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A B S T R A C T

Questions: What are the degree and pattern of dual-task interference during walking in people after stroke?
How do these vary with disease chronicity and different component tasks in people after stroke? How does
dual-task interference differ between people after stroke and people without stroke? Design: Systematic
review with meta-analysis of studies reporting gait-related dual-task interference. Participants: People after
stroke and people without stroke. Outcome measures: Measures of walking and secondary (cognitive or
manual) task performance under dual-task conditions relative to those under single-task conditions. Results:
Seventy-six studies (2,425 people after stroke and 492 people without stroke) were included. Manual and
mental tracking tasks imposed the greatest dual-task interference on gait speed, although there was sub-
stantial uncertainty in these estimates. Among mental tracking tasks, the apparently least-complex task
(serial 1 subtractions) induced the greatest dual-task interference (20.17 m/s, 95% CI 20.24 to 20.10) on gait
speed, although there was substantial uncertainty in these estimates. Mutual interference (decrement in
both walking and secondary component task performances during dual-tasking) was the most common
dual-task interference pattern. The results of the sensitivity analyses for studies involving people with
chronic stroke were similar to the results of the primary analyses. The amount of dual-task interference from
a mental tracking or manual task during walking was similar between people with or without stroke.
Conclusions: The degree and pattern of dual-task interference vary with the choice of component tasks.
When evaluating limitations to functional mobility during dual-tasking conditions and in planning in-
terventions accordingly, clinicians should select dual-task assessments that correspond to the daily habits
and physical demands of people after stroke. Registration: CRD42017059004. [Tsang CS-L, Wang S, Miller T,
Pang MY-C (2022) Degree and pattern of dual-task interference during walking vary with component
tasks in people after stroke: a systematic review. Journal of Physiotherapy 68:26–36]
© 2021 Australian Physiotherapy Association. Published by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Scenarios requiring an ability to perform dual-task walking, such as
attending to traffic and memorising a shopping list while walking, are
frequently encountered in daily life. In comparison to conditions where
tasks areperformedseparately (ie, single-taskconditions), adegradation
in the performance of one or both component tasks may occur when
performed concurrently;1,2 this is commonly referred to as dual-task
interference (DTI). A number of theories, which are not all mutually
exclusive, have been proposed to explain the DTI phenomenon.

Capacity sharing theory: The capacity sharing theory assumes a
finite processing and attention capacity in people (resources-based).1

This capacity and the total amount of attention employed at any given
time is flexibly shared among all involved tasks, resulting in less ca-
pacity and attention for each component task.1 When the capacity
and demand of component tasks do not match, task performance
either deteriorates or fails completely.1

Bottleneck or task switching theory: This theory assumes a stage of
internal processing that can only operate on one stimulus or response
at a time (operation-based).1 When two stimuli are presented at the
n. Published by Elsevier B.V. This is
same time, only one is perceived, whereas the other is completely
ignored. If both are perceived, the responses are often elicited in
succession rather than concurrently, causing a bottleneck delay,
thereby impairing the perception of or response to either or both
tasks.1,2

Multiple resource capacity theory: Multiple resource capacity sim-
ulates a hybrid of the capacity sharing and bottleneck models. Instead
of one overall flexible pool of attentional resources or one single
operational channel, parallel or relatively independent processing
resources are assumed. Each of these resources has its own capacity
limitations, which are allocated between tasks. Performance deteri-
oration happens when tasks compete for the same resource. The
resultant degree of DTI depends on the extent to which tasks share
independent resources.3,4

Cross talk theory: Cross talk refers to a transference of energy from
one communication channel to another.5 The cross talk model focuses
on the content of the information being processed (content-oriented).
This may include the sensory input being presented, responses being
produced or momentary thoughts.2 When similar inputs are involved,
the same set of processing machinery may be shared for both, making
an open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jphys.2021.12.009
https://doi.org/10.1016/j.jphys.2021.12.009
https://doi.org/10.1016/j.jphys.2021.12.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jphys.2021.12.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphys.2021.12.009&domain=pdf


Research 27
it easier to perform two tasks simultaneously.2 This results in a dual-
task facilitation (an improvement in the performance of either or
both component tasks relative to single-task performance).6 How-
ever, DTI may occur when there is an outcome conflict, in which the
production of outputs, throughputs or side effects by one task hinders
processing of another.2

DTI not only has an impact on community ambulation,7,8 but also
on other activities of daily living,9,10 functional independence,9,11 fall
proclivity,12–15 and community participation;16 all of these factors
ultimately affect quality of life.17,18 Over the past decade, the volume
of research devoted to investigating the effects of DTI on walking
among people with brain damage, including stroke,6,9,10,12,19–27 has
grown. However, previous systematic reviews have focused on either
healthy participants28–30 or participants with a mix of different
neurological diseases.31,32 Populations vary in how DTI influences
cognitive function,33–35 attentional demands during walking36–40 and
dual-task walking ability.41–44 The degree and pattern of DTI have
also been shown to differ with component task type9,10,23,28–30,45 and
complexity21,45 among people after stroke, but not in people with
Parkinson’s disease.42 A recent systematic review of 20 studies
assessed dual-task ability during concurrent locomotor and cognitive
tasks in adults after stroke and reported that a mutual interference
pattern was consistently observed among studies involving more
challenging walking tasks (eg, obstacle-crossing).46 Mutual interfer-
ence was also more frequent among people after stroke than healthy
controls. However, no meta-analyses quantifying the effects of DTI on
different gait parameters or secondary task performance were un-
dertaken in that review. Their findings were also limited to dual-task
conditions involving the performance of a walking task in conjunc-
tion with a cognitive task. The effect of DTI on gait during attention-
demanding manual tasks was not examined. According to the
aforementioned multiple resource capacity theory, adding a manual
task (which involves recruitment of both motor and cognitive sys-
tems) may induce greater DTI than adding a cognitive task (which
mainly involves the cognitive system) during walking. This in turn
may have a direct influence on risk aversion and walking safety. The
way in which the degree and pattern of DTI during walking varies
according to task domain and stage of recovery (ie, chronicity) in
individuals after stroke remains unknown. A systematic review and
meta-analysis consolidating the mounting, but fragmented, evidence
on the phenomenon of DTI during walking among people after stroke
at different stages of recovery is currently lacking in the available
literature.

Therefore, the research questions for this systematic review were:

1. What are the degree and pattern of dual-task interference during
walking in people after stroke?

2. How do these vary with disease chronicity and different compo-
nent tasks in people after stroke?

3. How does dual-task interference differ between people after
stroke and people without stroke?
Box 1. Inclusion criteria.

Design
� Experimental, observational or exploratory study
� Published in English

Participants
� Adults with stroke

Intervention
� Not applicable

Outcome measures
� Walking performance

Comparisons
� Walking performance under dual-task condition versus
without the dual-task condition

� Dual-task interference in people with stroke versus people
without stroke
Methods

This systematic review and meta-analysis is reported in accor-
dance with Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidelines.47

Data sources and searches

A literature search of electronic databases – including CINAHL,
Cochrane Library, EMBASE, MEDLINE (19461), PsycINFO (18061) and
PubMed – and a forward search for additional articles on electronic
databases, including Scopus and Web of Science, were performed
with the last search conducted on 23 April 2021. No restrictions on
study design were imposed. We extracted only baseline results for
intervention or cohort studies. Search keywords were based on
population (stroke) and constructs of interests (DTI during walking)
(Appendix 1 on the eAddenda). The reference lists of eligible studies
and review articles were manually screened to identify additional
articles for inclusion.

Study selection

All results were exported to reference management softwarea for
screening and duplicate removal. Two independent reviewers
assessed each title, abstract and full-text against the inclusion criteria
(Box 1) and exclusion criteria: reports published as conference pro-
ceedings, book chapters and theses. In the event of discrepancies
between reviewers, the principal investigator was consulted.

Data extraction and quality assessment

Two reviewers extracted information regarding study design, in-
clusion and exclusion criteria, sample size, subject characteristics,
walking and component task characteristics, task prioritisation,
outcome measures, testing procedures and reported results. Graphi-
cally presented data were extracted using a digital plotting toolb.

The Quality Assessment Tool for Observational Cohort and Cross-
Sectional Studies developed by the National Institute of Health was
used to assess the methodological quality of included studies.48 Two
reviewers independently evaluated each eligible article. If no
consensus was reached, the opinion of the principal investigator was
sought. To provide a more objective appraisal of overall quality, per-
centages for the total number of items rated ‘yes’ were calculated.
Overall ratings of ‘good’, ‘moderate’ and ‘poor’ were determined
based on resultant percentages � 75%, 50 to 74% and , 50%,
respectively.49

Data synthesis and analysis

To facilitate comparisons across studies and delineate the effect of
different component task domains on dual-task gait performance,
included studies were categorised according to the secondary tasks
involved.28 DTI patterns were classified according to the catego-
risation model proposed by Plummer et al.6 The nine possible DTI
patterns are depicted in Table 1.

To estimate the overall effect of DTI on gait and secondary task
performance, primary meta-analyses and subsequent sensitivity an-
alyses based on the stage of stroke recovery were conducted for
groups of three or more studies reporting the same outcome. For
groups of three or more studies that reported the same outcome and
included both stroke and age-matched control groups, additional
meta-analyses were conducted to compare the effect of DTI on gait
and secondary task performance between people with and without a
history of stroke. For studies that reported more than one dataset per
participant group for the same task category, one task was randomly
selected for inclusion in the meta-analysis in order to avoid a unit-of-
analysis error.50 When these studies were included in more than one
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meta-analysis (ie, for comparing the effect of DTI among different
task categories, between different tasks within the same task cate-
gory, and/or between the stroke and age-matched control groups),
the same randomly selected tasks were carried forward in subse-
quent meta-analyses. For each study, the raw mean difference
(MD)51–53 was calculated for each outcome of interest. A random-
effects model of the generic inverse variance method was used.
Heterogeneity between studies was analysed with the I2 statistic.54

Forest plots indicating effect sizes with 95% CI, heterogeneity and
corresponding p-values were generated using RevMan softwarec.53

For analyses with significant overall effects, publication bias was
assessed using Egger’s regression tests.55 Further analyses with Duval
and Tweedie’s trim and fill and the classic fail-safe N methods were
also conducted to assess the effect of potential publication bias on the
certainty of evidence.56 These analyses were performed using com-
mercial softwared.57

Results

Flow of studies through the review

A PRISMA flow chart summarising the screening process is pro-
vided in Figure 1. Electronic searches identified 15,824 unique re-
cords. After screening and assessment, 76 of 133 shortlisted articles
involving a total of 492 healthy controls and 2,425 participants with
stroke met the criteria for inclusion (see Table 2 on the eAddenda).
Among the 76 studies included in the systematic review, 50 provided
sufficient data for conducting meta-analyses (see Table 3 on the
eAddenda). Twenty-seven of the 50 studies involved only people with
chronic stroke and were included in subsequent sensitivity analyses
(see Table 2 on the eAddenda).

Characteristics of the participants

The mean age of participants in the included studies ranged from
49 to 77 years. Forty-seven of 76 (62%) studies included only people�
6 months after stroke onset, one study included only people within
72 hours of stroke onset,58 and six studies recruited people within 6
months of stroke onset.14,59–63 The remaining studies included a mix
of people in different stages of stroke recovery.

Characteristics of the dual-task testing protocols

Twenty-two studies (29%) involved more than one secondary
task in their dual-task assessment protocols. Among these studies,
five reported more than one dataset (ie, dual-task assessment) for
the same group of participants within a single task cate-
gory.10,27,63–66 One study reported dual-task walking performance
for a manual task involving the more-affected and the less-affected
hands of the same group of participants.64 Hence, 24 datasets (14%)
were removed from the meta-analyses to avoid unit-of-analysis
errors. Mental tracking was the most adopted secondary task cate-
gory. Gait speed was the most used measure of walking perfor-
mance, while secondary task measures were diverse among the
studies. Participants were either instructed to perform both tasks
equally well or given no explicit prioritisation instructions (see
Table 3 on the eAddenda).

Quality assessment of included studies

All included studies stated their objectives and inclusion/exclusion
criteria. The diagnosis of stroke and outcome measures were also
clearly defined. Other criteria were achieved by fewer studies: 45%
provided sample size justification, power description or variance and
effect estimates; 33% adjusted for potential confounding variables;
17% reported who, where and when their study population was
recruited; and 4% categorised stroke type. Twelve (16%) of the 76
studies attained a good overall rating and 42 (55%) had a moderate
overall rating. The remaining studies (29%) had a poor overall rating
(see Table 4 on the eAddenda).

Meta-analyses

The meta-analyses are shown as streamlined forest plots in
Figures 2 to 11. Detailed forest plots, are shown in Figures 12 to 21 on
the eAddenda.

Effect of secondary task domain on mobility parameters in people
after stroke

Meta-analyses were conducted for several gait parameters,
including speed, cadence, stride length, stride time and Timed Up and
Go test (Figures 2 to 6, and Tables 3 and 4 on the eAddenda). Meta-
analyses were not performed for any cognitive measures due to the
limited number of studies for a given task domain (, 3). Gait speed
was the most commonly assessed dual-task walking measure
(Figure 2, and Table 3 on the eAddenda).

Overall, there was a significant effect on gait speed when a sec-
ondary task was imposed during walking. A decrement in gait speed
(m/s) was found when walking was performed simultaneously with
mental tracking (MD 20.11, 95% CI 20.14 to 20.08), language
(MD 20.10, 95% CI 20.15 to 20.04), manual tasks (MD 20.13, 95%
CI20.18 to20.08) or discrimination and decision-making (MD20.05,
95% CI 20.09 to 20.01). Manual tasks induced slightly greater DTI on
gait speed compared to cognitive tasks. Among cognitive tasks, the
effects of DTI on gait speed during mental tracking and language
tasks were more pronounced than during other cognitive task do-
mains (Figure 2).

Cadence decreased with the addition of a mental tracking task
(MD 210, 95% CI 215 to 24), with similar results on the sensitivity
analysis (Figure 3). Adding a language task had a similar effect
(MD 29, 95% CI 215 to 23), although no sensitivity analysis was
performed. A sensitivity analysis of adding a manual task showed
reduced cadence among participants with chronic stroke, although
not on the primary analysis (Figure 3).

Stride length (m) decreased with the addition of a mental tracking
task (MD 20.07, 95% CI 20.13 to 20.01), language task (MD 20.09,
95% CI 20.16 to 20.01) or manual task (MD 20.11, 95% CI 20.18
to 20.04). The sensitivity analyses (mental tracking and manual tasks
only) had similar results (Figure 4).

Adding a mental tracking task induced an increase in stride time
(MD 0.05 seconds, 95% CI 0.01 to 0.09), with a similar result on the
sensitivity analysis (Figure 5). Adding a manual task had a similar
effect, although it was not evident on the sensitivity analysis. Adding
a mental tracking task slowed performance on the Timed Up and Go
test (MD 23 seconds, 95% CI 1 to 6), as shown in Figure 6.

Effect of different tasks within the same cognitive or manual task
domain on gait speed in people after stroke

We also examined how DTI was affected by different tasks within
the same domain. Based on the available data, analyses were con-
ducted for mental tracking (Figure 7), discrimination and decision-
making (Figure 8), language (Figure 9) and manual task domains
(Figure 10). Gait speed was the primary outcome measure across all
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Figure 1. Flow of studies through the review.
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domains. Within the mental tracking task domain, serial 1 sub-
tractions (20.17 m/s, 95% CI 20.25 to 20.10) tended to induce a
greater DTI on gait speed than serial 3 subtractions (20.10 m/s, 95%
CI 20.15 to 20.05), although there was substantial uncertainty
inherent in these estimates. The effect of the auditory 1-back task was
uncertain (20.08 m/s, 95% CI 20.22 to 0.06) (Figure 7). For the
discrimination and decision-making domain, classification tasks
induced a small DTI on gait speed (20.07 m/s, 95% CI20.12 to20.02),
while the auditory Stroop tests had no effect (20.02 m/s, 95%
CI 20.05 to 0.01) (Figure 8). For the language domain, spontaneous
speech (20.11 m/s, 95% CI 20.19 to20.02) and category naming tasks
(20.09 m/s, 95% CI20.16 to20.02) induced similar DTI (Figure 9). For
the manual task domain, the degree of DTI on gait speed was also
similar for cup holding (20.14 m/s, 95% CI 20.21 to 20.08) and tray
holding tasks (20.14 m/s, 95% CI 20.18 to 20.09) (Figure 10).
Dual-task interference pattern in people after stroke

Twenty-four datasets from 15 studies10,12,20,21,23,41,60,63,67–73 re-
ported whether there were significant differences between the
walking and secondary task performance during single-task and
dual-task conditions (see Table 3 on the eAddenda). Corresponding
DTI patterns for dual-task conditions were identified.

Among these datasets, more than half were classified as showing a
mutual interference pattern (ie, deterioration of both the mobility
and the secondary task performances under a dual-task
condition).10,12,21,23,60,67,69,71,72 The secondary tasks included mental
tracking (n = 5),10,21,60,67,69 language (n = 2),23,71 visuospatial (n =
2),10,21 short-termmemory (n = 1),12 and discrimination and decision-
making tasks (n = 2).10,72 Six of the 24 datasets23,60,63,72 were classi-
fied as showing a ‘mobility interference’ pattern. There was a
degradation in mobility performance, but no changes in visuospa-
tial,23 mental tracking (n = 4),23,60,63 and discrimination and decision-
making72 task performance. Five of the 24 datasets from the two
studies41,73 showed a ‘cognitive interference’ pattern. There was a
deterioration in three language tasks and two mental tracking tasks,
but no significant changes in walking performance. One dataset
showed ‘no interference’ pattern.21 Neither walking nor cognitive
performances demonstrated any changes during the auditory clock
test (see Table 3 on the eAddenda).
Comparison of DTI between people with and without stroke

Additional meta-analyses were conducted to compare the DTI
between individuals with stroke and age-matched controls. Studies
included in the analyses assessed walking speed during manual or
mental tracking tasks (Figure 11). Adding a manual task increased DTI
in gait speed (MD 20.07 m/s), although the estimate was imprecise
(95% CI 20.18 to 0.03) in people after stroke (at all stages) when
compared with their aged-matched peers without stroke (MD 20.07,
95% CI 20.10 to 20.03). This trend was slightly less evident in
sensitivity analysis for individuals with chronic stroke (Figure 11),
suggesting that both analyses may have been underpowered. The
effect of adding a mental tracking task on DTI clearly did not differ
between participants with and without stroke (Figure 11).

Publication bias of meta-analyses

Publication bias was present in the primary meta-analyses: for
gait speed during mental tracking, language and manual tasks; for
cadence during mental tracking tasks; for stride length during
manual tasks; for stride time during mental tracking and manual
tasks; and for Timed Up and Go during mental tracking tasks. For the
sensitivity analyses, publication bias was observed: for gait speed
during manual tasks; for cadence during mental tracking tasks; for
stride length during manual tasks; and for stride time during mental
tracking (see Table 5 on the eAddenda).
Discussion

This systematic review and meta-analysis examined the effect of
different secondary tasks on gait parameters in people after stroke.
The results showed that the degree and pattern of DTI during dual-
task walking varied with the component tasks among individuals
with stroke. The degree of DTI on walking speed in people with
chronic stroke was comparable to their able-bodied peers.

In the analyses of the effect of secondary task domain on mobility
parameters in people after stroke, gait speed was the most used
measure of dual-task walking (Figure 2, and Table 3 on the eAd-
denda). It also appeared to be the most sensitive parameter for
detecting DTI in mobility, regardless of the secondary task domain
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Figure 2. Forest plot of effect of secondary tasks on gait speed (m/s) in people with stroke. A total of 37 studies (914 participants) were involved in the primary analysis, and 18
studies (344 participants) in the sensitivity analysis among people with chronic stroke.
CA = community ambulating group, CDTT = cognitive dual-task training group, CG = control group, CPT = conventional physiotherapy group, DTT = dual-task training group, EG =
exercise group, FC = full community ambulating group, LCA = Limited community ambulating group, LLC = least limited community ambulating group, MDTT = motor dual-task
training group, MT = mental tracking, NCA = non-community ambulating group, SS1 = serial subtractions by 1, STT = single-task training group, TG = target group.
a Study included people within 6 months of stroke onset or a mix of people with sub-acute and chronic stroke.
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used. This is consistent with previous findings among older adults
and other neurological populations.28,30,46 With the exception of
walking conditions involving discrimination and decision-making
tasks, changes in gait speed (20.10 to 20.13 m/s) met or exceeded
the minimal clinically important difference value (0.1 m/s),74 as
shown in Figure 2.
The observed reductions in gait speed and Timed Up and Go time
(Figure 6) during mental tracking and language task suggest that
tasks requiring internally driven responses cause relatively larger DTI
than those requiring externally driven responses (eg, visuospatial
perception or discrimination and decision-making tasks).28,30

Common neural networks may be involved during walking,75
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Figure 3. Forest plot of effect of secondary tasks on cadence (steps/min) in people with
stroke. A total of 15 studies (355 participants) were involved in the primary analyses,
and eight studies (220 participants) in the sensitivity analyses among people with
chronic stroke.
CDTT = cognitive dual-task training group, CG = control group, CPT = conventional
physiotherapy group, DTT = dual-task training group, EG = exercise group, FC = full
community ambulating group, LLC = least limited community ambulating group, MA =
more-affected hand movement, MDTT = motor dual-task training group, STT = sin-
gletask training group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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Figure 4. Forest plot of effect of secondary tasks on stride length (m) in people with
stroke. A total of 13 studies (320 participants) were involved in the primary analyses,
and eight studies (204 participants) for the sensitivity analyses involving people with
chronic stroke.
CDTT = cognitive dual-task training group, CG = control group, CPT = conventional
physiotherapy group, EG = exercise group, FC = full community ambulating group,
LLC = least limited community ambulating group, MDTT = motor dual-task training
group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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dual-tasking,76 and when giving internally driven and externally
driven responses.77 The bottleneck model suggests that greater
overlap of these networks may result in more competition for
cognitive resources, and thus more severe DTI. Further investigation
into the underlying neural mechanism of DTI is warranted.

The DTI effect on gait induced by manual and mental tracking
tasks also varied according to the specific gait parameter that was
assessed (Figures 2 to 5). These findings are consistent with those of
Lu et al,78 who compared the effect of a mental tracking task (serial 7
subtractions) and a manual task (holding a bottle of water on a tray)
on walking in healthy younger adults. Both tasks resulted in speed
and stride length reductions compared to walking alone. However,
decreased cadence and increased stride time were only found during
walking involving the mental tracking task. Different brain activation
patterns were also identified during dual-task walking with manual
versus mental tracking tasks. Using functional near-infrared spec-
troscopy, Lu et al revealed an increased motor cortex activation
during walking with manual and cognitive tasks. A strong and sus-
tained activation of the left prefrontal cortex was also observed
during walking with serial 7 subtractions. This is in contrast with only
weak activation of this brain region during the initial phases of
single-task walking and walking while balancing a bottle of water on
a tray.78

Also in line with the findings of Lu et al,78 reductions in stride
length were more pronounced (ie, a stronger DTI effect) during
manual tasks than mental tracking tasks (Figure 4). This may be
related to reductions in arm-swing amplitude when engaging in
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Figure 5. Detailed forest plot of effect of secondary tasks on stride time (s) in people
with stroke. A total of nine studies (168 participants) were involved in the primary
analyses, and five studies (97 participants) for the sensitivity analyses among people
with chronic stroke.
CG = control group, DTT = dual-task training group, EG = experimental group,
STT = single-task training group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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Figure 6. Detailed forest plot of effect of secondary tasks on Timed Up and Go (s) in
people with stroke. A total of six studies (256 participants) were involved in the pri-
mary analyses. No further sensitivity analyses were conducted.
CG = control group, DTT = dual-task training group, EG = experimental group,
External = external focus instruction group, Internal = internal focus instruction group,
STT = single-task training group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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manual tasks. Previous research has shown that when one or both
arm-swings were restrained, a decrease in stride length was observed
in comparison to normal walking without restraints.79 During manual
tasks (eg, cup holding), reduced stride length could be the result of
restricted arm movements. A controlled study comparing dual-task
walking with manual tasks and standalone walking with arm-
swings restrained at similar arm positions may help delineate the
effect of dual-tasking from that of arm-swing restriction during
manual tasks.

In the analyses of the effect of different tasks within the same
secondary task domain in people after stroke, it was interesting to
consider whether the degree of DTI during walking is more severe
with increasing complexity of the secondary tasks involved. Task
complexity can be indicated by the level of performance under single-
task conditions.1 However, this was rarely reported in the included
studies, and examination of the effect of task complexity on DTI for
task categories was limited. Inferences concerning task complexity
were instead based on previous literature.

For the discrimination and decision-making domain, neutral
stimuli used in classification tasks are considered to be less difficult
than tasks involving congruent or incongruent stimuli such as those
associated with auditory Stroop tasks.80 For the mental tracking
domain, two previous studies compared the complexity of serial 3
and serial 7 subtraction.45,81 Both studies reported a significantly
greater number of correct responses for serial 3 than for serial 7
subtractions under single-task conditions, thus indicating the latter to
be relatively more complex than the former. Therefore, it is
reasonable to assume that serial 3 would be more complex than serial
1 subtractions.

Overall, our results are counterintuitive, in that serial 1 sub-
tractions induced a greater DTI than serial 3 subtractions. Classifica-
tion tasks also induced greater DTI than auditory Stroop tasks. These
findings suggest that DTI, especially during cognitive-mobility dual-
task conditions, is a complex phenomenon affected by
multiple factors. In addition to the aforementioned competition for
neural circuitry,1,82 our findings are also supported by the capacity
sharing model of attention theories. This model suggests that inter-
ference occurs when cognitive demand exceeds a finite attention
capacity.1 As indicated by Kahnamen,1 allocation of finite attention is
malleable and highly responsive to individual arousal level, ever-
changing momentary intentions, and affected by component task
demands that exceed the available capacity.1 During dual-task
walking, people might prioritise either component task according to
their ability, as well as their own self-perceived challenges associated
with the task. For instance, participants may have considered serial 3
subtractions to be too challenging, and thus prioritised walking over
the cognitive task, overtly or covertly, resulting in a lower decrement
to mobility performance. Yang et al45 also showed that counting ac-
curacy was reduced when a serial 3 subtraction task was imposed
during an obstacle-crossing task, but not when the more complex
(serial 7 subtraction) task was used. On the other hand, spontaneous
speech questions incorporate personal experiences, opinions, and
content relevant to daily life (see Table 3 on the eAddenda). These
questions may be more meaningful and engaging than category
naming tasks. As a result, participants may covertly be more aroused
or may overtly prioritise cognitive tasks over walking in such a sce-
nario, thereby reducing walking speed.

For manual tasks, walking while holding a tray demonstrated an
effect comparable to cup holding (Figure 10). The relative similarity
and task-dependent movement may explain this result. For both
tasks, arm-swing was restricted, rendering a shorter stride length and
reduced walking speed.79 Participants may have also intentionally
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Figure 7. Detailed forest plot of effect of different mental tracking tasks on gait speed
(m/s) in people with stroke. A total of 15 studies (362 participants) were involved in the
primary analyses and 10 studies (301 participants) for the sensitivity analysis among
people with chronic stroke.
CA = community ambulatory group, CDTT = cognitive dual-task training group,
CPT = conventional physiotherapy training group, DTT = dual-task training group,
MDTT = motor dual-task training group, NCA = non-community ambulatory group,
STT = single-task training group.
a Study included people within 6 months of stroke onset or a mix of people with
sub-acute and chronic stroke.
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Figure 8. Forest plot of effect of different discrimination and decision-making tasks on
gait speed (m/s) in people with stroke. A total of nine studies (154 participants) were
involved in the primary analyses. No further sensitivity analyses were conducted.
CA = community ambulating group, LCA = limited community ambulating group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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Figure 9. Forest plot of effect of different language tasks on gait speed (m/s) in people
with stroke. A total of seven studies (176 participants) were involved in the primary
analyses. No further sensitivity analyses were conducted for people with chronic
stroke.
CG = control group, DTT = dual-task training group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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adjusted their gait (ie, shorter stride length) to avoid dropping objects
from the tray or spilling water from the cup.78

In the analyses of dual-task interference patterns in people after
stroke, most datasets showed mobility-related interference. These
findings suggest that people after stroke tend to reduce walking
speed when instructed to perform both tasks equally well or when
not explicitly instructed to prioritise either task (see Table 3 on the
eAddenda). Similar findings were reported by Yogev-Seligmann
et al,83 when dual-task walking performance was compared during
conditions with and without prior task prioritisation instructions
among healthy younger and older adults. Both younger and older
adults showed reductions in walking speed when no explicit priori-
tisation was given.

Our analyses of DTI patterns indicate that mutual interference was
the most common and was often induced by a secondary task
requiring internally driven responses. These findings are consistent
with those of previous systematic reviews28,46 and suggest that
cognitive tasks that require internally driven responses may impose
greater cognitive loading, thereby resulting in greater DTI.

Intriguingly, there were no clear differences in DTI for gait speed
during manual or mental tracking tasks between people with and
without a history of stroke (Figure 11). This may be explained by the
modest difference in cognitive function and mobility between the
two groups. A large proportion of studies involved participants with
chronic stroke who had relatively good cognitive and ambulatory
function. The results of the sensitivity analyses also showed no clear
differences between able-bodied older adults and people with
chronic stroke (Figure 11). People with chronic stroke may have
regained gait automaticity, as indicated by increased speed and
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Figure 10. Forest plot of effect of different manual tasks on dual-task gait speed (m/s)
in people with stroke. A total of 10 studies (235 participants) were involved in the
primary analyses, and nine studies (205 participants) in the sensitivity analysis among
people with chronic stroke.
CA = community ambulatory group, CDTT = cognitive dual-task training group,
CG = control group, CPT = conventional physiotherapy training group, EG = exercise
group, FC = full community group, LLC = least limited community group, LCA = limited
community ambulatory group, MDTT = motor dual-task training group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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Figure 11. Forest plot of comparison of dual-task interference on gait speed (m/s)
between people with and without stroke. A total of six studies (127 people with stroke,
109 participants without stroke) were involved in the primary analyses. Five studies
(97 people with stroke, 79 participants without stroke) were included in the sensitivity
analyses.
CA = community ambulating group, DTI = dual-task interference (ie, dual-task per-
formance – single-task performance), LCA = limited community ambulating group.
a Study included people within 6 months of stroke onset or a mix of people with sub-
acute and chronic stroke.
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reduced gait variability.84,85 DTI is also considered to be a surrogate
measure of gait automaticity.3 Overall, the lack of between-group
difference reported here was not consistent with the findings of a
recent systematic review by DeBlock-Bellamy et al,46 which found a
larger DTI among people after stroke compared to age-matched
healthy participants. However, their conclusion was based on a
narrative synthesis of results derived from seven studies involving
very different testing protocols and outcome measures. The results of
the current meta-analyses were based on groups of three or more
studies reporting the same mobility outcome (ie, walking speed on
level-ground). Additionally, each analysis was based on a group of
studies involving the same secondary task category (manual tasks,
mental tracking tasks). In contrast, studies using different secondary
task categories in the testing protocol were mixed in that systematic
review to generate the overall conclusion. These factors may explain
the discrepancy between our current review and theirs.

Among the 76 included studies, few reported who, where and
when their study participants were recruited; this limits study
replicability. Descriptions of stroke-related characteristics (eg,
severity or location of stroke) were also missing in most studies. Less
than half of the included studies made statistical adjustments to ac-
count for potential confounding variables, justified sample sizes and
power calculations, or reported variance and effect estimates. Only
16% of the studies included sample sizes � 50, which may have
limited the statistical power of these studies.86

As noted earlier, self-perceived challenge may have covertly
influenced task prioritisation, which in turn affected component task
performance. However, only one study87 addressed this issue by
measuring perceived challenge with physiological measures (skin
conductance) during single-task and dual-task performance. Task
prioritisation instructions were not reported in 72% of studies (see
Table 3 on the eAddenda). There was also a lack of cohort studies
investigating the effect of stroke chronicity and other characteristics
of DTI during walking.

The studies included in this review involved different designs,
testing protocols and outcome measures, and the participants with
stroke had clinical characteristics that varied in terms of stroke type,
stage and severity. These factors may explain the heterogeneity across
studies in the primary analyses. Most studies did not report the
impact of walking on secondary tasks, nor the resultant DTI pattern
for individual participants. The lack of information on cognitive task
performance during single-tasks also limited our ability to examine
the effect of task complexity on DTI. Most studies did not include an
able-bodied control group; this limited the comparability of DTI ef-
fects between people with and without a history of stroke.

Publication bias was present in several analyses involving lan-
guage, manual or mental tracking tasks. This may be explained by the
relatively small number of studies (mostly , 10) that could be
identified and pooled in the meta-analyses. However, a large number
of additional studies (9 to 949) with zero effect would be needed to
nullify the observed effects of DTI during walking conditions
involving these tasks. These findings suggest that publication bias
may have resulted in an underestimation in the magnitude of DTI
during dual-task walking, rather than an overestimation. Therefore,
certainty of the observed evidence should be considered robust.56

In conclusion, this review showed that the degree and pattern of
DTI depends on the choice of component task domain and subcat-
egory. A cognitive task of relatively lower complexity also caused a
greater degree of DTI during walking than a more complex task of
the same domain. Counterintuitively, people after stroke did not
show a greater DTI for walking speed than their able-bodied peers
during manual or mental tracking tasks. Clinicians may need to
select dual-task combinations with standardised procedures in order
to capture specific deficits in dual-task performance, index func-
tional abilities under more challenging situations than routine clin-
ical tests, and individually tailor corresponding interventions for
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people after stroke. An inventory of daily habits, ecological in-
teractions, and aptitude in different cognitive domains (as deter-
mined by corresponding cognitive assessments) may help in the
initial identification of specific dual-task combinations that are most
appropriate. There is also a need to study possible associations be-
tween DTI and stroke chronicity, cognitive/physical impairment and
specific neuropsychological deficits (eg, decline in memory or
mental tracking ability). This may produce a more comprehensive
picture of dual-task mobility function and assist in delineating spe-
cific dual-task walking mechanisms among people after stroke. This
review also reveals the great diversity in testing protocols across
included studies. Dual-task mobility assessment standardisation is
needed for evaluating the effect of treatment on dual-task function,
and for comparing function within and between groups at differing
stages of stroke recovery.
What was already known on this topic: Performing a sec-
ond task while walking can impair performance of one or both
tasks. In people with stroke, this dual-task interference can
impact independence, participation and safety. Dual-task inter-
ference in walking may differ with the nature of the concurrent
task and the time since stroke, but the extensive evidence about
this has not been adequately summarised.
What this study adds: In people with stroke, manual and
mental tracking tasks imposed the greatest dual-task interfer-
ence on gait speed. Although the nature of the concurrent task
affected the extent of dual-task interference, the time since
stroke did not. When evaluating mobility and planning rehabili-
tation, clinicians should select dual-task assessments that
correspond to the daily habits and physical demands of people
after stroke.
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