/10.1016/j.heliyon.2016.e00186
https://doi.org/10.1016/j.heliyon.2016.e00186
https://doi.org/10.1155/2017/1014784
https://doi.org/10.1155/2017/1014784
https://doi.org/10.1016/j.neuroimage.2018.12.045
https://doi.org/10.1371/journal.pone.0070981
https://doi.org/10.1371/journal.pone.0070981
https://doi.org/10.1002/jrsm.1260
https://doi.org/10.1093/brain/120.2.327
https://doi.org/10.1093/brain/120.2.327
https://doi.org/10.1037/0096-1523.29.1.3
https://doi.org/10.1037/0096-1523.29.1.3
https://doi.org/10.1016/j.gaitpost.2021.11.008
https://doi.org/10.1016/j.gaitpost.2021.11.008
https://doi.org/10.1016/j.neubiorev.2017.10.022
https://doi.org/10.1002/mds.24963
https://doi.org/10.2522/ptj.20090043
https://doi.org/10.1093/gerona/63.12.1370
https://doi.org/10.1093/gerona/63.12.1370
https://www.researchgate.net/publication/358941081

	The impact of divided attention on automatic postural responses: A systematic review and meta-analysis
	1 Introduction
	2 Method
	2.1 Literature search strategy
	2.2 Eligibility criteria
	2.3 Screening process and data extraction
	2.4 Methodological qualities
	2.5 Statistical analysis

	3 Results
	3.1 Studies included
	3.2 Description of included studies
	3.3 Methodological quality
	3.4 Narrative synthesis results
	3.5 Meta-analytic analyses
	3.5.1 DT & spatial kinematic measures
	3.5.2 Effect of dual-task on temporal kinematic measures
	3.5.3 DT & muscle onset latency
	3.5.4 DT & cognitive performance

	3.6 Publication bias

	4 Discussion
	4.1 Dual-tasking and APRs
	4.2 Subgroup analyses
	4.3 Neurophysiology of DT reactive stepping
	4.4 Application of existing attentional frameworks to DT reactive postural control
	4.5 Implications for rehabilitation
	4.6 Limitations

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


