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ABSTRACT 

 

Abstract of thesis entitled: “Cognitive-motor interference during walking after 

stroke: relationship to type and complexity of cognitive and mobility tasks, and 

underlying neural mechanisms” submitted by Tsang Sau Lan for the degree of 

Doctor of Philosophy at The Hong Kong Polytechnic University in February 2020. 

 

Overall background: Dual-task walking, which involves the concurrent 

performance of a secondary task when walking, is hardly avoidable in community 

ambulation. Dual-task interference, or denoted as cognitive-motor interference 

when a cognitive task was performed simultaneously with a manual or mobility task, 

may occur during the performance of dual-task walking. The dual-task interference 

or cognitive-motor interference is considered as a deterioration in either or both of 

the component task performances when the tasks are performed simultaneously 

compared to the performances when the component tasks are completed 

separately. A deteriorated walking performance during dual-task walking may 

adversely affect the walking stability and hence increase the risk of falling. Gait-

related dual-task interference is thus considered to be a major concern in the 

community dwelling individuals post-stroke. A number of factors such as the 

prioritization of task during the performance of dual-task walking and the type and 

complexity of the component tasks adopted may influence the degree and pattern of 

dual-task interference. The overall objectives of this thesis are to consolidate the 

existing knowledge on the gait-related dual-task interference, identify the knowledge 

gap in this field, and provide new insights into the assessment of dual-task walking 

performance, the factors that affect the degree and pattern of gait-related dual-task 

interference, the association of gait-related dual-task interference with the risk of 

falling and the underlying mechanisms of gait-related dual-task interference. These 
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objectives were achieved through a series of six interrelated studies. Abstracts of 

the individual studies are shown as follows. 

 

Study 1 (Chapter 2): Degree and pattern of dual-task Interference during 

walking varied with component task type and complexity in people post-

stroke: a systematic review and meta-analysis  

Questions: What are the degree and pattern of dual-task interference (DTI) during 

walking in people post-stroke? How do these vary with disease chronicity and 

component task type and complexity in individuals post-stroke? How do these differ 

between people with and without stroke? Design: Systematic review with meta-

analysis of studies reported dual-task interference during walking. Participants: 

People post-stroke and able-bodied controls. Intervention: Not applicable. 

Outcome measures: Walking and secondary cognitive/manual task performances 

under dual-task conditions relative to those under single-task conditions. Results: 

Seventy-four studies (2,324 people with stroke and 482 able-bodied adults) were 

included. Manual and mental tracking tasks imposed the greatest DTI (-0.12 to -

0.13 m/s, 95%CI -0.17 to -0.07) on gait speed. Among mental tracking tasks, the 

apparently least complex task (serial-1-subtractions) induced the greatest DTI (-

0.17m/s, 95%CI -0.25 to -0.10) on gait speed. Mutual interference (decrement in 

both the walking and secondary component task performances during dual-tasking) 

was the most common DTI pattern. Sensitivity analyses of studies involving only 

people with chronic stroke yielded largely similar results as the primary analyses. 

Individuals post-stroke tended to show more substantial DTI (-0.08m/s, 95%CI=-

0.17 to 0.01) than those without stroke in walking while performing a manual task, 

but not in walking while performing a mental tracking task. Conclusions: The 

degree and pattern of DTI depend on the choice of component task type and 

complexity. Different dual-task combinations with standardized procedures are 
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required to comprehensively capture the dual-task mobility function post-stroke. 

PROSPERO registration: 59004 

 

Study 2 (Chapter 3): Cognitive-Motor Interference in Walking After Stroke: 

Test-Retest Reliability and Validity of Dual-Task Walking Assessments 

Objective: To explore the reliability and validity of a series of dual-task mobility 

assessments among individuals post-stroke. Design: Observational study with 

repeated measures. Setting: University laboratory. Participants: Thirty community-

dwelling individuals with chronic stroke. Interventions: Not applicable. Main 

Measures: Each of the two mobility tasks (1-minute level-ground walking with and 

without obstacle-negotiation) was performed concurrently with each of the eight 

cognitive tasks (auditory Stroop test, serial subtraction, shopping list recall and 

category naming at two difficulty levels). Walking distance and obstacle hitting rate 

(OHR) indicated dual-task mobility performance. Number of correct responses 

(NCR) indicated cognitive performance. Reaction time (RT) was additionally 

measured for the auditory Stroop test. Construct validity was examined by 

correlations between the dual-task assessments. The dual-task assessments were 

repeated within 7–14 days for test-retest reliability. Results: Excellent test-retest 

reliability in walking distance and OHR (ICC(3,1) = 0.891–0.984, p < 0.05) was found. 

Moderate to excellent reliability was found in NCR and RT (ICC(3,1) =  0.480–0.911, 

p < 0.01). Correlations between walking distance were excellent (rs = 0.840–0.985, 

p < 0.01). Correlations of NCR and RT between low- and high-level cognitive tasks 

were mosty moderate to excellent (rs= 0.515-0.793, p < 0.01). Generally no 

significant correlations were found in NCR between the dual-task assessments with 

different cognitive domains. Conclusions: The dual-task walking assessments are 

reliable and valid for evaluating cognitive-motor interference in community-dwelling 

individuals post-stroke. The lack of correlations between the tasks of different 
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cognitive domains indicates the need of using different cognitive domains in dual-

task walking assessment post-stroke. 

 

Study 3 (Chapter 4): The effects of component task type and complexity on 

dual-task interference during walking after stroke  

Objective: To examine interaction between cognitive task type and component task 

complexity on the dual-task performances in people post-stroke. Design: 

Observational study with repeated measures. Setting: University laboratory. 

Participants: Community-dwelling individuals with mild to moderate chronic stroke. 

Interventions: Not applicable. Main outcome measures: A mobility task (level-

ground walking/obstacle-crossing) was performed concurrently with a cognitive task 

of high/low complexity level. Five cognitive task types covering distinct cognitive 

domains were used. Dual-task costs (DTCs, i.e., difference between the single-task 

and dual-task performances divided by the single-task performance) of walking 

distance and number of correct responses. Results: Ninety-three individuals [mean 

(SD) age: 62.4 (6.7) years; mean post-stroke duration: 67.7 (53.5)] participated. 

Cognitive DTC varied with the cognitive task type and the cognitive and mobility 

task complexities (F=4.6, p=0.001, ηp
2=0.05). Overall, walking while completing 

serial-subtractions showed the greatest interference effect on the cognitive 

performance in virtually all dual-task combinations. Facilitation on the cognitive 

performance (i.e., positive cognitive DTC) was shown in a number of dual-task 

combinations. For the mobility performance, there was virtually no facilitation. 

Interference generally increased as the cognitive task complexity increased and 

decreased as the mobility task complexity increased (F=7.2, p<0.001, ηp2=0.07). 

Mutual interference and no interference were the most common dual-task 

interference patterns observed. Conclusion: Cognitive task type and component 

task complexity levels interact to influence the degree and pattern of dual-task 
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interference. Standardized dual-task testing protocols including various cognitive 

domains are necessary to obtain a comprehensive profile of dual-task interference 

during walking among individuals with stroke.  

 

Study 4 (Chapter 5): Association of subsequent falls with evidence of dual 

task interference whilst walking in community dwelling individuals after 

stroke 

Objective: To examine fall predictive value of single-task walking tests and extent 

of interference observed in dual-task walking tests in ambulatory individuals post-

stroke. Design: Observational study with prospective cohort. Setting: University 

laboratory. Participants: Ninety-one community-dwelling individuals with chronic 

stroke. Interventions: Not applicable. Main outcome measures: Time required to 

complete 10-meter walk test with and without obstacle negotiation was measured in 

isolation and in conjunction with performance of a verbal fluency task (category 

naming). Fall incidence, circumstances and related injuries were recorded by 

monthly telephone calls for 12 months. Results: Ninety-one individuals [mean (SD) 

age: 62.7 (8.3) years; mean post-stroke duration: 8.8 (5.3) years] participated. 

Twenty-nine (32%) of them reported at least one fall during the follow-up period, 

with a total of 71 fall episodes. There was a significant difference in obstacle-

crossing time under single-task (mean difference: 8.3 sec) and dual-task conditions 

(mean difference: 7.4 sec), and also the degree of interference in mobility 

performance (increased dual-task obstacle-crossing time relative to the single-task 

obstacle-crossing time) (mean difference: 3.3%) between the fallers and non-fallers 

(p<0.05). After adjusting for the effects of other relevant factors, a greater degree of 

interference in mobility performance remained significantly associated with a 

decreased risk of falling (adjusted odds ratio=0.951, 95%CI=0.907-0.997, p=0.037). 

Conclusions: The degree of mobility interference during dual-task obstacle-

crossing was the most effective in predicting falls amongst all the single-task and 
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dual-task walking measure parameters tested. This simple dual-task walking 

assessment has potential clinical utility in identifying people post-stroke at high risk 

of future falls.  

 

Study 5 (Chapter 6): Association of single-task and dual-task walking 

performances with falls in community-dwelling individuals with chronic 

stroke: A prospective cohort study 

Objectives: Falling is common among individuals with chronic stroke and often 

occurs during dual-tasking. This study compared the ability of dual-task walking 

tests and the corresponding single-task tests in predicting falls in individuals with 

chronic stroke. Methods: Ninety-three individuals post-stroke (mean age: 62.4 ± 6.7 

years; mean post-stroke years: 5.6 ± 4.5) participated in this prospective cohort 

study. Each of the two mobility tasks (level-ground walking and obstacle-crossing) 

was performed in isolation and in conjunction with five individual cognitive tasks 

(category naming, serial-subtraction, shopping list recall, auditory clock task, and 

auditory Stroop task). Participants were asked not to prioritize either component 

task while dual-tasking. Data on demographics and other clinical characteristics 

including depressive symptoms and functional abilities were also collected. Monthly 

telephone interviews were conducted to collect data on fall incidence, and the 

related circumstances and injuries during a 12-month follow-up period. Multivariate 

logistic regression analysis was performed to identify factors that predicted future 

fall status. Results: Thirty-six participants (39%) reported one or more falls during 

the follow-up period. The regression model including reaction time (milliseconds) 

during performance of the auditory clock task while walking over obstacles correctly 

classified the fall status of 80% participants (72% future fallers and 84% non-fallers, 

adjusted OR = 0.999, 95% CI = 0.998, 1.000, p = 0.044). Performance did not differ 

between fallers and non-fallers on any of the other measures. Conclusions: The 
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dual-task obstacle-crossing test has potential clinical utility for identifying people 

with chronic stroke who have a high risk of future falls.  

 

Study 6 (Chapter 7): Cognitive-motor interference during walking in 

individuals with stroke: A functional near infrared spectroscopy study  

Objectives: To compare the brain activity during single-task and dual-task walking 

between ambulatory community-dwelling individuals with cortical stroke, those with 

subcortical (basal ganglia) stroke and those with no stroke, and between people 

who showed dual-task interference and those did not among these three groups 

with use of functional near infrared spectroscopy (fNIRS). Methods: An 

observational study with repeated measures in 25 non-demented community-

dwelling right-handed individuals (9 able-bodied individuals, 8 individuals with 

cortical stroke and 8 individuals with subcortical stroke) was conducted in a 

university laboratory. Participants walked on a motorized treadmill for 1 minute at 

75% of their fastest level ground speed while counting back by 7s. Brain activation 

at bilateral dorsolateral prefrontal cortices (DLPFC), primary motor cortices (M1), 

supplementary motor areas (SMA), primary somatosensory cortices (SS1) and 

posterior parietal cortices (PPC) was deduced with fNIRS measures. Between- and 

within-group differences of brain activation level during single and dual-task 

conditions were compared. For between-group comparisons, the ipsilesional 

hemisphere of stroke patients was compared with the non-dominant (right) 

hemisphere of the controls whereas the contralesional hemisphere of the stroke 

group was compared with the dominant (left) hemisphere of the controls. Results: 

The ipsilesional/non-dominant DLPFC demonstrated a higher level of activation 

during dual-task walking (MD=0.203 μmol/L, 95%CI=0.119-0.395, p=0.038) than 

during single-task walking. The control group showed an overall higher activation 

level in the ipsilesional/non-dominant DLPFC than the cortical stroke (MD=0.376 

μmol/L, 95%CI=0.142-611, p=0.001) and the subcortical stroke groups (MD=0.275 
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μmol/L, 95%CI=0.407-0.510, p=0.018). In the control group, people who showed 

dual-task interference (i.e., decrement in performance of the serial-7-subtraction 

task during walking) showed a lower activation in the dominant SMA during serial-

subtraction under single-task condition than those who did not (MD=0.882 μmol/L, 

95% CI=0.396-1.367, p=0.004). In the cortical stroke group, people who showed 

dual-task interference showed a lower activation in the contralesional M1 during 

single-task walking than those who did not (MD=0.326 μmol/L, 95% CI=0.263-1.861, 

p=0.017). In the subcortical stroke group, people who showed dual-task 

interference showed a lower activation in the contralesional DLPFC (MD=1.010, 

95% CI=0.310-1.710, p=0.012) during single-task walking than those who did not. 

Conclusion: Activation in the ipsilesional/non-dominant DLPFC is higher during 

dual-task walking than during single-task walking. The control group has an overall 

higher activation level in the ipsilesional/non-dominant DLPFC than people with 

cortical stroke and those with subcortical stroke. The presence of dual-task 

interference is associated with lower activation of the contralesional/dominant motor 

cortex and DLPFC when performing the cognitive (for control group) and mobility 

component task (for participants with stroke) under single-task condition. 

 

Overall conclusions: Taken together, the studies presented in this thesis were 

designed to systematically evaluate the effects of DTI in individuals with stroke. The 

series of studies highlighted the need to assess different dual-task combinations 

among people with stroke for obtaining a more comprehensive picture of the dual-

task mobility function. Our systematic review (study 1, Chapter 2) showed that the 

DTI degree and pattern changed with the choice of component task type and 

complexity. Individuals with stroke tended to show a more substantial DTI than their 

counterparts without stroke in certain, but not all, dual-task conditions. It highlighted 

the need to assess different dual-task combinations with a standardized paradigm 

for a more comprehensive picture of the dual-task mobility function within and 



IX 
 

between individuals, groups, and across time. Results from Study 2 (Chapter 3) 

showed that the battery of dual-task walking assessments we assessed are reliable 

and valid for evaluating cognitive-motor interference in community-dwelling 

individuals post-stroke. The lack of correlations between the tasks of different 

cognitive domains indicated the need to use different cognitive domains in dual-task 

walking assessment post-stroke. The findings of this study provide clinicians and 

researchers with a series of validated dual-task walking assessments that can be 

used in their future clinical practice and research studies. The interplays between 

the component task complexity and the cognitive task type found in Study 3 

(Chapter 4) reinforced the importance of addressing the performance of both 

component tasks in dual-task mobility testing after stroke. Findings from the two 

prospective cohort studies (Chapters 5 and 6) showed that the dual-task obstacle 

crossing tests were more effective in identifying potential fallers than the single task 

measures. Thus, the dual-task obstacle crossing tests have potential clinical utility 

for identifying people with stroke who have a high risk of future falls. Our last study 

(Chapter 7) showed that performance of the component tasks was associated with 

the presence of dual-task interference. In able-bodied older adults, the presence of 

dual-task interference was associated with a decreased brain activation during 

performance of the cognitive component task. In older adults with stroke, a 

decreased activation during performance of the mobility component task was more 

associated with the presence of interference during dual-tasking. These findings 

provide insights into future studies in investigating the effect of specific exercise 

training on reducing dual-task interference and the associated neuroplastic changes 

in people with stroke. Overall, our findings might have important implications for 

clinical assessment and management in stroke rehabilitation, and form a good basis 

of future research studies on methods to improve dual-task gait performance and 

decipher the related neural mechanisms. 
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1.1 DEFINITION OF STROKE 

A stroke (or cerebrovascular accident) is a medical emergency during which brain 

cells suddenly die as a result of an interruption in the blood flow to the brain 1. It is 

known that 55-87% of all strokes occur due to a blood clot in the blood vessels 

supplying the brain, and these strokes are known as cerebral infarctions or ischemic 

strokes. A further 10-22% strokes occur as a result of ruptured blood vessels that 

supply the brain; these strokes are known as hemorrhagic strokes 2, 3. The 

interruption of blood flow deprives the brain of nutrients and oxygen, causing 

damage to the corresponding brain cells in the vascular territory 1.  

 

The most common stroke symptoms are sudden weakness or numbness of the face, 

arm and/or the leg, usually on one side of the body 4. Other symptoms are 

confusion, dizziness, severe headache with no known cause, impaired vision in one 

or both eyes, difficulty in speaking or comprehending speech, difficulty in walking, 

loss of balance or coordination, and fainting/falling unconsciousness. In some cases, 

a patient may die, depending on the area and extent of the brain injury 4. 

 

 

1.2 WORLDWIDE PREVALENCE, INCIDENCE, MORTALITY AND BURDEN 

OF STROKE 

Stroke is a leading cause of adult disability across Europe, the United States 5-8 and 

Asia, including Hong Kong 9, and is globally the second-leading cause of death and 

disability 3. Annually, about 15 million people worldwide suffer a stroke 10. Of these, 

5.5 million die 2, 10 and another 5 million sustain permanent disability 10. In 2016, 

strokes accounted for 10% of total global deaths (5.8 million of deaths) and 14.4 

millions of years lived with disability per 1000 population worldwide 3. Annually, 

stroke directly costs the Hong Kong health system an estimated about $US200 

billion , which is more than double the cost conferred by all cancers affecting 
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patients in the USA 7. Stroke also accounts for the longest hospitalization time of all 

pathologies and imposes a heavy demand on rehabilitation and long-term care 

services in Hong Kong 9. Although 50-70% people with stroke regain functional 

independence, 15-30% are left permanently disabled, and 20% of this latter group 

require institutional care at 3 months post-stroke 11. 

 

1.2.1 Racial Disparity  

Most (> 85%) of the worldwide stroke burden is in low-income and middle-income 

countries 10, 12. The annual age-standardized, race-specific incidence of the first 

ischemic stroke per 1,000 patients between the years 1993 and 1997 was higher in 

blacks [1.9, 95% confidence interval (CI) = 1.6-2.2] than in Hispanics (1.5, 95% CI = 

1.32-1.65) or whites (0.9, 95% CI = 0.75-1.0) 13. A 4.4-year (2003-2007) prospective 

cohort in the United States found that the age-adjusted and sex-adjusted 

black/white incidence rate ratio was 1.5 overall, 4.0 in those aged 45-54 years and 

0.9 in those 85 years old 14. Blacks also have a more severe post-stroke mortality 

and morbidity than any other racial or ethnic group 2, 11, 15. The lowest probability of 

death in men aged 45-64 years was within 1-year post-stroke in blacks and within 5 

years post-stroke in whites 2. 

 

1.2.2 Sex Disparity 

Women have a substantially lower age-specific incidence rate of stroke than men at 

young and middle-age, but a higher rate at older age 2. The average age of stroke 

was reported to be about 4 years older in women than men 16. Meanwhile, one 

study reported a significant decline in the sex-specific incidence rates of stroke 

among men from 1993 to 2010, but not in women 17. Annually, there are about 

55,000 more women than men suffering a stroke in the United States 2.   

 

1.2.3 Age Disparity 
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Stroke has a higher incidence among the elderly; however, there was a 4.92% 

increase in the incidence of stroke among those who are middle-aged from year 

1980 to 2000 18, a 41.5% increase of hospitalization for acute ischemic stroke in 

individuals aged 35-44 years from 2003 to 2012 and a twofold increase among 

individuals aged 18-34 years from 1995 to 2012 19. An increasing prevalence of 

stroke risk factors, including hypertension (4-11%), lipid disorders (12-21%), 

diabetes (4-7%), tobacco use (5-16%) and obesity (4-9%) have been concurrently 

identified among those hospitalized for acute ischemic stroke 19. The prevalence of 

having 3-5 risk factors between the ages of 18 to 64 years has also increased by 6-

48% in both sexes from 2003 to 2012 (p < 0.01) 19.  

The absolute number of worldwide cerebrovascular disease-associated deaths 

increased by 28.2%, but the age-standardized deaths decreased by 36.2% from 

1990 to 2016 20. These changes suggest a trend for suffering a stroke at younger 

ages. Kissela et al. 16 also reported a 2.2-year-decrease in the mean age of stroke 

from 1993 to 2005 (p < 0.001). The proportion of all strokes in people < 55 years-of-

age has increased from 12.9% to 18.6% between the years 1993 and 2005 (p = 

0.002) 16. While the absolute number of cerebrovascular disease deaths increased 

globally by 5.1%, the number of age-standardized deaths decreased by 21% from 

2006 to 2016 20. This indicates an improvement in the survival rate. Although there 

was a global decrease in the age-standardized years of the lived disability rate after 

suffering a hemorrhagic stroke by 1.6% from 2006 to 2016, that of the ischemic 

stroke increased by 3.7% during the same period 20. The probability of death within 

1 and 5 years post-stroke seems to be highest in people aged  75 years 2.  

 

With an aging population and a stroke onset at younger ages, the prevalence and 

burden of stroke is expected to increase with the improving stroke survival rate and 

life expectancy post-stroke 10, 16, 21. 
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1.3 THE RISK FACTORS OF STROKE 

A number of risk factors for stroke have been identified in epidemiological studies. 

Among these, 91% of them are modifiable, 74% are behavioral (smoking, poor diet 

and low physical activity), and 29% are associated with air pollution 2, 22. Modifying 

these risk factors helps decrease the risk of stroke and, in turn, the health and 

socioeconomic burdens from stroke 10, 20, 23. In a cohort study of 23,927 persons in 

Europe, with a mean follow-up of 12.7 years, the age-specific estimate of the 5-year 

incidence rates of stroke was reduced by almost 40% in individuals aged 60-65 

years living a healthy lifestyle (i.e., maintaining a healthy diet, engaging in physical 

exercise, maintaining an optimal body mass index and waist circumference, and 

had not smoked) 24. The substantial decline in the cardiovascular mortality rates in 

some other developed countries over the past two decades provides strong 

evidence for the effectiveness of population-wide primary prevention and adequate 

health-care intervention on reducing the incidence and improving the chance of 

survival after suffering a stroke 21, 25.  

 

In the remaining sections of this paper, only the major traditional risk factors are 

reviewed, as these contribute to 75% of cardiovascular disease 26. These traditional 

risk factors are divided into modifiable and non-modifiable factors. The non-

modifiable risk factors include aging, sex, ethnicity and family history. The 

modifiable factors include hypertension, diabetes, obesity, physical inactivity, 

unhealthy diets, and smoking and tobacco use.  

 

1.3.1 Non-modifiable Risk Factors 

1.3.1.1 Aging 

Aging is the most powerful independent risk factor for stroke 27. The risk of stroke 

doubles every decade after the age of 55 21. For example, an 80-year-old has as 
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much as 30 times the risk of ischemic stroke as a 50-year-old 28. The prevalence of 

other stroke-associated risk factors, such as hypertension and diabetes, also 

increases with advancing age 29.  

 

1.3.1.2 Sex 

The lifetime risk of stroke is 20% (95% CI = 20-21%) in women and slightly lower, at 

16.7%, (95% CI = 14-17%) in men 30. This difference could result from the longer 

life expectancy of women and the substantially increasing incidence of stroke with 

age 11. However, some risk factors are more dangerous or more prevalent in 

women than in men. For example, high blood triglyceride levels are a key cause of 

atherosclerosis in young women, but not in young men 26, and obesity and diabetes 

are more prevalent in women than in men 26. Meanwhile, some risks, such as the 

effects of oral contraceptive use, polycystic ovary syndrome and hormone 

replacement therapy after menopause are only applicable to women 26. For 

example, preeclampsia, a pregnancy-specific disorder resulting in hypertension and 

multi-organ dysfunction, is independently associated with a twofold and fourfold 

increased risk for future stroke with a relative risk (RR) of 3.9 (95% CI = 1.8-8.3) 

and an RR of 1.8 (95% CI = 1.3-2.6) without adjusting for age 31. 

 

1.3.1.3 Race 

The risks of intracranial atherosclerotic (RR = 5.9, 95% CI = 1.8-18.7), extracranial 

atherosclerotic (RR = 3.2, 95% CI = 1.4-7.1), lacunar (RR = 3.1, 95% CI = 1.9-5.1) 

and cardioembolic (RR = 1.6, 95% CI = 1.0-2.5) stroke are higher in blacks than in 

whites 13. The risks, although lower than in blacks, are still higher in Hispanics than 

in whites [intracranial atherosclerotic stroke (RR = 5.0, 95% CI = 1.7-14.8), 

extracranial atherosclerotic stroke (RR = 1.7, 95% CI = 0.8-3.6), lacunar stroke (RR 

= 2.3, 95% CI = 1.5-3.6) and cardioembolic stroke (RR = 1.4, 95% CI= 1.0-2.1)] 13. 

Whites with stroke are usually older and have a higher frequency of myocardial 
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infarction and dyslipidemia than blacks, whereas the frequency of hypertension is 

higher in blacks than in whites 32.  

 

1.3.1.4 Family History 

A family history of stroke is associated with an increased risk of ischemic stroke, 

carotid atherosclerosis and stroke subtypes. One study reported that the age-

adjusted, sex-adjusted, and ethnicity-adjusted stroke prevalence was 4.8%, 3.9% 

and 4.9%, respectively, in people with a positive familial, maternal and paternal 

history of stroke. This prevalence was reportedly only 2.0% of people without any 

positive familial history ( p< 0.01) 33. The multivariable-adjusted RR of stroke was 

2.0 (95% CI = 1.1-3.5) in people with a positive parental history and 1.4 (95% CI = 

0.8-2.5) in people with a positive maternal history 33. The family history of stroke and 

myocardial infarction in first-degree relatives is also associated with stroke at a 

younger age 34. A substantial proportion (38%) of variability in carotid intima-media 

thickness—a quantitative measure of subclinical atherosclerosis predictive of 

subsequent myocardial infarction and stroke—is explained by heritable factors 35. 

People with a family history of myocardial infarction are also 1.6 times (95% CI = 

1.0-2.7) more likely to have a large-artery ischemic stroke 34.  

 

The RR of stroke according to the above-mentioned non-modifiable risk factors are 

summarized in Table 1.1 36. 

 

1.3.2 Modifiable Risk Factors 

1.3.2.1 Hypertension  

Hypertension (blood pressure > 140/90 mmHg) 25, 37 is the most important and 

independent determinant of risk for both ischemic and hemorrhagic stroke 2, 10, 25. 

Hypertension was identified in 53-87% of the people with stroke 37, 38. The risk of 

having a stroke is 4.6 times higher in people with hypertension compared to the 
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general population 39. Every 20/10 mmHg increment in systolic/diastolic blood 

pressure doubles the risk of stroke mortality at age 40-69 years 40.  

 

Treating hypertension alone can reduce the risk of a stroke by up to 41% 10, 41, 42. 

Specifically, every 10/5 mmHg decrement in systolic/diastolic blood pressure 

decreases the risk of stroke by 37-41% 42, 43.  

 

1.3.2.2 Diabetes 

Diabetes is a chronic health condition in which the body either does not produce 

enough insulin—a hormone produced by the pancreas and used by the body to 

regulate glucose in the blood—or cannot use insulin properly 26, 44. The diagnostic 

fasting blood glucose level is   6.1 mmol/l. A fasting blood glucose level of < 6.1 

mmol/l is recognized to be normal 45. A high blood glucose level as a result of 

diabetes gradually damages the blood vessels and the nerves that control the heart 

and blood vessels 26, 46.  

 

Diabetes was identified in 47% of the people with acute stroke 38. People with 

diabetes have a higher risk of stroke at all ages, especially at ages <65 years, 

regardless of race 47. The risk ratio is 5-fold to 14-fold higher in those aged 20-65 47. 

In older age groups, the excess risk is < 3 47. The risk of having a stroke is higher in 

women with diabetes than in men with diabetes. Specifically, the pooled maximum-

adjusted RR of people with stroke  was reported as 2.3 (95% CI = 0.9-2.7) in 

women with diabetes and 1.8 (95% CI = 1.6-2.1) in men with diabetes 48. The age-

adjusted and sex-adjusted risk that people with diabetes will have a non-fatal 

cardiovascular disease is almost double that of those without diabetes [Odds ratio 

(OR) = 1.9, 95% CI = 1.8-2.0] 49. The longer an individual has diabetes, the higher 

the risk of having a stroke 49, 50. For example, the risk of stroke increases 3% per 

year lived with diabetes (95% CI = 2-4%) 50. Those living with diabetes for 0-5 years, 



9 
 

5-10 years and  10 years are 70% [adjusted hazard ratio (HR) = 1.7, 95% CI = 1.1-

2.7], 80% (adjusted HR = 1.8, 95% CI = 1.1-3.0) and threefold (adjusted HR = 3.2, 

95% CI = 2.4-4.5) more likely to have a stroke, respectively 50. Diabetes is also an 

independent risk factor for stroke recurrence among people with stroke. The risk of 

stroke recurrence is 50% higher (HR = 1.5, 95% CI = 1.3-1.6) in people with 

diabetes than those without diabetes, regardless of age or region 51. The risk of 

people with diabetes dying as a result of suffering a stroke is also nearly double the 

risk of those without diabetes 46.  

 

Despite these findings, intensive glucose-lowering therapy seems to have no 

significant effects on the incidence of stroke (RR = 0.9, 95% CI = 0.8-1.1, p = 0.333) 

52. Lifestyle changes to prevent diabetes and the subsequent increased risk of 

stroke, such as having a healthier diet and being more physically active, are 

recommended 26.  

 

Hypertension, diabetes, and stroke share some common modifiable risk factors 

including obesity, physical inactivity and unhealthy diet 26, as described below. 

 

1.3.2.3 Obesity 

Obesity is defined as (i) a body mass index (BMI) ≥ 30 kg/m2 or (ii) an absolute 

waist circumference/waist-to-hip ratio > 40 inches/0.9 in men and 35 inches/0.8 in 

women 26, 53. Measuring the waist circumference/waist-to-hip ratio is particularly 

useful for identifying obesity in normal or overweight (25-29.9 kg/m2) people 53. A 

significant association between obesity and an elevated risk of stroke has been 

reported in both sexes of different races 54. Being overweight or being obese 

induces adverse metabolic effects on blood pressure, cholesterol levels, triglyceride 

levels and insulin regulation 21, and thus is strongly associated with hypertension 

and diabetes, as previously mentioned 21.  
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Both BMI and abdominal obesity is an independent, strong risk factor for stroke 

regardless of sex and race 55, 56. The incidence of stroke, especially ischemic stroke, 

increases with increasing BMI 56. Every 2 kg/m2 increment of baseline BMI 

increases the RR of total and ischemic stroke by 6.1% and 18.8%, respectively 56. 

Men and women with a BMI < 24 kg/m2 are 15% and 22% less likely to have a 

stroke, respectively 56. Meanwhile, adults with a waist-to-hip ratio equal to or above 

the median are at a 2.4-3.0-fold higher risk of stroke even after adjusting for BMI 

and other risk factors 55. This effect is more potent than that of BMI and is stronger 

at ages < 65 years (OR = 4.4, 95% CI = 2.2-9.0) than at ages > 65 years (OR = 2.2, 

95% CI = 1.4-3.2) 55.  

 

Physical exercise and healthy, lower calorie diets that include high fresh fruit and 

vegetable intake help to reduce obesity 21.  

 

1.3.2.4 Physical Inactivity 

The amount of physical activity required to promote favorable health and fitness 

outcomes seems to be similar among adults of different races and ethnicities 57. A 

greater level of physical activity is inversely associated with incidence of stroke, 

particularly ischemic stroke, after multivariable adjustment in people aged  75 

years and in African Americans (intermediate physical activity: HR = 0.7, 95% CI = 

0.5-0.8; recommended physical activity: HR = 0.7, 95% CI = 0.5-1.0; p = 0.006) 58, 59. 

A 13-year cohort study found that women participating in any level of physical 

activity had a 50% lower stroke risk than their inactive peers 24. Physically inactive 

people aged  80 years are also 60% more likely to have a stroke than who engage 

in any level of physical activity (adjusted HR = 1.6, 95% CI = 1.1-2.4, p = 0.030) 60. 

Meanwhile, people who walk at a pace > 3 mph have a lower risk of stroke than 
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those who walk at a pace < 2 mph (HR = 0.5, 95% CI = 0.3-0.7) 59. Independent of 

walking pace, more time spent in walking can also decrease the risk of stroke 61. 

People who walk  22, 15-21, 8-14, and 4-7 hours per week had 36%, 68%, 63% 

and 89% the risk of having a stroke, respectively, as those who walk for 0-3 hours a 

week 61. Physically inactive people are also more likely to have diabetes, 

hypertension and obesity 53, 60, which are three of the major risk factors for stroke 

that have already been discussed.  

 

1.3.2.5 Unhealthy Diet 

Globally, 11-19% of stroke is attributed to low fruit and vegetable intake 26, 62. There 

is an inverse association between fruit and vegetable consumption (particularly 

apples, pears and green leafy vegetables) and stroke risk [for all participants: the 

multivariable RR of total stroke for the highest (> 6.0 servings per day) versus 

lowest (< 2.3 servings per day) fruit and vegetable consumption = 0.85, 95% CI = 

0.76-0.96, p for trend = 0.004; only for those without hypertension: multivariable RR 

= 0.81, 95% CI = 0.71-0.93, p for trend = 0.010] 63. Conversely, a higher salt intake 

is associated with a greater stroke risk (RR = 1.23, 95% CI = 1.06-1.43, p = 0.007 ) 

64. A higher risk of stroke was also reported for a greater consumption of sugar-

sweetened and low-calorie sodas 65. The RR of having a stroke is 16% higher (95% 

CI= 1.00-1.34) in people with  1 serving of sugar-sweetened low-calorie soda per 

day than those who have no servings 65. People having one serving of 

decaffeinated/caffeinated coffee per day, on the contrary, have 10%/9% lower risk 

of stroke than those having one serving of sugar-sweetened low-calorie soda per 

day 65.  

 

Much evidence supports the health benefits of following the Dietary Approaches to 

Stop Hypertension (DASH) diet. This is a diet that is rich in fruits, vegetables, and 
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low-fat dairy products. It incorporates grains, poultry, fish and nuts and limits the 

amount of saturated fat, red meat, sweets, and sugar-containing beverages 

consumed. This diet helps normalize blood pressure in people with hypertension 

and decreases the risk of cardiovascular diseases 66, 67. The DASH diet, compared 

with an ordinary diet, provides less total fat, saturated fat, and dietary cholesterol, 

but more potassium, calcium, magnesium, fiber, and protein 66, 68. Following a 

Mediterranean-style diet (that is rich in nuts and olive oil) or a Nordic diet (that is 

rich in fish, apples, pears, cabbages, root vegetables, rye bread, and oatmeal) also 

substantially decreases the risk of stroke 66, 69 (multivariable-adjusted HR = 0.64-

0.86, 95% CI = 0.47-0.98) 69, 70. 

  

1.3.2.6 Smoking and Tobacco Use 

Smoking is a well-recognized independent risk factor for stroke: it accelerates the 

heart rate, raises the blood pressure, promotes coronary artery spasm, increases 

clotting, damages the endothelial lining of blood vessels, elevates cholesterol 

plaques (fatty deposits in the arteries), raises low-density lipoprotein cholesterol 

levels and lowers high-density lipoprotein cholesterol levels 26.  

 

One study showed that 45% of people who suffer an acute stroke are smokers 38. 

Current smokers have a 2-4 times higher risk of stroke than non-smokers or those 

who have not smoked for > 10 years 71, 72. The risk of stroke in passive smokers is 

double that of those not exposed (OR = 1.8-2.0, 95% CI = 1.0-2.8) 71, 73. The risk of 

stroke also increases with the number of cigarettes smoked per day 74. The RR of 

stroke in heavy smokers (> 40 cigarettes/day) is twice that of light smokers (< 10 

cigarettes/day) 75. The excess risk of stroke in smoking one cigarette a day relative 

to 20 per day is 41% and 34% for men and women, respectively 76. Cigar or 

secondary pipe smokers have an increased risk of stroke that is similar to that of 

light smokers 75. Meanwhile, a hypertensive smoker is 5 times more likely to have a 
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stroke than a normotensive smoker and is 20 times more likely to have a stroke 

than a normotensive non-smoker 75. The effectiveness of pharmacological treatment 

of hypertension to reduce the incidence of stroke in smokers is much less effective 

than that in non-smokers 75.  

 

The risk of stroke reduces by 16-42% after stopping smoking in adults, an effect 

that holds across all races, ethnicities and age groups 74, 77, 78. Kawachi et al. 72 even 

reported a largely disappeared excess risk of stroke in ex-smokers after 2-4 years 

of cessation in their 12-year cohort. 

 

The RRs of stroke of the above-mentioned modifiable risk factors are summarized 

in Table 1.2 36. 

 

 

1.4 THE COMPLICATIONS OF STROKE 

In addition to symptoms such as sensory dysfunction, physical and cognitive 

impairments directly resulting from suffering a stroke, complications after a stroke 

are also common. Among people with acute stroke, 59-77% experienced more than 

one complication 38, 79, 80. Post-stroke complications can be short-term, including 

seizures, constipation, urinary tract infections, aspiration pneumonia, decubitus 

ulcers, deep-vein thrombosis and pulmonary embolism. Long-term complications 

may include epilepsy, pain syndromes, pseudobulbar affect, depression and anxiety, 

dementia, as well as falls and fractures 2, 79. These complications can all delay 

rehabilitation and lead to poor functional outcomes, or even death 38, 79, 80.  

 

Amongst these complications, cognitive impairment was found in 20-96% of 

patients post-stroke 38, 81-83. A faster and more persistent decline in global cognition 

and executive function than people without stroke has also been identified 84. Falls, 
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another common complication throughout the post-stroke life span, also affect 14-

73% of people who have had a stroke 79, 80, 85, 86.  

 

1.4.1 The Epidemiology of Post-stroke Cognitive Impairment 

1.4.1.1 The Incidence of Post-stroke Cognitive Impairment 

People who have had a stroke are 2.5 times more likely to develop a severe 

cognitive impairment than their counterparts (education-adjusted OR = 2.48, 95% 

CI = 1.34-4.59, p = 0.004) 81. One study showed that people who had had a stroke 

showed an acute, clinically meaningful decline in global cognition [adjusted decline 

in Six-Item Screener (SIS), a 0-6 score measure of cognitive impairment in 

community-dwelling blacks and whites 87, score points = 0.10, 95% CI = 0.04-0.17, 

p = 0.001] and executive function (SIS points = 0.9, 95% CI = 0.23-1.57, p = 0.009) 

post-stroke 84. Furthermore, 10% of patients develop dementia soon after having 

their first stroke, and > 33% develop dementia after a recurrent stroke 82, 83. The rate 

of cognitive decline post-stroke was also found to be faster than that before stroke 

in a longitudinal study involving 515 stroke incidents (OR = 1.23 per year, 95% CI = 

1.10-1.38, p < 0.01) 84. Here, the 6-year absolute difference in cognitive impairment 

as measured with SIS was 12.4% (95% CI = 7.7-17.1%) 84. 

 

1.4.1.2 Risk Factors of Post-stroke Cognitive Impairment 

Many risk factors of cognitive impairment post-stroke are common between those of 

cerebrovascular disease, such as stroke and dementia 83. The long-term cognitive 

decline might be a result of the stroke itself, or the risk factors of the cognitive 

impairment post-stroke 84. Age and vascular risk factors, including hypertension, 

diabetes, obesity, an unhealthy diet, physical inactivity, and smoking not only 

increase the risk of stroke, but also the risk of cognitive impairment 83, 88. The 

prevalence of cognitive decline post-stroke increases exponentially after 65 years of 

age 83, 88. A higher education level increases the cognitive reserve 88, 89, but not the 
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rate of cognitive impairment aggravation, regardless of sex 83, 90, 91. Meanwhile, 

people working in high-level occupations (administrative grades: -0.27, 95% CI = -

0.28 to -0.26) have a more obvious global cognitive decline (p = 0.001) than people 

working in intermediate-level occupations (professional or executive grades: -0.23, 

95% CI = -0.25 to -0.22) and low-level occupations (clerical or support grades: -0.22, 

95% CI = -0.24 to -0.19) 83, 90. As aforementioned, people having recurrent stroke 

has been suggested to have 3 times higher risk of having dementia compared with 

people having the first stroke incident 83. An increased risk of recurrent stroke has 

also been associated with the onset of dementia after stroke 83, 92. 

 

1.4.2 The Epidemiology of Falling among People who have a Stroke 

1.4.2.1 The Fall Incidence among People with Stroke 

A fall is defined as any unexpected resting of the body onto a lower surface without 

an external displacing force like an earthquake or medical events like a stroke, 

seizure or heart attack 93, 94. The risk of falls in people with acute stroke is more than 

double that of people affected by other pathologies, such as community-acquired 

pneumonia or congestive heart failure 95. The risk is also more than double in 

people having an average of 10 post-stroke years compared with their age-matched 

and sex-matched peers (adjusted RR = 2.20, 95% CI = 1.10-4.30) 85, 96. Falls affect 

14-65% of people with stroke during hospitalization 79, 80, 85, 86, and 37-73% in the 

first 6 months after discharge 85, 97. Among those who fell, 15-27% reported injuries 

and 1.2-4% suffered serious injuries resulting in fractures and even death 86, 97-102. In 

addition to death and the severe injuries that cause further disabilities, a depressed 

mood, decreased self-efficacy, increased caregiver burden, fear of falling that leads 

to self-restricted activities of daily living, and a decline in the quality of life can also 

be attributed to falls 95, 97-100, 103, 104. Nonetheless, multi-factorial risk assessments for 

falling and intervention programs for addressing the corresponding risk factors, 
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including training on balance and mobility and the use of adaptive devices, were 

found to be effective in reducing the risk of falling 98, 101, 103, 105. 

 

1.4.2.2 The Risk Factors for Falling among People with Stroke 

The most significant risk factors for falls post-stroke are having a reduced ability to 

balance (OR = 3.87-4.50, 95% CI = 1.10-18.70), gait deficits (OR = 3.9-4.5, 95% CI 

= 1.10-18.70), depression (OR = 2.11, 95% CI = 1.18-3.75), cognitive deficits (OR = 

1.75, 95% CI = 1.02-2.99), visuospatial hemi-neglect (OR = 1.49-2.60, 95% CI = 

1.20-5.40), self-care disability (OR = 2.30-8.90, 95% CI = 1.24-16.40) and a fall 

history (OR = 1.67, 95% CI= 1.03-2.72) 86, 95, 106, 107. A fall history is also strongly 

associated with recurrent falls (OR = 4.19, 95% CI = 2.05-7.01) 107. No evidence for 

associations between falls and age (OR = 1.02, 95% CI = 1.00-1.03), sex (OR = 

1.01, 95% CI = 0.76-1.34), stroke duration (OR = 1.11, 95% CI = 0.90-1.35), 

impaired vision (OR = 1.39, 95% CI = 0.86-2.25), and multiple stroke (OR = 1.39, 

95% CI = 0.79-2.46) have been identified 95, 106, 107. The fall risk-factors among 

inpatients and community-dwelling individuals with stroke seem to be similar except 

for the transfer ability, which is more pronounced during hospitalization 95.  

 

 

1.5 AN OVERVIEW OF DUAL-TASK INTERFERENCE (DTI)  

Community ambulation is one of the most important rehabilitation goals after stroke 

108. Approximately 75% of people who are discharged home after suffering a stroke 

rated community ambulation to be essential or very important 109. Unfortunately, 

despite extensive rehabilitation, compromised functional walking capacity often 

persists in chronic stroke cases 110-118. Only half of the community-dwelling people 

with a stroke history manage community ambulation 112, 118, 119. This finding might be 

partly attributed to dual-task interference (DTI), which is a decline in either or both 

component task performances when they are performed simultaneously compared 
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to the task performances when the component tasks are completed in isolation 118, 

120, 121. Some researchers use the term cognitive-motor interference (CMI) instead of 

DTI to denote the phenomenon when a cognitive task is performed simultaneously 

with a manual or mobility task 115, 122.  

 

Walking while performing a secondary cognitive task, such as attending to traffic or 

recalling a shopping list, is hardly avoidable in everyday life. DTI has thus been 

proposed to have a major effect on community ambulation 118, 123. Associations 

between gait-related DTI and other daily living activities 124, 125, falls 98, 114, 120, 

functional independence 124, and community participation 126, which in turn affect the 

quality of life 116, 127, have also been suggested.  

 

Mounting evidence supports a more pronounced DTI in older rather than younger 

adults 128-130, and in individuals with different neurological diseases, including 

people with a history of stroke, than their able-bodied peers 113, 121, 131-140 141-144. The 

degree and the pattern of DTI also differ with the component-task type 124, 125, 145-149 

and task complexity 113, 148 among people post stroke, but not in people with 

Parkinson’s disease 142. These differences between different populations might be 

explained by the influence of aging 128, 130, the effects of different neurological 

diseases on mobility and cognitive functions 150-152 and the attentional demands of 

walking and the cognitive tasks per se 153-157.  

 

 

1.6 THE POSTULATED DTI THEORIES AND MECHANISMS  

A number of theories explaining DTI have been postulated. The three most 

influential theories are the capacity-sharing model, the bottleneck or task-switching 

model and the cross-talk model 158-160. These models explain the phenomenon in a 

resource-based, operation-based and content-oriented aspect, respectively. 
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1.6.1 The Capacity-Sharing Model 

The capacity-sharing model assumes finite mental resources, and information 

processing and attention capacity exist in humans (i.e., it is resources-based) 160. 

This capacity and the total amount of attention deployed at any time is shared 

among all involved tasks, resulting in less capacity and attention for each 

component task 160. When the supplies of the limited capacity and the demands 

from the component tasks do not match, the task performances either deteriorate or 

fail completely 160.  

 

In 1956, Miller 158 identified and summarized several experiments showing a limited 

channel or information-processing capacity was available for different sensory 

inputs at any one time, regardless of the sensory attribute. He concluded that 

although someone could manage two sets of information perfectly when two tasks 

were dealt with separately, they might not manage the same sets of information as 

well when the tasks are performed simultaneously, irrespective of the nature or 

category of the information.  

 

Miller also observed a decreased level of accuracy in judging more than one 

attribute concurrently 158. Recent studies have also suggested that competition for 

the limited processing resources between component tasks occurs under dual-task 

conditions within the human brain 115, 159, 161, 162. In 1973, Kahneman 160 added that 

although limited, these resources could be freely allotted in a highly flexible manner 

among the simultaneous activities, according to volitional momentary intentions as 

well as autonomous pre-attentive mechanisms.  

 

1.6.2 The Bottleneck or Task-Switching Model 
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The bottleneck or task-switching model assumes that a stage of internal processing 

can operate only on one stimulus or response at a time (i.e. it is operation-based) 

160. When two stimuli are presented at the same time, often only one is perceived 

whereas the other is completely ignored; if both are perceived, the responses 

elicited are often presented in succession rather than simultaneously. This 

suppression or queuing in the behavioral organization causes a bottleneck delay, 

and impairs the perception of or responses to either or both of the tasks 159, 160. The 

bottleneck may happen at different stages, such as the stages of; (1) perceptual 

analysis, as influenced by attention; and (2) response selection, during which 

attention will be allocated flexibly according to the voluntary intentions. 

Nevertheless, a preliminary perception-organization by grouping and segmentation 

would also be provided by autonomous pre-attentive mechanisms 160. This 

bottleneck prevents the initiation of more than one response at a time, and allows 

for the selection of responses that best fit the situation 160.  

 

1.6.3 The Cross-Talk Model 

Cross talk refers to a transference of energy from one communication channel to 

another 163. The cross-talk model focuses on the content of the information being 

processed (i.e., it is content-oriented). This content might include the sensory input 

being presented, the responses being produced and the thoughts someone is 

having 159. When similar inputs are involved, the same set of processing machinery 

could be shared for both, making it easier to perform the two tasks simultaneously 

159 and may result in a dual-task facilitation, an improvement in either or both 

component task performances under a dual-task condition relative to the 

performances under a single-task condition 115. However, when there is an outcome 

conflict in which the production of the outputs, throughputs or secondary effects of 

one task hinders the processing of the other, DTI may emerge instead 159.   
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1.7 BRAIN ACTIVITIES DURING SINGLE- AND DUAL-TASK WALKING 

Based on the proposed DTI mechanisms, a number of studies have combined 

neuroimaging with different component tasks to identify the neural correlates 

involved in DTI among able-bodied individuals. Some of these studies have 

suggested an increased level of activation in the same areas that are activated by 

the component tasks 164, whereas others have suggested existence of dual-task 

specific regions, including the prefrontal cortex (PFC) 164-167. With the use of 

functional near-infrared spectroscopy (fNIRS), a recently developed non-invasive 

imaging technology that allows for neural analyses of mobility with a reasonable 

spatial resolution and signal-to-noise ratio at the cortical levels, correlations 

between changes in PFC activation and decreases in walking performance during 

dual-task walking have also been reported 168, 169.  

 

To explore the underlying mechanisms of gait-related CMI, the general function of 

the PFC and other brain regions that are involved in walking, different cognitive 

tasks and dual-task walking are reviewed in the following subsections (1.7.1-4). 

 

1.7.1 The Functions of the PFC 

The PFC constitutes nearly one-third of the adult human neocortex 170, and has 

extensive interconnections with virtually all cortical sensory systems, motor systems, 

and many subcortical brain regions 171. The PFC is believed to have a crucial role in 

cognitive control 171.  

 

The PFC can be divided into two parts: the ventromedial PFC (VMPFC) and the 

dorsolateral PFC (DLPFC) 172. The VMPFC reciprocally connects to regions 

associated with emotional processing (amygdala), memory (hippocampus), higher-

order sensory processing (temporal and visual association areas) and the DLPFC. 
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In terms of its function, the VMPFC supports the integration of emotion, memory 

and environmental stimuli in the expression and control of emotional and instinctual 

behaviors 170, 172.  

 

The DLPFC connects reciprocally to regions associated with motor control 

[supplementary motor area (SMA), premotor cortex (PMC) and the basal ganglia], 

performance monitoring (cingulate cortex), and higher-order sensory processing 

(association areas and parietal cortex). This region supports behaviour regulation 

and response control to environmental stimuli 172. It is involved in higher executive 

functions, including temporal organization of goal-directed actions in behaviour, 

cognition, and language domains 170.  

 

These neural networks integrate sensory and memory information in the control of 

actions and behaviors during cognitive tasking and executive functioning. As the 

DLPFC is also involved in higher executive functions, the degree of DTI could be 

influenced by the various executive function demands of the specific component 

tasks per se 154.  

 

1.7.2 The Brain Regions Involved in Walking 

Although walking is relatively automatic and was once considered to predominantly 

involve the spinal cord, mid-brain and the brainstem 173-176, recent research on 

healthy older subjects suggests that routine walking is a complex cognitive task that 

also requires higher cognitive functions 154, 175. Indeed, functional ambulation in real-

life situations requires the maintenance of a dynamic balance and the adjustment of 

walking patterns and speeds to various environmental constraints, including slopes, 

curbs, terrains, and obstacles 177. These processes require a top-down control to 

integrate and respond to the various sensory information collected from the 
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environment for safety and efficiency 173. These processes inevitably share the 

limited brain capacity 173. 

 

With the advance of technology, various brain regions have been found to be 

activated during walking (Table 1.3). Specifically, Harada et al. 178 found a high level 

of cortical activation in the left PFC and the SMA at higher walking speed in older 

adults. The researchers suggested an involvement of the left PFC, the SMA and the 

medial sensorimotor cortex area in gait-speed control and age-related decline in 

gait capacity among able-bodied older adults. Suzuki et al. 179, 180 also reported that 

PFC and PMC activation was involved in adjusting the walking speed during the 

preparation and the execution of walking. 

 

1.7.3 The Brain Regions Related to Cognitive Tasks 

Table 1.3 summarizes the different brain areas identified in walking and performing 

tasks of different cognitive domains. Regardless of the nature or domain of the 

cognitive task, some form of attention is required to perform it. The PFC and the 

parietal cortex are consistently involved when performing different types of cognitive 

tasks 181-195.  

 

1.7.4 The Brain Regions Related to Dual-task Walking 

Numerous researchers have investigated the dual-task-specific brain regions with 

functional magnetic resonance imaging (fMRI). D’Esposito et al. 196 suggested that 

the DLPFC was exclusively involved in a central executive system, as DLPFC 

activation was absent when the participants performed either a spatial rotation task 

or a semantic-judgement task (both were non-working-memory tasks), but was 

present when the two tasks were performed concurrently. Herath et al. 197 also 

suggested that a region in the right inferior frontal gyrus was specifically associated 

with DTI when performing a visual reaction-time task and a somatosensory 
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reaction-time task simultaneously. Wu et al. 198 identified the left lobule V and right 

vermis of the cerebellum as being exclusively activated during the concurrent 

performance of a self-paced finger-tapping task and a visual letter-counting task 

compared to areas activated in the single-task conditions. Nevertheless, others 

have observed an increased level of activation during dual-tasking at the brain 

regions that were also activated during the component-task performance 199-202.  

 

With advances in technologies, such as those aforementioned, an increasing 

number of researchers have looked at the neural correlates of dual-task walking 

using fNIRS. Unfortunately, most of these studies found an increased level of 

activation of certain brain regions during dual-task walking compared with the 

single-task walking without mentioning the brain activation status during the 

component cognitive or mobility task. Holtzer et al. 203 found an increased activation 

in the bilateral PFC in a walking-while-talking task compared with normal pace 

walking in both younger and older adults. Lu et al. 185 found (1) an increased level of 

activation in the PFC during dual-task walking with counting-back-by-3 compared to 

normal pace walking and walking while carrying a bottle of water and (2) an 

increased level of activation in the PMC and the SMA during dual-task walking 

compared with normal pace walking among younger adults 185. However, deduction 

of any additional activation during dual-tasking would not be feasible without 

considering the brain-activation status during all the component tasks. In conclusion, 

despite the numerous studies that have been performed, the underlying 

mechanisms of gait-related DTI remain elusive 162.  

 

 

1.8 DTI AMONG PEOPLE WITH STROKE  

Being able to walk again, regaining community ambulation and community 

reintegration are top priorities among most people with stroke 108, 109. Despite 
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extensive rehabilitation and committed gait training, however, only half of them 

achieve their goals of community ambulation 112, 118, 119. Community ambulation 

challenges an individual’s ability on walking while attending to a secondary task, 

such as attending to traffic or changing terrains 177. Nonetheless, all these, including 

walking 173, 178, require attention 204. With reference to the aforementioned DTI 

theories, the limited attention resources available have to be shared between the 

simultaneous tasks. There may also be an additional bottleneck or cross-talk of 

information in the impaired central nervous system (CNS) of people with a history of 

stroke that causes increased DTI during dual-tasking. 

 

In addition to decreased mobility and/or cognitive performance during dual-task 

walking, gait-related DTI has also been suggested to be one of the factors 

adversely affecting the risk of falling and safety 98, 114, 120, as well as hindering 

functional independence 124, and community ambulation and participation 109, 

leading to inactivity 205, 206  among people with a history of stroke. All these factors 

might culminate in decreased quality of life 116, 127, and loss of self-autonomy and 

efficacy 205, 206 in the individuals with stroke, as well as increased burdens on their 

care-givers. Inactivity, being a risk factor of stroke, not only makes the risk factors 

of stroke (like hypertension and diabetes) more difficult to control (as mentioned in 

section 1.3.2), but also renders individuals with a history of stroke more susceptible 

to stroke recurrence.  

  

1.8.1 Decreased Central Nervous System Circuitries and Capacity Post-

stroke 

Stroke is a heterogeneous condition; it results in different degrees of lesion(s) in 

various locations in the brain and diminishes the limited processing or attentional 

resources to different levels. Different CNS circuitries, including those involved in 

walking or other task automatomicity and task implementation can be damaged to 
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different extents 121, 173 depending on the location and severity of the stroke. Such 

damage can place a heavier attention demand on the remaining intact CNS 

circuitries, and the finite attention capacity as a whole 173, 207, 208. The diminished 

attention capacity and the increased demands on it might explain the more 

pronounced DTI during dual-task walking among those who have experienced a 

stroke compared to their able-bodied peers 113, 114, 121, 124, 131, 132, 137.  

 

For example, Smulders et al. 137 observed a similar level of deterioration in the 

component motor performance (in terms of the obstacle avoidance success rate 

and muscle reaction-time of the biceps and rectus femoris of the supporting leg), 

but a more deteriorated cognitive task performance (in terms of the composite score 

of accuracy and verbal reaction time of an auditory Stroop task) while crossing 

obstacles among well-recovered community-dwelling individuals with chronic stroke 

than among age-matched and walking velocity-matched healthy controls. Hyndman 

et al. 114 also reported a significantly greater increase in the walking time and a 

decrease in the cognitive task performance (shopping-list recall) during a dual-task 

condition in community-dwelling people with chronic stroke compared with age-

matched controls.  

 

To investigate the effects of the hemiplegic side on DTI, Haggard et al. 124 

compared the DTI in both cognitive and mobility task performances among people 

with left-sided (n = 8) and right-sided (n = 22) lesions. However, no significant 

differences were identified in any of the four tested dual-task walking with different 

cognitive tasks. Meanwhile, if an increased level of competition for the limited 

attentional resources at the cortical level increases DTI, then people with a cortical 

stroke should have more pronounced DTI than those with a subcortical stroke. 

Similarly, those who has a more severe stroke should also have more compromised 

dual-task function and walking capacity, than those who suffered a less severe 
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stroke. Daily training and stimulation might induce a greater extent of neural 

plasticity in those who suffered a more chronic stroke than those who suffered a 

less chronic stroke. Thus far, it seems that investigations into these aspects have 

not yet been conducted.  

 

While different stroke locations and severities can diminish the limited brain 

processing capacity to different degrees, different chronicity 111, 209 with varying daily 

exposures and rehabilitation may also affect neuroplasticity and the recovery of 

walking capacity. Chisholm et al. 209 compared the change in gait parameters and 

the variability during dual-task walking from hospital admission to discharge after a 

stroke. The gait speed and step length increased, and the stance time and double-

support time decreased from admission to discharge. The variability of the spatial-

temporal parameters also decreased, indicating improved dual-task gait stability at 

discharge. Cockburn et al. 111 also observed a decrease in the dual-task gait and 

the cognitive decrement in seven and three, respectively, of their ten participants at 

different stages of stroke recovery at the follow-up assessments made 1-9 months 

later. However, wide individual differences in the dual-task recovery speed and 

pattern were found. Further studies on the impact of the stroke location, severity 

and chronicity on dual-task walking among stroke survivors are warranted.  

 

1.8.2 The Degree and Pattern of DTI with Different Component Tasks 

In addition to the differences in DTI with stroke heterogeneity and the comparisons 

with people without stroke, many studies using different secondary cognitive or 

manual tasks have identified various degrees of DTI on different walking 

parameters and cognitive task performances among individuals with stroke 110, 111, 

113-115, 124, 125, 135, 137, 138, 140, 149, 210. More specifically, Bowen et al. 110 reported a 

significant increase in braking double-support time in a dual-task walking with a 

color classification task among community-dwelling individuals with chronic stroke. 
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Chisholm et al. 209 noted an increased level of gait variability when comparing dual-

task walking with counting to a single walking task in people with stroke at hospital 

admission and discharge. Patel & Bhatt 125 assessed the dual-task walking speed 

with three different cognitive tasks in a cohort of ten community-dwelling individuals 

with chronic stroke. Both the gait speed and the cognitive task performance 

deteriorated significantly in the dual-task condition when compared with the 

performances in the single-task conditions. However, the degree of DTI differed: the 

gait speed was affected the most when the serial subtraction task was imposed 

during walking, followed by the Stroop test and visuomotor reaction time task. 

Conversely, the cognitive task performance deteriorated the most while walking with 

the visuomotor reaction time task and the least with the Stroop test. Smulders et al. 

137 reported a deterioration in the time of leg muscle onsets, but not in the obstacle-

avoidance success rate when a Stroop task was added to obstacle-avoidance while 

walking on a treadmill. In addition, a deterioration in the Stroop task performance 

was observed during obstacle crossing, but not during unperturbed walking or 

during the pre-obstacle and post-obstacle crossing period.  

 

As mentioned in section 1.8.2, Canning et al. 121 observed a different recovery 

pattern in the component cognitive and mobility tasks over time and between 

individuals. The researchers mentioned the importance of considering both mobility 

status and cognitive task performances together. Plummer et al. 115 shared the 

same opinion and developed a DTI framework according to the effect of dual-

tasking on the component task performances. Nine possible DTI patterns were 

summarized and suggested (Table 1.4), although some may be more common than 

the others. Indeed, a number of studies on individuals with stroke have indicated 

varying DTI patterns as the type and complexity of the component tasks changed 113, 

114, 124. Hyndman et al. 114 compared the performance of standing and walking while 

recalling a seven-item shopping list in a cohort of 36 community-dwelling individuals 
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with a history of stroke. A reduction in both the walking speed and cognitive task 

performance in dual-task walking compared with the walking and cognitive task 

performances in the single-task conditions (mutual interference) was observed. 

However, the cognitive task performance was maintained during dual-tasking in 

standing (motor interference). This difference in cognitive performance under 

different motor-demands suggests that an increased cognitive cost exists in dual-

task walking compared with that in dual-task standing. Dennis et al. 113 compared 

the performance of dual-task walking at a preferred and a faster walking pace with 

serial-3-subtraction and a visual-spatial decision-making task among 21 individuals 

with a history of chronic stroke. Only a decreased walking speed, but not the 

performance of the cognitive task, was reported at both dual-task walking conditions 

with serial-3-subtraction (motor interference), but not with the visual-spatial 

decision-making task, although more mistakes were recorded during the fast 

walking (cognitive interference). This finding not only suggests a different cognitive 

cost under different motor demands (as also shown by Hyndman et al. 114), but also 

a different walking performance/mobility cost under different cognitive task demands 

(as observed by Patel & Bhatt) 125.  

 

All these studies 113, 114, 125, 140, 141, 211-213 but one 213 recruited a small cohort of only 8-

13 participants and the influence of the task complexity within the same cognitive 

domain was not assessed 113, 114, 125. The largest study 213 assessed only one 

cognitive task (serial-subtraction) with high and low complexities, together with three 

different mobility tasks. Other cognitive task domains (e.g., verbal fluency, working 

memory, discrimination and decision making) were not evaluated. These studies 

also used a very short walking-distance (e.g., 10m). As the subjects involved were 

all independent in ambulation, the walking time was often too brief to sufficiently 

evaluate the effects of DTI on the cognitive performance.  
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1.8.3 The Impact of DTI on Falling and Other Aspects 

In addition to the decreased dual-task walking performance among individuals with 

stroke 113, 114, 121, 124, 131, 135, 137, 210, 214, a few studies 98, 114, 120, 210 have explored the 

relationship between dual-task walking and falls post-stroke. Baetens et al. 120 

observed significant differences in the stride-length percentage and the non-paretic 

step-length percentage between fallers and non-fallers with walking while counting, 

but not with walking while naming animals in a cohort of 32 people with subacute 

stroke. Andersson et al. 98 found significant differences between fallers and non-

fallers in the stop-walking-while-talking test, but not the time difference between 

Timed Up and Go test (TUG) in the single-task (TUG only) and dual-task conditions 

(carrying a glass of water while completing the TUG) in a cohort of 91 people with 

sub-acute stroke.  

 

In the study by Hyndman et al. 114, a reduced stride length distinguished fallers from 

non-fallers when a cohort of people with chronic stroke performed a forward-walking 

task while memorizing a seven-item shopping list. However, the sample size was 

small 215, involving only 36 individuals with chronic stroke and the falls were 

reported retrospectively. In another study by the same group of researchers, the 

value of the stop-walking-while-talking test in predicting future falls among 

community-dwelling individuals with acute and chronic stroke was found to be 

questionable, with a specificity level of only 70% and a sensitivity level of 53% 210. 

The fall-predictive value of dual-task walking in individuals with chronic stroke thus 

remains uncertain.  

 

In summary, the DTI / CMI phenomenon during walking is a major but understudied 

concern among individuals with a history of chronic stroke. In particular, the effect of 

component-task type and complexity on CMI and the neural substrates involved in 

CMI during dual-task walking among individuals with stroke is unclear. The effects 
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of stroke location, severity, and chronicity on dual-task walking among stroke 

survivors are also unknown.  

 

 

1.9 COMMON DUAL-TASK WALKING ASSESSMENTS 

A battery of standardized, reliable and valid dual-task walking assessments on 

different cognitive task domains and difficulty levels is of paramount importance for 

identifying any dual-task deficits, directing management, monitoring progress and 

the risk of fall over time in stroke rehabilitation. Nevertheless, only three studies 

investigating the reliability and validity of dual-task walking assessments in people 

after stroke have been performed 216-218. Among these, only walking with mental 

tracking (serial subtraction) and verbal fluency tasks were investigated. Other 

cognitive task domains (e.g., working memory, discrimination and decision making) 

have not been evaluated. Moreover, the walking distance used was short (10 

meters or less) 216-218, resulting in a walking time that was often too brief for a 

sufficient elucidation of the component cognitive task performance across 

individuals. The fall prediction validity was also not assessed 216-218.  

 

 

1.10 THE RATIONALE OF RESEARCH STUDIES  

The intensive literature review presented in this chapter clearly suggests that gait-

related DTI is a major concern for ambulatory community-dwelling individuals with 

stroke. It also suggests a greater level of DTI exists in people with stroke than in 

their able-bodied peers, and a different DTI degree and pattern exists with different 

component-task types and complexities. Nevertheless, despite the empirical studies 

accumulated over the decade, a systematic review was not available. We therefore 

initiated this project based on what we knew, to date, about the phenomena of gait-

related DTI among the population of stroke, by performing a systematic review and 
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meta-analysis (Chapter 2).  

 

In Chapter 2, we reviewed the degree and pattern of gait-related DTI, how these 

varied with disease chronicity and the component task type and complexity in 

individuals post-stroke, and how the DTI differed between people who have and 

have not experienced a stroke. The review showed that the degree and pattern of 

DTI depends on the choice of the component-task type and complexity. Individuals 

with stroke have more substantial DTI than their counterparts without stroke in 

some, but not all, dual-task conditions.  

 

Our review has thus highlighted the need to assess different dual-task combinations 

among people with stroke for obtaining a more comprehensive picture of the dual-

task mobility function, identifying areas of deficit and delineating the mechanisms of 

the dual-task walking. We also revealed the great diversity in testing protocols 

across studies. There is a clear need to standardize the dual-task mobility 

assessment to: (1) evaluate the treatment effects on the dual-task function; and (2) 

enable a meaningful comparison of the dual-task mobility function between 

individuals/groups, and across time. These points led us to the second and third 

studies.  

 

The second study examined the reliability and validity of a battery of dual-task 

assessments involving different cognitive task domains and difficulty levels for 

identifying DTI deficits, directing and monitoring treatment effect between 

individuals, and across time in stroke rehabilitation (Chapter 3). The third study 

investigated the pattern and degree of DTI with different combinations of component 

cognitive and mobility tasks (chapter 4).  

 

As falling is common among people with stroke and has been correlated with DTI as 
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mentioned in section 1.8.3, we included two 12-month prospective cohort studies 

that adopted different dual-task walking assessment protocols. One used a 

standardized walking distance approach (Chapter 5), while the other used a 

standardized time approach (Chapter 6). We aimed to compare the fall predictive 

validity of the dual-task walking assessments with that of the single-task walking 

tests in individuals with chronic stroke  

 

To understand the underlying neural mechanisms of DTI, we conducted an 

observational study to evaluate the effect of stroke location on the gait-related DTI.  

Comparisons between the brain activation levels during performance of the 

component task and during dual-task walking between people who showed gait-

related DTI and those did not in selected chronic stroke patients and able-bodied 

controls using fNIRS were made (Chapter 7). 

 

In summary, the studies presented in this thesis were designed to systematically 

evaluate the effects of DTI in individuals with stroke. Our findings might have 

important implications on stroke rehabilitation, as well as for research studies in 

improving dual-task gait performance.  

 

The objectives and hypotheses of this thesis and the included studies are as follows. 

 

 

1.11 OBJECTIVES AND HYPOTHESES 

1.11.1 Overall Objective 

The overall objective of this thesis was to investigate the effects of DTI on dual-task 

walking performances among individuals with stroke. 

 

1.11.2 Objectives of Individual Chapters 
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1.11.2.1 CHAPTER 2: DEGREE AND PATTERN OF DUAL-TASK 

INTERFERENCE DURING WALKING VARIED WITH COMPONENT 

TASK TYPE AND COMPLEXITY IN PEOPLE POST-STROKE: A 

SYSTEMATIC REVIEW AND META-ANALYSIS  

Objectives of this systematic review were to examine: 

(1) the degree and pattern of DTI during dual-task walking in people post-stroke; 

(2) how the gait-related DTI varied with different component task types and 

complexities; 

(3) the difference in gait-related DTI between people post-stroke and individuals 

without a stroke history. 

 

 

1.11.2.2 CHAPTER 3: COGNITIVE-MOTOR INTERFERENCE IN WALKING 

AFTER STROKE: TEST-RETEST RELIABILITY AND VALIDITY OF 

DUAL-TASK WALKING ASSESSMENTS  

Objectives of this study were to examine:  

(1) the test-retest reliability;  

(2) the standard error of measurement and the minimal detectable change at 

95% CI;  

(3) the construct validity 

of a battery of dual-task gait assessments covering major cognitive domains with 

different component task complexities in evaluating gait-related dual-task 

performances among ambulatory community-dwelling individuals with chronic 

stroke.  

 

1.11.2.3 CHAPTER 4: THE EFFECTS OF COMPONENT TASK TYPE AND 

COMPLEXITY ON DEGREE AND PATTERN OF GAIT-RELATED 

DUAL-TASK INTERFERENCE AFTER STROKE 
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Objectives of this study were to examine the degree and pattern of DTI during gait 

(1) with different component task complexities; 

(2)  with various cognitive task types 

in people with chronic stroke. 

 

1.11.2.4 CHAPTER 5  ASSOCIATION OF SUBSEQUENT FALLS WITH 

EVIDENCE OF DUAL TASK INTERFERENCE WHILST WALKING 

IN COMMUNITY DWELLING INDIVIDUALS AFTER STROKE 

Objectives of this study were  

(1) to examine the fall incidence, circumstances and related injuries;   

(2) to examine and compare fall predictive value of single-task walking tests and 

extent of interference observed in dual-task walking tests  

with use of a standardized walking distance approach among ambulatory, 

cognitively intact, community-dwelling individuals with chronic stroke.  

 

1.11.2.5 CHAPTER 6  ASSOCIATION OF SINGLE-TASK AND DUAL-TASK 

WALKING PERFORMANCES WITH FALLS IN COMMUNITY-

DWELLING INDIVIDUALS WITH CHRONIC STROKE: A 

PROSPECTIVE COHORT 

Objectives of this study were  

(1) to examine the fall incidence, circumstances and related injuries;   

(2) to examine and compare the predictive validity of different single-task 

walking or dual-task walking tests 

with use of a standardized walking time approach among ambulatory, cognitively 

intact, community-dwelling individuals with chronic stroke. 

 

1.11.2.6 CHAPTER 7 COGNITIVE-MOTOR INTERFERENCE DURING 

WALKING IN INIDIVIDUALS WITH STROKE - A FUNCTIONAL 
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NEAR INFRARED SPECTROSCOPY STUDY  

Objectives of this case study research were to: 

(1) examine the activation levels of different cortical regions (dorsolateral 

prefrontal cortex, supplementary motor area, primary motor cortex, primary 

somatosensory cortex and the posterior parietal cortex) in performance of 

the component single-task and in a dual-task walking condition between 

individuals who showed DTI and those who did not in selected older adults 

with chronic stroke at either a cortical or a subcortical brain region. 

(2) Compare the above with the healthy control participants. 
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Table 1.1 Summary of the relative risk of Stroke due to non-modifiable 

risk factors 

 

Risk Factor Aging Sex Race Family History 

Relative Risk 30 times 

higher in 

those aged 

80 years old 

than in those 

aged 50 

years old 

 55-64 

years: 60% 

lower in 

women; 

 >75 years: 

50% higher 

in women 

2-6 times 

higher in 

Black people  

 2.4 times 

higher in 

those with a 

parental 

history; 

 1.4 times 

higher in 

those with a 

maternal 

history 
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Table 1.2 The relative risk of stroke of modifiable risk factors 

 

Risk 

Factor 

Hypertension Diabetes Obesity Physical 

Inactivity 

Unhealthy 

diet 

Smoking 

Relative 

Risk 

4.0-6.0 times 

higher 

2.5-3.7 

times 

higher 

2.4-3.0 

times 

higher 

11-60% 

higher 

16-23% 

higher 

 2.6 times 

in 

smokers 

than in 

non-

smokers; 

 2.0-4.0 

times 

higher in 

heavy 

smokers;  

 2.0 times 

higher in 

passive 

smokers 
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Table 1.3      Neural substrates of walking and involved cognitive domains 
 
Domain 
 

Neural Substrate fMRI 
Study 

PETS 
Study 

fNIRS 
Study 

Review 
Study 

Stimulation 
Study  

Walking PFC   1-4 5, 6  
M1  7  6, 8  
PMC 9 10 3 6  
SMA 9 10, 11 1, 12 6  
SMC 9 10, 11 1, 12   
SS1  7    
SPC  10    
PPC    6  
CMC 9 10    
Visual cortex 
(occipital lobe) 

 7, 10, 11    

Cerebellum 9 7, 10, 11  6  
Basal ganglia  10, 11  6  
Mid-brain, 
brainstem and 
spinal cord 
(CPG) 

 10  5 13 

Mental 
tracking 
 

Right PFC  14    
Bilateral PFC  15, 16    
Bilateral SMA  15    
Left SMA 17     
Left inferior 
precentral gyrus 
(Broca’s region 
and vPMC) 

17     

Bilateral PMC  15    
Left AIC 17     
Left IFG  15    
Right SPC  14    
Bilateral PC  16    
Bilateral IPC  15, 16    

Semantic 
verbal fluency 

Left MFG 
(DLPFC) 

18     

Left IFC (Broca’s 
area) 

18     

Bilateral IFC 19     
Bilateral RSC 19     
Left SPL 19     
Left MTL (either 
in the 
hippocampal 
formation/ 
posterior 
parahippocampal 
gyrus) 

19     

Short-term 
memory 

Bilateral PFC 20, 21 16    
Bilateral FEF 21     
Bilateral SMA 21     
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and pre-SMA 
Left PC 20     
Bilateral SPC 
and IPC 

 16    

Bilateral IPS 21     
Left SMG and 
POS 

21     

Right PCG 21     
Discrimination 
and decision-
making 

Right PFC 22 23    
Bilateral PFC 24     
DLPFC 25   26  
Right IFC 25     
SMA 24     
CC 24 23  26  
PC 24   26  
SPC  23    
Left IPC 25     
OTR 24     

Visuospatial 
cognition 

Bilateral SFG 
including SMA 

27 16    

Bilateral MFG 
including DLPFC 

27, 28 16    

Bilateral IFG 27     
Left SPC 28     
Bilateral PPC 27 16    
Bilateral IPC 28     
Bilateral AIC 27     
Inferior OTR 27     
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Table 1.4  Nine possible dual-task interference patterns 
 
  Cognitive Performance 

  No change Improved Worsen 
Mobility Performance No change No interference Cognitive facilitation Cognitive interference 

Improved Mobility facilitation Mutual facilitation Mobility priority trade-off 
Worsen Mobility interference Cognitive priority trade-off Mutual interference 
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CHAPTER 2 

 

GAIT-RELATED DUAL-TASK 

INTERFERENCE IN PEOPLE AFTER 

STROKE: A SYSTEMATIC REVIEW AND 

META-ANALYSIS 
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2.1 ABSTRACT 

Questions: What are the degree and pattern of dual-task interference (DTI) during 

walking in people post-stroke? How do these vary with disease chronicity and 

component task type and complexity in individuals post-stroke? How do these differ 

between people with and without stroke? 

Design: Systematic review with meta-analysis of studies reported dual-task 

interference during walking 

Participants: People post-stroke and able-bodied controls 

Intervention: Not applicable  

Outcome measures: Walking and secondary cognitive/manual task performances 

under dual-task conditions relative to those under single-task conditions. 

Results: Seventy-four studies (2,324 people with stroke and 482 able-bodied adults) 

were included. Manual and mental tracking tasks imposed the greatest DTI (-0.12 to 

-0.13 m/s, 95%CI -0.17 to -0.07) on gait speed. Among mental tracking tasks, the 

apparently least complex task (serial-1-subtractions) induced the greatest DTI (-

0.17m/s, 95%CI -0.25 to -0.10) on gait speed. Mutual interference (decrement in 

both the walking and secondary component task performances during dual-tasking) 

was the most common DTI pattern. Sensitivity analyses of studies involving only 

people with chronic stroke yielded largely similar results as the primary analyses. 

Individuals post-stroke tended to show more substantial DTI (-0.08m/s, 95%CI=-

0.17 to 0.01) than those without stroke in walking while performing a manual task, 

but not in walking while performing a mental tracking task. 

Conclusions: The degree and pattern of DTI depend on the choice of component 

task type and complexity. Different dual-task combinations with standardized 

procedures are required to comprehensively capture the dual-task mobility function 

post-stroke.  

PROSPERO registration: 59004 
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2.2 INTRODUCTION 

Scenarios requiring an ability to perform dual-task walking, such as attending to 

traffic and memorizing a shopping list while walking, are frequently encountered in 

daily living. Due to the limited capacity of attention resources in human brain, a 

degradation in the performance of one or both the component tasks may occur 

when compared with that when the two tasks are performed separately (single-task 

condition) 1,2. This phenomenon, often referred to as dual-task interference (DTI) 2-4, 

has impact on not only community ambulation 5,6, but also other activities of daily 

living 3,7, falls 8-10, community participation 11, and functional independence 3,12. All 

these finally affected the quality of life 13,14.  

 

In the past decade, increasing research effort has been devoted to investigating the 

effects of DTI on walking among people with brain damages, including stroke 3,7,8,15-

24. However, available systematic reviews have focused on DTI either in healthy 

participants 25-27, or in a population with a mix of different neurological diseases 28,29. 

Different neurological diseases influence cognitive function 30-32, attention demands 

of walking 33-37, as well as the dual-task walking ability 38-41 very differently. The 

degree and pattern of DTI have also been shown to differ with the component task 

type 3,7,19,25-27,42 and complexity 17,42 among people with stroke, but not in people with 

Parkinson’s disease 39. It is thus timely to have a systematic review consolidating 

the mounting, but fragmented, evidence on the phenomenon of DTI during walking 

among the people with stroke.  

 

The research questions for this systematic review were  

1. What are the degree and pattern of dual-task interference (DTI) during 

walking in people post-stroke?  

2. How do these vary with disease chronicity and component task type and 

complexity in individuals post-stroke?  
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3. How do these differ between people with and without stroke? 

 

The results would provide insights into the influence of stroke in different dual-task 

walking conditions. They may also provide important implications on selecting dual-

task walking assessments and planning intervention strategies to tackle DTI post-

stroke.  

 

 

2.3 METHOD 

We registered this systematic review and meta-analysis on PROSPERO 

International prospective register of systematic reviews (registration number: 59004). 

The Preferred Reporting Items for Systematic Reviews and Meta-analyses 

(PRISMA) guidelines for systematic reviews were followed 43. Figure 2.1 shows the 

PRISMA flow diagram for the current systematic review and meta-analysis.  

 

2.3.1 Data Sources and Searches 

Literature search of electronic databases including CINAHL, Cochrane Library, 

EMBASE, MEDLINE (1946+), PsycINFO (1806+) and PubMed, and a forward 

search for additional articles on electronic databases including Scopus and Web of 

Science were done with the last search conducted on 26 September 2019. No 

restrictions on study design were imposed. We extracted only the baseline results 

for interventional or cohort studies. Search keywords were based on the population 

(stroke) and the constructs of interests (dual-task interference during walking) 

(Appendix 2.1). Reference lists of the eligible studies and review articles were also 

screened manually to identify additional eligible articles.  

 

2.3.2 Study Selection 

All results were exported to Endnote X9 (Thomas Reuters, NY) for screening and 
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removal of duplicates. Two independent reviewers assessed each title, abstract and 

full-text for eligibility according to the inclusion criteria (Box 2.1) and the exclusion 

criteria: 1. Reports published as conference proceedings, 2. Book chapters, and 3. 

Theses. If no consensuses were reached for the article eligibility, opinions from the 

principal investigator were sought.  

 

2.3.3 Data Extraction and Quality Assessment 

Two reviewers extracted the key information including study design, inclusion and 

exclusion criteria, sample size, subject characteristics, walking and component task 

characteristics, task prioritization, outcome measures, testing procedures and 

reported study results.  

 

The Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies 

developed by the National Institute of Health (QAT)  was used to assess the 

methodological quality of the included studies 44.  The two reviewers independently 

evaluated each eligible article. Discussions were raised when there was any 

disagreement. If consensuses were not reached, opinions from the principal 

investigator were sought. For attaining a more objective overall rating of “good”, 

“moderate” and “poor”, a percentage of the total number of “yes” to the overall 

number of questions to be rated were calculated.  “Good”, “moderate” and “poor” 

overall rating were given when the resultant percentage was ≥75%, 50-74% and 

<50%, respectively 45.  

 

2.3.4 Data Synthesis and Analysis 

Studies included were categorized according to the secondary tasks involved to 

facilitate comparisons across studies and delineation of the effect of component 

task types on the dual-task gait performances 25. DTI patterns were classified 

according to the categorization model proposed by Plummer et al. 20. 
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Meta-analyses and sensitivity analyses on different stages of stroke recovery were 

performed when three or more studies reported the same outcome to estimate the 

overall effect of DTI on the gait and secondary task performances. Further meta-

analyses were done to compare the effect of DTI on gait and secondary task 

performances between people with and those without a history of stroke wherever 

three or more studies (1) reporting the same outcome and (2) including both a 

stroke group and an age-matched control group were identified. For each study, raw 

mean difference (MD) 46-48 was calculated for each outcome of interest. Random-

effects model of the generic inverse variance method (a method giving more weight 

to larger studies that have smaller standard errors) was used. Heterogeneity 

between studies was analysed with I2 49. Forest plots showing the effect sizes with 

95% CI, the heterogeneity of studies and the corresponding p-values were 

produced using Review Manager software (version 5.3) 48. Publication bias/ small 

study effect was assessed by Egger’s regression test. Significant results with p<0.1 

suggested risk of publication bias 50. When publication bias/ small study effect was 

suggested by the Egger’s regression test, further analyses with Duval and 

Tweedie’s trim and fill  and the classic fail-safe N methods were done for assessing 

effect of the potential publication bias on the certainty of evidence 51. These 

analyses were done with the Comprehensive Meta-Analysis software (version 3) 52. 

 

 

2.4 RESULTS 

2.4.1 Flow of studies through the review  

Figure 2.1 shows the PRISMA flow chart summarizing details of the process. 

Electronic searches identified 15,804 records. After careful screening and 

assessment, 74 of 130 shortlisted articles met the inclusion criteria for qualitative 

analysis. A total of 482 healthy control and 2,324 participants with stroke were 
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included (Table 2.1). Among the 74 studies included in the systematic review, 45 

provided sufficient data for meta-analysis (Table 2.2). Twenty-five of the 45 studies 

included only people with chronic stroke and were included in the sensitivity 

analysis (Table 2.1). 

 

2.4.2 Characteristics of the participants and dual-task testing protocols 

The mean age of the participants in the included studies ranged from 49 to 73 years. 

Sixty-one percent of the studies (45 of 74) included only people with stroke for more 

than 6 months (i.e., chronic stroke); one study included only people within 72 hours 

of stroke 53, six recruited people within 6 months post-stroke 10,54-58. The rest of the 

studies included a mix of people with different stages of stroke recovery.  

 

Twenty-two of the studies involved more than one secondary task in their dual-task 

assessment protocols (Table 2.2). Mental tracking was the most commonly adopted 

secondary task category. Gait speed was the most commonly used gait measure 

(Table 2.2), while the secondary task measures used demonstrated great diversity 

across the studies. The participants were either given no instructions on the task 

prioritization or instructed to perform both task equally well, i.e., not to prioritize 

either task. 

 

2.4.3 Quality assessment of included studies  

All the included studies stated their objective(s) (question 1) and inclusion and 

exclusion criteria (question 4). Outcome measures were also clearly defined 

(question 11). However, only 43% provided sample size justification, power 

description or variance and effect estimates (question 5); 24% statistically adjusted 

the potential confounding variables (question 14); 17% clearly defined the diagnosis 

of stroke (question 9); 16% of the studies reported who, where and when their study 

population was recruited (question 2); and 4% categorized the stroke type (question 
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8) (Table 3, see eAddenda for Table 3). Only one of the 74 studies attained good 

overall rating 59, and 28% of them had moderate overall rating 10,24,53,56,60-76. The rest 

of the studies attained poor overall rating. 

 

2.4.4 Effect of secondary task type on mobility parameters 

Meta-analysis was possible only for several gait parameters including speed, 

cadence, stride length, and stride time and the time-up-and-go test (TUG) (Figures 

2.2-6; Tables 2.2-3). Meta-analysis was not done for any of the cognitive measures, 

as none was reported by three or more studies. Gait speed was the most commonly 

used measure of dual-task walking (Figure 2.2 and Table 2.2). The sensitivity 

analyses of studies including only people with chronic stroke group (onset >6 

months) yielded similar results to the primary analyses, with very few exceptions 

[effect of manual tasks on cadence in people with stroke (Figure 2.3), and 

comparison of the effect manual task on gait speed between the stroke and control 

group (Figure 2.11)].  

 

In general, there was a significant effect on gait speed when a secondary task was 

imposed during walking. A decrement (-0.05 to -0.13m/s, 95%CI -0.17 to -0.01) in 

gait speed was found when walking was performed simultaneously with mental 

tracking, language, discrimination and decision-making tasks or manual. Manual 

tasks induced a slightly greater DTI on gait speed than any of the cognitive tasks. 

Among the cognitive tasks, mental tracking and language tasks induced a more 

pronounced DTI on gait speed than other cognitive task types induced (Figure 2.2).  

 

The manual and the mental tracking tasks also induced DTI (-0.08 to -0.11m, 

95%CI -0.18 to -0.01) in stride length in both the primary and the sensitivity 

analyses (Figure 2.4). In addition, the mental tracking tasks induced DTI (-10 to -11 

steps/min, 95%CI -0.18 to -0.01) in the cadence in both the primary and the 
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sensitivity analyses. On the other hand, manual tasks induced a smaller degree of 

DTI (-5 steps/min, 95%CI -8 to -2) in cadence, which was only observed in the 

sensitivity analysis (Figure 2.3). Finally, adding a mental tracking task during 

walking also induced dual-task interference (0.05 to 0.07s, 95%CI 0.00 to 0.14) in 

stride time (Figure 2.5). 

 

2.4.5 Effect of secondary task complexity on mobility parameters 

With each secondary task type, we also examined the effect of increasing task 

complexity on DTI. After examining the available data, this analysis was feasible 

only for the gait speed measure when a mental tracking task (Figure 2.7), 

discrimination and decision making (Figure 2.8), language (Figure 2.9) or manual 

task (Figure 2.10) was used in the testing protocol. During dual-task walking 

involving a cognitive component task, the apparently least complex cognitive task 

(i.e. the serial-1-subtractions, the classification task, and the spontaneous speech) 

induced a greater DTI on the walking speed (-0.17m/s, 95%CI -0.25 to -0.10) than 

the more complex one(s) (i.e. the serial-3-subtractions and the auditory 1-back, the 

auditory Stroop test, and the category naming). On the other hand, the two manual 

tasks (holding a cup of water and holding a tray with bottles or cups on it) showed 

similar dual-task interference (-0.14m/s, 95%CI -0.21 to -0.08) on the walking speed.  

 

2.4.6 Dual-task interference pattern  

A total of 23 datasets from 14 studies 7,8,16,17,19,38,55,58,77-82 reported whether there 

were significant differences between the performances of both the walking and the 

secondary tasks in both the single-task and dual-task conditions (Table 2.2). These 

allowed us to deduce the DTI patterns in the corresponding dual-task conditions.  

 

Among these datasets, more than half were classified as showing a mutual 

interference pattern (i.e., deterioration of both the mobility and the secondary task 
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performances under a dual-task condition) 7,8,17,19,55,77,79,81,82. The secondary tasks 

involved included mental tracking (n=5) 7,17,55,77,79, language (n=2) 19,81, visuospatial 

(n=2) 7,17, short-term memory (n=1) 8, and discrimination and decision making (n=2) 

7,82 tasks. Six of the 23 datasets 19,55,58,82 were classified as showing a “mobility 

interference” pattern. There was a degradation in the mobility performance, but no 

changes in the visuospatial 19, mental tracking 19,55,58, and discrimination and 

decision making 82 task performances. Four of the 23 datasets from the same study 

38 showed a “cognitive interference” pattern. There was a deterioration in the two 

language tasks and two mental tracking tasks, but no significant changes in the 

walking performance. One dataset showed the “no interference” pattern 17. Neither 

the walking nor the cognitive performances demonstrated any changes during 

walking while performing the auditory clock test (Table 2.3).  

 

2.4.7 Comparison of DTI between people with and without a history of stroke 

Additional meta-analyses were conducted to compare the DTI between individuals 

with stroke and the age-matched controls. The analysis was possible only for the 

dual-task walking speed when a manual or a mental tracking task was used in the 

testing protocol (Figure 2.11). A trend of greater DTI (-0.08m/s, 95%CI -0.17 to 0.01) 

was revealed in the primary analysis for people with all stages of stroke than in the 

aged-matched peers without stroke when a secondary manual task was imposed 

during walking. Such trend was not apparent in the sensitivity analysis of studies 

involving only people with chronic stroke. No between-group difference in DTI on 

walking speed was observed when a mental tracking task was used in the testing 

protocol. 

 

2.4.8 Publication bias of meta-analyses 

Publication bias was present in the primary meta-analyses on gait speed of the 

language (7 studies, Egger’s test -1.00, 95%CI -2.07 to 0.07), spontaneous speech 
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(subcategory of language tasks) (4 studies, Egger’s test -0.94, 95%CI -1.43 to -

0.45), and the manual (13 studies, Egger’s test -1.52, 95%CI -2.84 to -0.20) tasks; 

on the stride length of the manual tasks (5 studies, Egger’s test -2.86, 95%CI -3.84 

to -1.89) and on the stride time of the mental tracking tasks (6 studies, Egger’s test 

0.97, 95%CI 0.20 to 1.73). They were also revealed in the sensitivity analyses of the 

manual tasks on gait speed (10 studies, Egger’s test -1.85, 95%CI -4.01 to 0.30), 

stride length (4 studies, Egger’s test -2.21, 95%CI -2.92 to -1.49) and stride time (5 

studies, Egger’s test 1.21, 95%CI 0.6 to 1.80), and the mental tracking tasks on 

cadence (6 studies, Egger’s test 5.04, 95%CI 0.47 to 9.61) and stride time (4 

studies, Egger’s test 1.54, 95%CI 0.81-2.27) (Figure 2.2). 

 

 

2.5 DISCUSSION 

This systematic review and meta-analysis examined the effect of different 

secondary tasks on gait control in the population of stroke. The results showed that 

DTI pattern and the degree of DTI during dual-task walking varied with the type and 

complexity of the component tasks used among individuals with stroke. There was a 

tendency of more pronounced DTI in the people with stroke than in their able-

bodied peers under specific dual-task conditions. 

 

2.5.1 Effect of secondary task type on mobility parameters 

Similar to studies on other populations, speed was the most commonly used 

measure of dual-task walking (Figure 2.2 and Table 2. 2) 25, 27. It also appears to be 

the most sensitive parameter for detecting DTI in mobility, regardless of the 

secondary task type used. This is consistent with previous findings among the older 

adults and population with various neurological disorders 25, 27. With the exception of 

walking with discrimination and decision-making tasks, the changes in gait speed 

were considered to be clinically significant 83 (Figure 2.2).  
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On the other hand, the more pronounced DTI on gait speed and the Timed Up and 

Go test (Figure 2.6) induced by the mental tracking and language tasks supports 

the notion that tasks requiring internally driven responses (e.g., mental tracking and 

language tasks) cause a larger DTI than those requiring externally driven responses 

(e.g., visuospatial perception or discrimination and decision-making tasks) 25,27. 

Common neural networks may be involved in the performance of walking 84, dual-

tasking 85, and the internally and externally driven responses 86. Referring to 

bottleneck model of the attention theories, a greater overlap of these networks and 

substrates may result in a greater competition for the same cognitive resources and 

thus a more severe DTI. It warrants future investigations into the underlying neural 

mechanisms of DTI. 

 

The varied DTI effect on different gait parameters induced by the manual and 

mental tracking tasks are noteworthy as well (Figures 2.2-5). These are consistent 

with the findings of Lu et al 87. Their study compared the effect of (1) a mental 

tracking task: counting back by 7s and (2) a manual task: holding a bottle of water 

on a tray, on the walking performance among healthy younger adults. Both tasks 

were reported to result in a reduction in speed and in stride length compared to 

those of the standalone walking. However, a decreased cadence and an increased 

stride time (i.e. effects of dual-task interference) was found only in the walking whilst 

performing mental tracking task. Different brain activation patterns were also 

identified during dual-task walking with the manual and mental tracking tasks 87.  

 

Also in line with findings of Lu et al 87, we found a more pronounced reduction in the 

stride length (i.e. a stronger interference effect) during walking while performing a 

manual task than whilst performing a mental tracking task (Figure 2.4). This finding 

may also be related to the reduced arm-swing amplitude when one engaged in a 
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manual task 88. Previous research showed that when one or both arm-swings were 

restrained, a decrease in stride length was observed compared with normal walking 

without arm restraint. During dual-task walking involving a manual task (e.g., 

holding a cup), the stride length reduction could be a result of the restricted arm 

movements compared to that in the standalone walking when free arm-swings were 

allowed. A controlled study comparing dual-task walking with manual tasks and 

standalone walking with the arm-swings retrained at similar arm positions may help 

delineate the effect of dual-tasking from that of arm-swing restriction during the 

dual-task walking involving a manual task. 

 

2.5.2 Effect of secondary task complexity on mobility parameters 

It is reasonable to expect a greater DTI when walking is done with a more complex 

secondary task that imposes a heavier attention loading to the brain. However, 

among the mental tracking tasks, serial-1-subtractions (-0.17m/s, 95%CI -0.25 to -

0.10) surprisingly caused a greater DTI on gait speed than that caused by the 

serial-3-subtractions (-0.10m/s, 95%CI -0.15 to -0.05) or the auditory 1-back (-

0.08m/s, 95%CI -0.22 to 0.06) (Figure 2.7). Among the language task sub-

categories, a slightly greater DTI was induced when walking with spontaneous 

speech than with category naming (Figure 2.9). These suggest DTI, especially in 

cognitive-mobility dual-task conditions, is a rather complex phenomenon affecting 

by multiple factors, in addition to the neural circuitry competition mentioned above 

1,89, and may be explained by the capacity model of the attention theories. This 

model suggests interference occurs when the cognitive demands exceed the finite 

brain capacity available in human brain 1. As pointed out by Kahnamen 1, allocation 

of the finite attention capacity is highly pliable and responsive to an individual’s 

arousal level, the ever-changing momentary intentions, and the evaluation of 

demands when the component tasks demand more capacity than is available 1. 

During the dual-task walking, people might prioritize either component task 
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according to their varied ability, as well as their self-perceived challenges of the 

component tasks given. For instance, the participants might have considered serial-

3-subtractions to be too challenging, and thus prioritized walking over the cognitive 

task, resulting in a less decrement in the mobility performance. On the other hand, 

questions of the spontaneous speech mostly surround the participants’ daily living 

and personal experiences or opinions (Table 2.2) and may be more meaningful and 

engaging to the participants than the category naming tasks. The participants might 

have prioritized the cognitive task over walking when a spontaneous speech task 

was added, resulting in a greater DTI on the walking speed. These suggest the task 

prioritization and self-perception of task challenge might have influenced the 

outcome.  

 

Whereas for the manual tasks, walking while holding a tray (-0.14m/s, 95%CI=-0.18 

to -0.10) showed a similar effect on gait speed as that shown in walking while 

holding a cup (-0.14m/s, 95%CI -0.21 to -0.08) (Figure 2.10). The high similarity in 

the task nature and inherent task-dependent movements may explain this. In both 

tasks, the arm-swings were restricted that rendered a shorter stride length and a 

reduced walking speed 88. The participants might also have intentionally adjusted 

their gait by shortening the stride length to avoid dropping the objects on the tray or 

spilling the water from the cup 87.  

 

2.5.3 Dual-task interference pattern  

The majority of datasets showed an interference on the mobility component. These 

findings suggest people tend to first slow down the walking speed when the 

attention demands of the dual-task walking exceed supply from the finite capacity 

among the people with stroke when they are instructed to perform both tasks 

equally well or not explicitly instructed to prioritize either component task (Table 2.2). 

This agrees with the findings of Yogev-Seligmann et al. 90. They compared the 
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cognitive and mobility performances of a dual-task walking between the condition 

with no explicit prioritization on either component tasks and that with explicit 

prioritization on either tasks in younger and older healthy adults. Both the younger 

and the older adults decreased their walking speed under the condition of no 

prioritization.  

 

The mutual interference pattern was the most common (i.e. an interference on both 

the mobility and cognitive components) and was often induced by a secondary task 

requiring internally driven responses. This is consistent with the postulation that 

adding a secondary task requiring internally driven responses to walking tends to 

impose a greater cognitive loading and result in a greater DTI than adding a task 

requiring externally driven responses.  

 

2.5.4 Comparison of DTI between people with and without a history of stroke 

People with stroke only demonstrated a greater DTI than their age-matched control 

peers when a manual task was used in testing. This may be explained by the 

modest differences in the cognitive and mobility function between the two groups. In 

most of the studies reviewed, participants in the stroke group had relatively good 

cognitive and ambulatory functions. The dual-tasks tested thus may not be 

challenging enough to reveal the true dual-task ability difference between the stroke 

group and their age-matched peers. A large proportion of studies involved 

participants in the chronic stage of stroke recovery only. People in the chronic stage 

of stroke might have been regained their gait automaticity 91, making the effect of 

dual-task interference on walking speed similar to that found in their able-bodied 

peers (Figure 2.11). Therefore, we performed the sensitivity analyses to delineate 

the effect of chronicity of stroke. In fact, there was a discrepancy in results between 

the primary analysis and the sensitivity analysis when we examined the DTI induced 

by a manual task (Figure 2.11). It may be explained by the removal of a single study 
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that included both people with chronic and subacute stroke, but was heavily 

weighted (35%) in the result of the primary analysis 92. It warrants future cohort 

study to further investigate the effect of stroke chronicity and other characteristics 

on the DTI during walking. 

 

2.5.5 Limitations of the studies reviewed 

Among the 74 included studies, only a few reported who, where and when their 

study population was recruited. These limited the replicability of the studies. 

Detailed descriptions of the stroke characteristics (e.g., severity or location of stroke) 

were also missing in most of the studies. Less than half of the included studies had 

statistically adjusted the potential confounding variables in the analyses, or provided 

sample size justification, power calculation, or variance and effect estimates. The 

lack of cohort follow-up of the effect of stroke on the dual-task performances in most 

of the studies also rendered less risk of bias control. This limited the overall quality 

rating of the studies. Only 15% of the studies included a sample of ≥50 93. The small 

sample size of most of the studies might have limited their power.  

   

As noted earlier, the self-perceived challenge of the tasks may have covertly 

influenced the task prioritization which, in turn, affects individual component task 

performances. However, only one study 94 had addressed this issue by measuring 

the participants’ self-perceived challenge of the tasks physiologically during the 

single-task and dual-task performances. Instructions on task prioritization were also 

not reported in 72% of the studies (Table 2.2).  

 

2.5.6 Limitations of this systematic review and meta-analysis 

Studies included in this review and meta-analysis had different study designs, 

testing protocols and outcome measures, as well as participants with different 

stages, types and severity of stroke. This might explain the heterogeneity across the 
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studies in the primary analyses. We regard that the cognitive and mobility task 

performances should be considered together in a given individual to determine the 

DTI pattern for that individual. The ideal way of analyzing the DTI pattern would be 

deriving the pattern for each participant separately, based on the individual data. 

However, majority of the studies did not report the impact of walking on the 

secondary tasks, nor the resultant DTI pattern derived for their individual 

participants. We thus resorted to summarizing a “mean DTI pattern” based on the 

statistical significance of the difference between the single- and the dual-task 

performances 20. Nonetheless, only few studies reported the statistical difference 

between the single- and the dual-task performances for both component tasks. 

These limited the analyses of the effects of component task type and complexity on 

the DTI pattern. Meanwhile, a few studies incorporated more than one secondary 

task of the same task category in their testing protocols. This might have magnified 

the total sample sizes for the particular meta-analyses.  

 

Publication bias was present in a number of analyses. The relatively small number 

of studies (mostly <10) that could be identified and pooled into the meta-analyses 

may explain the publication bias. Nevertheless, adjusted effect sizes by the Duval 

and Tweedie’s trim and fill method suggested largely similar results as the observed 

ones. An even stronger DTI (a deterioration of 5 more steps/min during dual-task 

walking) with mental tracking tasks was revealed in only people with chronic stroke 

after the adjustment. A large number of further studies (122 to 572) with zero effect 

size would also be needed to nullify the observed effects of DTI on the walking with 

the manual and the mental tracking tasks. These suggest that the publication bias 

may have resulted in an underestimation of the magnitude of DTI on dual-task 

walking, rather than an overestimation. Certainty of the observed evidence should 

be considered as robust 51.  
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In conclusion, this review showed that the degree and pattern of DTI depends on 

the choice of component task type and complexity. A simpler cognitive task of the 

same cognitive task type/domain could cause greater DTI on the walking 

performance than a more complex one. People with stroke tended to show a 

greater DTI than their able-bodied peers showed in some, but not all, dual-task 

combinations. This review highlights the need to assess different dual-task 

combinations among the people with stroke for a more comprehensive picture of the 

dual-task mobility function, identifying areas of deficits and delineating the 

mechanisms of dual-task walking. This review also reveals the great diversity in 

testing protocols across studies. There is a need to standardize the dual-task 

mobility assessments for evaluating treatment effects on the dual-task function, and 

comparing the function within and between individuals and groups, and across time.  

 

 

2.6 LIST OF APPENDICES 

Appendix 2.1 Search Strategy 

Table 2.1 Subject characteristics of studies included in systematic review (N= 

74) 

Table 2.2 Testing protocols and results of studies (N= 74)   

Table 2.3 Methodological Quality Assessment with Quality Assessment Tool 

for Observational Cohort and Cross-Sectional Studies of the individual studies and 

summarized results (N= 74) 
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Box 2.1. Inclusion criteria

 

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

Participants  
• People with stroke 
• Age-matched able-bodied controls 

Intervention 
 Not applicable 

Outcome measures  
• Walking performance  
• Secondary cognitive/manual task performance  

Comparisons  
• Single-task performance versus dual-task performance 
• Dual-task interference in one task type versus another 
• Dual-task interference of one task complexity versus anoteher 
• Dual-task interference in people with stroke versus that in people without 

stroke 
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Figure 2.1. PRISMA flow diagram of current systematic review and meta-analysis.  
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Figure 2.2. Meta-analysis: Effect of secondary tasks on gait speed in people with 
stroke. A total of 34 studies (719 participants) were involved in the primary analysis, and 20 
studies (486 participants) in the sensitivity analysis for only people with chronic stroke. 
Significant reduction in gait speed was found in walking while performing a mental tracking 
task, a discrimination and decision making task (primary analysis), a language task (primary 
analysis), or a manual task. Greatest dual-task interference was shown in walking while 
performing a manual task, closely followed by walking while performing a mental tracking 
task and then walking while performing a language task. †Study included people within six 
months of stroke or a mix of people with sub-acute and chronic stroke. Abbreviations: CA, 
Community ambulating group; NCA, Non-community ambulating group; DTT, Dual-task 
training group; STT, Single-task training group; CG, Control group; TG, Target group; CDTT, 
Cognitive dual-task training group; CPT, Conventional physiotherapy group; MDTT, Motor 
dual-task training group; LCA, Limited community ambulating group; FC, Full community 
ambulating group; LLC, Least limited community ambulating group; EG, Exercise group. 
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Figure 2.3. Meta-analysis: Effect of secondary tasks on cadence in people with stroke. 
A total of 14 studies (336 participants) were involved in the primary analysis, and 8 studies 
(196 participants) in the sensitivity analysis for only people with chronic stroke. Significant 
reduction in cadence was found in walking while performing a mental tracking task, a 
language task (primary analysis only), and a manual task (sensitivity analysis for only people 
with chronic stroke). The greatest dual-task interference was shown in walking while 
performing a mental tracking task, followed by walking while performing a language task. 
†Study included people within six months of stroke or a mix of people with sub-acute and 
chronic stroke. Abbreviations: DTT, Dual-task training group; STT, Single-task training group; 
CDTT, Cognitive dual-task training group; CPT, Conventional physiotherapy group; MDTT, 
Motor dual-task training group; CG, Control group; EG: Exercise group; FC, Full community 
ambulating group; LLC, Least limited community ambulating group.  
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Figure 2.4. Meta-analysis: Effect of secondary tasks on stride length in people with 
stroke.  A total of 14 studies (335 participants) were involved in the primary analysis, and 7 
studies (171 participants) in the sensitivity analysis for only people with chronic stroke. 
Significant reduction in stride length was shown in walking while performing a mental 
tracking task (primary analysis), a language task (primary analysis), and a manual task. The 
greatest reduction was shown with walking while performing a manual task. †Study included 
people within six months of stroke or a mix of people with sub-acute and chronic stroke. 
Abbreviations: CDTT, Cognitive dual-task training group; CPT, Conventional physiotherapy 
group; MDTT, Motor dual-task training group; CG, Control group; EG, Exercise group; FC, 
Full community ambulating group; LLC, Least limited community ambulating group. 
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Figure 2.5. Meta-analysis: Effect of secondary tasks on stride time in people with 
stroke. A total of 8 studies (151 participants) were involved in the primary analysis, and 5 
studies (97 participants) in the sensitivity analysis for only people with chronic stroke. 
Significant increase in stride time was shown only in walking while performing a mental 
tracking task (primary analysis). †Study included people within six months of stroke or a mix 
of people with sub-acute and chronic stroke. Abbreviations: CG, Control group; IG: 
Intervention group; DTT, Dual-task training group; STT, Single-task training group.  
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Figure 2.6. Meta-analysis: Effect of secondary tasks on Timed Up and Go in people 
with stroke. A total of 5 studies (226 participants) were involved in the primary analysis. No 
sensitivity analyses for only people with chronic stroke were conducted. Significant increase 
in Timed Up and Go time was shown only in walking while performing a mental tracking task. 
†Study included people within six months of stroke or a mix of people with sub-acute and 
chronic stroke. Abbreviations: CG, Control group; IG, Intervention group; Internal, Internal 
focus instruction group; External, External focus instruction group; DTT, Dual-task training 
group; STT, Single-task training group. 
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Figure 2.7. Meta-analysis: Effect of different mental tracking tasks on gait speed in 
people with stroke. A total of 12 studies (342 participants) were involved in the primary 
analysis and 10 studies and 305 participants in the sensitivity analysis for only people with 
chronic stroke. Substantially greater DTI on gait speed was shown in walking while 
performing serial-1-subtractions than while performing serial-3-subtractions. †Study included 
people within six months of stroke or a mix of people with sub-acute and chronic stroke. 
Abbreviations: CDTT, Cognitive dual-Task training group; CPT, Conventional physiotherapy 
training group; MDTT, Motor dual-task training group; CA, Community ambulatory group;  
NCA, Non-community ambulatory group; DTT, Dual-task training group; STT, Single-task 
training group. 
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Figure 2.8. Meta-analysis: Effect of different discrimination and decision making tasks 
on gait speed in people with stroke. A total of 8 studies (144 participants) were involved in 
the primary analysis. No sensitivity analyses for including only people with chronic stroke 
were feasible. Significant reduction in walking speed was shown only in walking while 
performing a classification task. †Study included people within six months of stroke or a mix 
of people with sub-acute and chronic stroke. Abbreviations: CA, Community ambulating 
group; LCA, Limited community ambulating group. 
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Figure 2.9. Meta-analysis: Effect of different language tasks on gait speed in people 
with stroke. A total of 7 studies (176 participants) were involved in the primary analysis. No 
sensitivity analyses for including only people with chronic stroke were feasible.  Slightly 
greater reduction in gait speed in walking while performing spontaneous speech than while 
performing category naming was shown. †Study included people within six months of stroke 
or a mix of people with sub-acute and chronic stroke. Abbreviations: CG, Control group; DTT, 
Dual-task training group.  
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Figure 2.10. Meta-analysis: Effect of different manual tasks on dual-task gait speed in 
people with stroke. A total of 6 studies (125 participants) were involved in the primary 
analysis, and 9 studies (205 participants) in the sensitivity analysis for only people with 
chronic stroke. The same degree of reduction in gait speed in walking while holding a cup 
and walking while holding a tray was shown. †Study included people within six months of 
stroke or a mix of people with sub-acute and chronic stroke. Abbreviations: CA, Community 
ambulatory group;  LCA, Limited-community ambulatory group; CDTT, Cognitive dual- task 
training group; CPT, Conventional physiotherapy training group; MDTT, Motor dual-task 
training group; CG, Control group; EG: Exercise group; FC, Full community group; LLC, 
Least limited community group. 
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Figure 2.11. Meta-analysis: Comparison of dual-task interference on gait speed 
between people with and without stroke. A total of 6 studies (127 people with stroke, 109 
participants without stroke) were involved in the primary analysis. Five studies (97 people 
with stroke, 79 participants without stroke) were included in the sensitivity analysis for only 
people with chronic stroke. A tendency of greater dual-task interference in people with stroke 
than those without was shown in walking while performing a manual task in the primary 
analysis only. †Study included people within six months of stroke or a mix of people with 
sub-acute and chronic stroke. Abbreviations: DTI, Dual-task interference (=Dual-task 
performance – Single-task performance); CA, Community ambulating group; LCA, Limited 
community ambulating group. 
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Appendix 2.1 Search strategy 

 

Search keywords were based on the population (stroke) and constructs of interests (dual-

task interference during walking). These included:  

 

(cogniti* OR dual-task* OR dual task* OR two task* OR second* task* OR double task* OR 

multitask* OR multi task* OR multi-task* OR motor cognitive interference OR motor-

cognitive interference OR cognitive motor interference OR cognitive-motor interference)  

 

AND  

 

(gait OR walking OR mobility OR locomot* OR tread* OR navigat* OR negotiat* OR 

obstacle-crossing OR obstacle crossing OR obstacle clearance OR obstacle-clearance OR 

toe clearance OR toe-clearance OR heel-clearance OR heel clearance)  

 

AND  

 

(stroke* OR post stroke OR post-stroke OR cerebral vascular accident* OR brain vascular 

accident* OR intracranial vascular accident* OR CVA OR ischaemic attack* OR brain 

ischaemia OR cerebral ischaemia OR intracranial ischaemia OR hemip* OR cerebral 

haemorrhage* OR intracranial haemorrhage* OR brain haemorrhage* OR ictus OR archaic 

apoplexy OR cerebrovascular disorder* OR cerebrovascular disease* OR acquired brain 

injur* OR intracranial infarct* OR cerebral infarct* OR brain infarct* OR lacunar infarct* OR 

lacunar stroke*). 
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Table 2.1     Subject characteristics of studies included in systematic review (N=74) 
 
Study Sample 

Size (n) 
(Female
) 

Mean Age 
(years) (SD)  

Mean 
Stroke 
Duration 
(months) 
(SD) 

Hemiplegic 
side: 
L/R/Bilateral 

Study Design and 
Objectives 

Inclusion Criteria Exclusion Criteria  

Al-Yahya 
et al, 2016 
1 

With 
Stroke: 
19 (2) 
Healthy 
Adults:2
0 (8) 

With Stroke: 
59.61 (15.03) 
Healthy 
Adults: 54.35 
(9.38) 

26.5 (27.46) Unknown/11/ 
Unknown 

A cross-sectional 
observational study 
investigating prefrontal 
cortex (PFC) activation 
and relationships between 
PFC activation and gait 
measures while walking 
under ST and DT 
conditions in stroke 
survivors and healthy 
controls 

More than 6 months after stroke 
confirmed by CT or MRI brain 
scan, 18 or more years old, able 
to walk for at least 5 min with or 
without mobility aids, no 
cognitive, sensory, or 
psychological impairments 
precluding full engagement with 
experimental paradigm, and 
able to give informed consent 

NR 

Amatachay
a et al, 
2016 2 

With 
Stroke: 
95 (48) 

With Stroke: 
62.1 (8.3) 

73.8 (62) Unknown/46/
Unknown 

A cross-sectional 
observational study 
investigating the optimal 
cutoff score for community 
ambulation ability in 
ambulatory patients with 
stroke from rural areas of a 
developing country using a 
ST and DT 10-meter walk 
test 

More than 6 months after stroke, 
40-75 years old, body mass 
index between 18.5 and 29.9 
kg/m2, able to walk for at least 
10 m with or without a walking 
device, and good 
communication 

Any medical conditions that might 
affect participation in the study, 
such as uncontrolled underlying 
diseases (i.e., hypertension, heart 
disease, thyroid disease, etc.), 
deformity in the lower extremities, 
or pain of more than 5 out of 10 
on a visual analog scale 

†Angusam
y et al, 
2018 3 

With 
Stroke: 
30 (11) 

Male: 52.10 
(5.30) 
Female: 
50.54 (6.57) 

Male: 9.5 
(6.0) 
Female: 13 
(7) 

Unknown A pretest and post-test 
study investigating the 
effect of cognitive task 
performance on the 
Temporal Distance 
parameters of gait in 
patients with stroke 

More than 3 months after a 
single CVA, with hemiparesis, 
able to walk independently with 
or without walking aid and 
medically stable 

Having a history of previous CVA 
and other neurological disease, 
MMSE<24/100, or having 
receptive aphasia, serious 
hemianopia and other conditions 
that affect mobility like arthritic 
disease and spinal deformity 

*Aravind et 
al, 2017 4  

With 
Stroke: 
26 

Visuospatial 
Neglect-: 60.8 
(6.5) 

Visuospatial 
Neglect-: 
11.8 (5.1) 

right-sided 
supratentorial 
stroke 

A cross-sectional 
observational study 
comparing the ability of 

Right-hemispheric stroke (CT 
scan/MRI), with a clinical 
diagnosis of VSN (Motor Free 

Having visual field defects, 
hearing loss, cognitive deficits 
(<26 on the Mini-Mental State 
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Visuospatial 
Neglect+: 
59.8 (7.7) 

Visuospatial 
Neglect+: 
10.5 (4.6) 

persons with (VSN+) and 
without VSN (VSN–) to 
dual task while negotiating 
moving obstacles 

Visual Perceptual Test, Letter 
Cancellation Test, or Bells Test), 
able to walk independently (<1.2 
m/s, with or without a walking-
aid), and having motor recovery 
scores of 3-6 out of 7 on the leg 
and foot components of the 
Chedoke McMaster Stroke 
Assessment (CMMSA) 

Examination) or other co-morbid 
conditions interfering with 
locomotion 

†Baetens 
et al, 2013 
5 

With 
Stroke: 

Non-
fallers: 
14 (2) 
Fallers
: 18 
(8) 

Non-fallers: 
64.4 (15.5) 
Fallers: 63.6 
(16.7) 

Non-fallers: 
2.03 (1.3) 
Fallers: 3.1 
(1.8) 

Non-fallers: 
6/8/0 
Fallers: 
10/8/0 
 

A prospective cohort 
observational study 
assessing differences 
between non-fallers and 
fallers, as well as between 
non-fallers, single fallers, 
and multiple fallers, based 
on analysis using an 
electronic walkway system 
during a solitary walk, as 
well as 2 DTs in the first 6 
months after stroke 

Within 6 months after a first-time 
stroke, with residual 
hemiparesis, able to walk 
without manual help, with or 
without walking devices 
(Functional Ambulation 
Categories score over 3), 
without aphasia or dysarthria 
interfering with verbal tasks, and 
able to understand the meaning 
of the study and to follow 
instructions 

NR 

Batchelor 
et al, 2015 
6 

With 
Stroke: 
10 (3) 
Older 
Adults: 
10 (3) 

With Stroke: 
67.8 (8.1) 
Older 
Adults:66.1(1
0.0) 

19.8 (9.8) NR A cross-sectional 
observational study 
investigating the presence 
and extent of gait and 
balance impairments in 
people with transient 
ischemic attack (TIA) or 
minor stroke 

TIA or minor stroke confirmed 
by a neurologist, 50 or more 
years old, living in the 
community at home or in a 
retirement village, no falls before 
TIA/minor stroke, good 
communication in English, and 
able to provide informed 
consent 

Having a current or past history of 
conditions affecting balance or 
walking, taking medication known 
to affect balance/coordination, or 
having psychological disorders 
including depression and anxiety 

*†Ben 
Assayag  
et al, 2015 
7 

With 
Stroke:2
98(112) 

With Stroke: 
66.7 (9.6) 

NR 69/57/6 
(28 
brainstem/ 
cerebellum 
stroke) 

A prospective cohort 
observational study 
exploring the possibility of 
using measures of balance 
and gait to augment the 
prediction of cognitive 
decline 

Within 72 hours after symptom 
onset with a final diagnosis of 
TIA or minor stroke, defined by 
NIHSS <17 at admission 

Having hemorrhagic stroke, stroke 
resulting from trauma or invasive 
procedures, severe aphasia, 
CD/dementia, unlikely to be 
discharged from hospital or to 
participate in follow-up, without 
baseline cognitive results, or 
having gait dysfunction after 
stroke 
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†Bowen 
et al, 2001 
8 

With 
Stroke: 
11(5) 

With Stroke: 
72 (9) 

4 (1.6) 4/4/0 
(3 unknown) 

A cross-sectional 
observational study 
investigating effect of 
talking while walking on 
walking velocity and 
balance control 

Consecutive admission to 
hospital following a stroke in the 
previous 7 months, 60 or more 
years old, community-dwelling, 
able to walk 10 m unaided or 
with a stick, sufficient hearing 
and vision to complete the 
required tasks, and able to 
understand verbal instruction, 
give informed consent and give 
accurate `yes'/`no' responses. 

Discharged to nursing or 
residential homes, or using 
walking frames 

Canning 
et al, 2006 
9 

With 
Stroke: 
20 (7) 
Older 
Adults: 
20 (13) 
Young 
Adults:2
0(12) 

With Stroke: 
66 (10) 
Older Adults: 
64 (8) 
Young Adults: 
20 (2) 

39 (19) 13/6/1 A cross-sectional 
observational study 
investigating the regain of 
walking automaticity 
comparing to age-matched 
healthy people and the 
relative difficulty of dual-
cognitive, dual-manual and 
triple-task 

First-ever stroke with completed 
formal rehabilitation, able to 
walk 150 m without the 
assistance of a hand-held 
walking aid at 0.5 m/s or more, 
and able to could perform a 
cognitive task and a manual 
task error-free for 30 s in sitting  

Having any significant 
musculoskeletal, cardiac, 
visuospatial or other neurological 
problems that interfered with their 
ability to walk 

*†Chaikeer
ee et al, 
2018 10 

With 
Stroke: 
25 (11) 
Healthy 
Adults: 
25 (11) 

With Stroke: 
57 (12) 
Healthy 
Adults: 55 
(12) 

23 (35) 
days 

13/12/0 A cross-sectional 
observational study 
investigating the effect of 
age and educational level 
on dual task performance 
during each component of 
TUG in patients with stroke 

Between 38 and 78 years old 
with stroke, and able to walk 
independently for 14 m without 
using a walking aid 

Having heart diseases, multiple 
brain lesions, cerebral aneurysm, 
brainstem or cerebellar lesions, 
neurological or musculoskeletal 
disorders other than stroke that 
was sufficient to disturb balance, 
or comprehension problems, 
defined as having a Mini-Mental 
State Examination (MMSE) Thai 
version score of less than 24 

*Chan et 
al, 2018 11 

With 
Stroke: 

Tai 
Chi: 
15 (6) 
Exerci
se: 17 
(7) 
Contro

With Stroke: 
Tai Chi: 
63.0 (7.0) 
Exercise: 
62.7 (7.3) 
Control: 
62.3 (7.3) 

Tai Chi: 4.6 
(4.8) years 
Exercise: 
7.8 (6.1) 
years 
Control: 5.9 
(3.8) years 

Tai Chi: 7/8/0 
Exercise: 
7/10/0 
Control: 6/9/0 

An assessor-blinded, 
randomized controlled trial 
comparing the effect of Tai 
Chi training with 
conventional exercise on 
dual-tasking performance 
among stroke survivors 

Aged 50 years or over,  at least 
six months since the onset of a 
stroke, community-dwelling, 
able to walk 5 m indoors without 
any physical support and able to 
follow instructions in Cantonese 

Having any neurological disease 
other than stroke, having received 
major surgery or musculoskeletal 
trauma during the previous six 
months, having a score of less 
than 18 on the Mini-Mental Status 
Examination (Cantonese version) 
or severe hearing or visual 
impairments 
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l: 15 
(7) 

Chan et al, 
2017a 12 

With 
Stroke: 
33 (11) 
Older 
Adults: 
32 (22) 

With Stroke: 
60.18 (6.41) 
Older Adults: 
61.84 (4.59) 

9.35 (4.28) 
years 

9/24/0 A cross-sectional 
observational study 
examining (1) the intra-
rater, interrater, and test-
retest reliabilities of the 
timed Up and Go test with 
a motor task (TUGmotor)in 
terms of the number of 
steps taken in the test and 
completion time in a 
population with chronic 
stroke; (2) the relation 
between stroke-specific 
impairments and the 
number of steps taken in 
the test and the completion 
time; (3) the minimum 
detectable change in 
TUGmotor times; and (4) the 
cutoff time that best 
discriminates the 
performance of people with 
stroke from that of older 
adults without stroke 

With Stroke: having a single 
stroke with unilateral 
hemiparesis at least 1 year 
before the study, older than 50 
years, able to walk for 10m 
independently without a walking 
aid and having a score of >7 on 
the Abbreviated Mental Test 
 
Older adults: aged 50 or above 

Having any neurological disorder 
other than stroke or other 
comorbid disabilities such as 
unstable cardiovascular disease 
or a severe musculoskeletal 
disorder that would hinder proper 
assessment. 
 
Healthy candidates were excluded 
if they had any condition such as 
uncontrolled diabetes mellitus or a 
neurological or musculoskeletal 
disorder that might affect mobility. 

*Chan et 
al, 2017b 13 

With 
Stroke: 
59 (30) 
Older 
Adults: 
45 (36) 

With Stroke: 
62.4 (6.8) 
Older Adults: 
61.3 (4.8) 

With 
Stroke: 5.4 
(4.8) years 

34/25/0 A cross-sectional 
observational study 
comparing the 
performance of single-
tasking and dual-tasking in 
stroke survivors and non-
stroke controls 

With Stroke: at least 6 months 
since the onset of stroke, aged 
50 or above, able to walk 
unaided for at least 15m indoor 
without physical assistance, and 
able to follow instructions 
 
Older adults: aged 50 or above, 
able to walk unaided for at least 
15m indoor without physical 
assistance, and able to follow 

Having a severe visual or hearing 
problem, a score of less than 18 
in the Mini-Mental State 
Examination (MMSE) (Cantonese 
Version), any neurological 
disease (other than stroke in the 
stroke survivor group) or any 
musculoskeletal trauma or 
medical operation within the 
previous six months 
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instructions 

*Chatterjee 
et al, 2019 

With 
Stroke: 
33 (22) 

With Stroke: 
59.6 (9.7) 

With 
Stroke:  
19.2 (10.4) 

16/17 A cross-sectional 
observational study 
investigating whether task-
related change in 
prefrontal recruitment 
measured by fNIRS is 
affected by individual 
differences in people post-
stroke 

aged more than 21 years, at 
least 6 months post-stroke, 
medically stable,  able to walk 
without support from another 
person, 10-meter walking speed 
≤0.8 m/s, Fugl-Meyer lower 
extremity (FMA-LE) score <30, 
and able to follow 3-stage 
commands 

Mini-Mental State Examination 
(MMSE) score <21; uncontrolled 
hypertension; lower extremity pain 
that would interfere with walking; 
severe obesity (body mass index 
>40); cardiovascular disease such 
as congestive heart failure, 
significant valvular disease, 
history of cardiac arrest, presence 
of an implantable defibrillator, 
uncontrolled angina; history of 
myocardial infarction or heart 
surgery in the prior year; lung 
disease requiring use of 
corticosteroids or supplemental 
oxygen; renal disease requiring 
dialysis; significant visual and/or 
vestibular impairment impacting 
safe mobility; lower motor neuron 
injury; bone fracture or joint 
replacement in the prior 6 months; 
diagnosis of a terminal illness 

Chatterjee 
et al, 2018 
14 

With 
Stroke: 
31 (12) 
Older 
Adults: 8 

With Stroke: 
57.96 (9.49) 

With 
Stroke: 
30.16 
(34.88) 

17/14/0 A cross-sectional 
observational study 
investigating the feasibility 
of using skin conductance 
measurements to detect 
task-related differences in 
the challenge posed by 
complex walking tasks in 
adults poststroke 

With Stroke: aged more than 21 
years, at least 6 months 
poststroke, exhibiting a 
hemiparetic gait pattern, 
medically stable, 10-m walking 
speed less than 0.8 m/s, Fugl-
Meyer Assessment lower 
extremity (FMA-LE) score less 
than 30, Mini-Mental State 
Examination Score of 21 or 
more, able to walk 
independently with or without 
assistive devices and/or 

Having any condition that would 
interfere with the ability to safely 
and appropriately participate in 
the gait intervention protocol, such 
as uncontrolled hypertension, 
lower extremity pain, severe 
obesity (body mass index >40), 
poor cardiopulmonary and/or 
renal function, severe perceptual 
or cognitive deficits or active 
drug/alcohol abuse, significant 
balance disturbances, lower motor 
neuron damage or radiculopathy, 
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supportive braces and able to 
follow 2-stage commands. 
 
Healthy Adults: aged 18 to 30 
years and self-reported absence 
of any medical conditions that 
affected walking ability 

myocardial infarction or heart 
surgery in the prior year, bone 
fracture or joint replacement in the 
prior 6 months, or diagnosis of a 
terminal illness 

†Chisholm 
et al, 2014 
15 

With 
Stroke: 
74 (23) 

With Stroke: 
68 (13) 

Admission: 
22.7 (14.2) 
days 
Discharge: 
44.3 (19.5) 
days 

22/43/6 
(3 none) 

A retrospective cohort 
observational study 
evaluating different 
methods of measuring 
variability by assessing the 
responsiveness of each 
variability estimator (SD, 
CV, and MAD) to task 
difficulty (ST and cognitive 
DT), and to change over 
time (admission to 
discharge) for spatial-
temporal gait parameters 
in stroke survivors 

Ischemic or hemorrhagic stroke, 
receiving inpatient rehabilitation, 
and able to walk unaided for 10 
m at admission and discharge 

Unable to complete gait 
assessments at admission and 
discharge, or the gait 
assessments were not at least 7 
days apart 

Cho 
et al, 
2015a 16 

With 
Stroke: 
43 (20) 

With Stroke: 
52.48 (3.91) 

7.06 (0.94) 19/24/0 A single-group repeated-
measures design 
examining the test–retest 
reliability of spatial-
temporal gait parameters 
in patients with stroke 
during performance of 
single and dual tasking. 

Hemiparesis resulting from 
stroke for more than six months, 
able to walk independently with 
and without assistive devices, 
no surgical procedure performed 
on the lower limbs or significant 
medical complications, and able 
to understand and follow simple 
verbal instructions (Korean 
version of the Mini-Mental State 
Examination score over 24) 

Having cardiovascular or other 
conditions affecting their gait, or 
unable to provide informed 
consent 

Cho 
et al, 
2015b 17 

With 
Stroke: 

DT 
VR: 11 
(6) 
ST 
VR: 11 

With Stroke: 
DT VR: 60.00 
(9.38) 
ST VR: 58.64 
(11.86) 

DT VR: 
9.13 (6.39) 
ST VR: 
8.80 (4.82) 

DT VR: 4/7/0 
ST VR: 7/4/0 

A randomized clinical trial 
investigating the effect of 
virtual reality training with 
cognitive load on walking 
function in chronic stroke 
patients 

Hemiparesis resulting from a 
single stroke for more than 6 
months, able to walk 10 m with 
and without an assistive device, 
no severe heart disease or 
uncontrolled hypertension, and 
able to understand and follow 

Orthopedic and other conditions 
that influence walking, such as 
arthrosis or total hip joint 
replacement, participation in other 
studies or rehabilitation programs, 
or pre-existing neurological 
disorders 
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(9) simple verbal instructions 
(Korean version of the Mini-
Mental State Examination score 
over 24) 

†Cockburn 
et al, 2003 
18 

With 
Stroke: 
10 (5) 

With Stroke: 
57.89 (9.19) 

5.7 (3.1) 8/2/0 A single-group repeated-
measures design exploring 
the extent and nature of 
change in cognitive-motor 
interference among 
rehabilitating stroke 
patients who showed dual-
task gait decrement at 
initial assessment 

Unilateral stroke, able to walk 
independent for 1 min without 
assistance (walking aids were 
permitted), sufficient language 
to perform the cognitive tasks, 
and providing written informed 
consent 

NR 

Curuk, E., 
et al, 2019 

With 
Stroke: 
9 (6) 

With Stroke:  
54.44 (4.87) 

6.66 (2.44) 
years 

3/6 A cross-sectional 
observational study  
investigating the effect of 
cognitive and motor tasks 
on asymmetry of gait in 
people with stroke 

more than 1-year post stroke 
accident, identified by a 
clinician; with asymmetry of 
stance and gait, ability to walk 
without assistance, and ability to 
follow the instructions 

having cardiovascular, pulmonary, 
or neurological complications, a 
Berg Balance Scale score of less 
than 41, and a Mini-Mental State 
Exam score of less than 24 

†Dennema
n et al, 
2018 19 

With 
Stroke: 
78 (29) 

With Stroke: 
59.1 (10.8) 

31.9 (19.7) 
days 

38/35/5 A cross-sectional 
observational study 
assessing whether stroke 
patients’ inclination for 
conscious control is 
associated with motor 
performance and exploring 
whether the putative 
association differs as a 
function of task (single vs 
dual) or patientś motor and 
cognitive capacity. 

First-ever or recurrent stroke < 6 
months ago, FAC > 2, able to 
stand independently for more 
than 1 min, able to understand 
instructions and cooperate with 
neuropsychological assessment, 
and having no other central 
nervous system or orthopedic 
impairments, or uncorrected 
visual/hearing impairment 

NR 

Dennis 
et al, 2009 
20 

With 
Stroke: 
21 (8) 
Healthy 
Adults: 
10 (2) 

With Stroke: 
61 (12) 
Healthy 
Adults: 60 (6) 

25 NR A cross-sectional 
observational study 
examining the cognitive-
motor interference effects 
observed during 1 min of 
fast walking and in 1 min of 
preferred walking under 

Having an altered gait but able 
to walk in the community, and 
Rivermead Mobility Index (RMI) 
of level 7 or above  

Unable to complete the testing 
protocol 
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DT cognitive-motor 
conditions in people who 
have relearned to walk 
following a stroke, in 
comparison to an age-
matched control group 

†Eckhardt 
et al, 2011 
21 

With 
Stroke: 
19 (7) 

With Stroke: 
55 (10) 

3.6 (1.4) NR A clinical trial investigating 
the effects of a temporary 
high custom-made 
orthopedic shoe on 
functional mobility, walking 
speed, and gait 
characteristics in 
hemiplegic stroke patients, 
as well as examining 
interference of attentional 
demands and patient 
satisfaction 

A first unilateral hemorrhagic or 
ischemic stroke resulting in a 
hemiplegia with a spastic 
paresis of the leg (Modified 
Ashworth Scale score of 1 or 
more of the plantar flexors of the 
foot), 18 or more years old, able 
to walk at least 20 m in normal 
shoes with or without walking 
aids or supervision, and able to 
follow simple instructions 

Other neurological, orthopaedic or 
vascular diseases that could 
influence walking ability 

†Feld, J. 
A., et al, 
2018 

With 
Stroke: 
28 (17) 

With Stroke:  
58.2 (16.6) 

8.9 
(IQR=3.7-
19.4) 

15/13 A cross-sectional 
observational study 
assessing whether dual-
task gait speed accounts 
for variance in daily 
ambulatory activity above 
what can be predicted with 
habitual (single-task) gait 
speed in community-
dwelling stroke survivors 

Community-dwelling, 18 years 
or older, within 3 years of stroke, 
able to walk continuously for 50 
meters without assistance of 
another person and follow 3-
step commands 

Greater than 1 fall in last 12 
months, having speech deficits, 
pre- or co-existing neurological 
conditions, uncorrected hearing or 
visual impairments, and 
orthopedic conditions affecting 
gait 

*Fernandez 
et al, 2016 
22 

With 
Stroke: 

TG: 14 
(6) 
CG: 
15 (8) 

With Stroke: 
TG: 61.2 
(9.8) 
CG: 65.7 
(12.7) 

TG: 42 
(43.2) 
CG: 51.6 
(58.8) 

TG: 9/5/0 
CG: 5/10/0 

A randomized clinical trial 
exploring the effects of a 
12-week eccentric-
overload flywheel 
resistance exercise 
training program of the 
more-affected lower limb of 
individuals with chronic 
stroke on skeletal muscle 
size, strength and power, 
functional performance, 

More than 6 months after stroke 
confirmed by computed 
tomography or MRI, 40 or more 
years old, mild-moderate 
hemiparetic gait, able to walk 20 
m with or without assistive 
device, and able to perform 
closed-chain exercise using the 
prescribed training device 

Unstable angina, congestive heart 
failure, severe arterial disease, 
major depression, dementia (<24 
on the Mini-Mental State 
Examination), failure to 
understand instructions, or 
chronic pain 
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and cognitive function 
Goh 
et al, 2017 
23 

With 
Stroke: 
30 (8) 

With Stroke: 
61.0 (5.7) 

87.3 (47.5) 12/18/0 A cross-sectional 
observational study 
comparing the effects of 
cognitive and motor tasks 
on the comfortable and 
maximum walking speeds 
of individuals with chronic 
stroke 

More than 9 months after the 
most recent stroke, 55 or more 
years old, and able to walk 14m 
independently without an 
assistive device  

Abbreviated Mental Test (AMT) 
score of < 7, having a pre-existing 
co-morbidity (other neurological or 
musculoskeletal disorders) that 
would hinder proper assessment, 
having communication problems, 
such as receptive aphasia, or 
unable to give informed consent 

†Gye Yeop 
et al, 2014 
24 

With 
Stroke: 
ST: 10 
(0) 
DT: 10 
(0) 

With Stroke: 
ST: 58.2 
(8.07) 
DT: 58.4 
(7.58) 

ST: 19.3 
(14.12) 
DT:16.6 
(11.88) 

NR A randomized clinical trial 
investigating the effect of 
dual-task training with 
cognitive tasks on 
cognitive and walking 
ability after stroke 

Diagnosed with hemi-paralysis 
due to stroke 

NR 

*Hackney 
et al, 2012 
25 

With 
Stroke: 
1 (0) 
 

With Stroke: 
73 

156 1/0/0 A single case study 
investigating the effects of 
adapted tango classes on 
balance, mobility, gait, 
endurance, dual-task 
ability, quality of life, and 
enjoyment in an older 
individual with chronic 
stroke and visual 
impairment 

A diagnosed visual impairment 
(i.e., best eye acuity better than 
20/70), and the Short Portable 
Mental Status Questionnaire 
score over 8 

NR 

†Hermand, 
E., et al, 
2019 

With 
Stroke: 
11 (6) 

With Stroke:  
71.4 (10.1) 

45.5 (34.5) 
days 

6/5 A cross-sectional 
observational study 
assessing the effects of N-
back tasks (low/high load) 
on cerebral activity, gait 
parameters, and cognitive 
performances in stroke 
patients 

Acute (<2 weeks after stroke) or 
early subacute stroke (between 
2 weeks and 3 months), first 
stroke located in left or right 
middle cerebral artery and being 
able to walk 10 meters with or 
without assistance (orthotics, 
crutch) and corrected 
hearing/vision 

Previous neurological disease 
limiting gait, aphasia, pre-existing 
cognitive disorders (including mild 
cognitive dementia, Alzheimer 
and Parkinson diseases), 
cardiovascular or pulmonary 
diseases 

*†Hollands 
 et al, 2014 
26 

With 
Stroke: 
17 (3) 
Older 

With Stroke: 
64 (9.6) 
Older 
Adults:68.5(1

59.4 (113.3)  
Range: 3-
480 

12/5/0 
 

A cross-sectional 
observational study 
comparing spatiotemporal 
stepping parameters of 

Irrespective of time since stroke, 
with completed rehabilitation 
and able to walk 10 m and turn 
without assistance from walking 

Any condition apart from stroke 
that limited mobility, or llanguage 
problems that prevented reliable 
participation in the spoken 
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Adults: 
15(NR) 

3.5) healthy older adults and 
stroke survivors while 
turning under single and 
dual task conditions 

aids or another person subtraction task  

†Hyndman 
and 
Ashburn, 
2004 27 

With 
Stroke: 
63 (27) 

With Stroke: 
68.4(10.6) 

20 (NR) 
Median 12 
Range 2-72 

30/29/0 
(4 brainstem 
stroke) 

A 6-month prospective 
observational study cohort 
testing ‘Stops walking 
when talking (SWWT) as a 
predictor of falls among 
people with stroke living in 
the community 

Diagnosed with stroke, able to 
mobilize independently with or 
without a walking aid, oriented 
to place and time, and able to 
complete by interview 
administered questionnaires 

Bed or chair- bound or required 
assistance from another person to 
mobilise, other neurological 
conditions (such as PD, peripheral 
neuropathy, or unstable epilepsy), 
and acute medical or 
musculoskeletal conditions 
impeding mobility or balance 
(lower limb amputations or recent 
joint replacement surgery) 

Hyndman 
et al, 2006 
28 

With 
Stroke: 
36 (15) 
Healthy 
Adults: 
24 (10) 

With Stroke: 
66.5(11.8) 
Healthy 
Adults: 62.3 
(11.61) 

16.3 (11.8) 
Range 7-56 

20/15/0 
(1 brainstem 
stroke) 

A cross-sectional 
observational study 
investigating differences in 
cognitive-motor 
interference between 
people with stroke and 
controls when performing 
functional tasks, and 
comparing dual task 
performance of stroke 
fallers and non-fallers 

Diagnosed with stroke, and able 
to mobilize without the 
assistance of another person 
and pass a cognitive screening 
test 

Other neurological or 
musculoskeletal conditions likely 
to affect balance (such as 
Parkinson’s Disease, vestibular 
deficits, peripheral neuropathy or 
unstable epilepsy), syncope, 
psychiatric disorders, receptive 
aphasia or uncorrected visual or 
hearing impairments 

†Kal et al, 
2019 29 

With 
Stroke:  

IFG: 
31 (8) 
EFG: 
32 
(12) 

 

With Stroke:  
IFG: 58.5 
(10.3) 
EFG: 60.7 
(11.1) 

IFG: 30.5 
(21.3) days 
EFG: 26.6 
(10.3) days 

NR A double-blind randomized 
controlled trial assessing if 
external focus instructions 
result in greater 
improvements in motor skill 
and automaticity compared 
to internal focus 
instructions in stroke 
patients 

A first-ever or recurrent stroke 
less than six months ago, 
having a Functional Ambulation 
Categories score>2, able to 
stand independently for over 1 
minute, able to understand 
instructions and cooperate with 
neuropsychological assessment 

having other central nervous 
system or orthopedic 
impairments, having uncorrected 
visual or hearing impairment, not 
able to follow instructions, or not 
functionally ambulant (Functional 
Ambulation Categories score no 
more than 2) at admission 

†Kizony 
et al, 2010 
30 

With 
Stroke:1
2 (5) 
Healthy 

With Stroke: 
68.7 (6.9) 
Healthy 
Adults: 69.7 

NR 5/7/0 A cross-sectional 
observational study testing 
the feasibility of using a 
virtual functional 

At least 3 months after stroke, 
community dwelling, able to 
walk on a self-paced treadmill, 
and the Mini Mental State 

NR 
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Adults: 
10(6) 

(7.1) environment for the 
examination of dual 
tasking, and determining 
the effects of dual tasking 
on gait parameters in 
people with stroke and 
age-matched controls who 
were healthy 

Examination score of at least 25 

Lee  
et al, 
2015a 31 

With 
Stroke: 

LCA: 
20 (9) 
CA: 13 
(6) 

Healthy 
Adults: 
12 (11) 

With Stroke: 
LCA: 52.6 
(10.4) 
CA: 49.0 
(13.4) 

Healthy 
Adults: 54.7 
(7.6) 

LCA:70.8(8
2.8) 
CA: 50.4 
(31.2) 

LCA: 10/10/0 
CA: 6/7/0 

A cross-sectional 
observational study 
investigating the 
relationship between motor 
recovery and gait velocity 
during dual tasks in 
patients with chronic 
stroke, and determining 
automatic gait ability 
following stroke 

At least 6 months after stroke, 
able to walk at least 15 m 
without help, the Mini Mental 
State Examination score of 
more than 24, able to 
understand the tasks through 
oral direction, and with sufficient 
hearing and visual abilities to 
perform the task 

NR 

Lee  
et al, 
2015b 32 

With 
Stroke: 
46 (18) 

CAL 2: 
13 
(NR) 
CAL 3: 
15 
(NR) 
CAL 4: 
18 
(NR) 

CAL 2: 54.77 
(13.08) 
CAL 3: 53.53 
(14.75)  
CAL 4: 49.78 
(11.15) 

CAL 2: 
62.64 (36) 
CAL 
3:48.72(36.
96) 
CAL 
4:66.24(86.
04) 

CAL 2: 7/6/0 
CAL 3: 6/9/0 
CAL 4: 10/8/0 

A cross-sectional 
observational study 
investigating the 
relationship between 
community ambulation and 
factors determining gait 
ability 

At least 6 months after stroke, 
able to walk for at least 15 m 
independently with no 
assistance or device, the Mini 
Mental State Examination score 
of at least 24, and able to 
understand oral instructions and 
provide accurate yes/no 
responses 

Without complicating medical 
history, other orthopaedic 
conditions, incomplete data 
collection, or refusal to participate 
during assessment 

*Lee  
et al, 2015c 
33 

With 
Stroke: 

Pseud
-NT: 
10 (3)  
NT: 10 
(4) 

With Stroke: 
PNT: 54.7 
(3.77)  
NT: 53.2 
(6.46) 

PNT: 3.5 
(1.35) 
NT: 3.7 
(1.16) 

PNT: 3/7/0 
NT: 2/8/0 

A randomized clinical trial 
examining changes in 
brain waves with 
neurofeedback training 
using assessments of 
compensation-inhibition 
control and gait performed 
under dual-task conditions 

Stroke sustained in the previous 
6 months and resulting in 
hemiplegia, able to walk 10 m, 
the Mini-mental Korean 
assessment score of 18 to 23, 
and able to communicate and 
follow instructions 

Previous neurofeedback training, 
presence of medical devices 
inserted in the heart or head, and 
visual impairment or visual field 
defect 
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Lindvall 
and 
Forsberg, 
2014 34 

With 
Stroke:  

TG: 24 
(12) 
CG: 
22 (7) 

With Stroke:  
TG: 62.1 
(11.4) 
CG: 65.6 
(9.2) 

TG: 49.2 
(45.6) 
CG: 50.4 
(54) 

TG: 13/11/0 
CG: 7/15/0 

A randomized clinical trial 
investigating the effects of 
body awareness therapy 
on balance, mobility, 
balance confidence, and 
subjective health status in 
persons with stroke 

At least 6 months after the most 
recent stroke, able to walk 100 
m with or without assistance, 
and with subjectively 
experienced balance impairment 
(a yes on the question ‘do you 
feel that your balance is 
impaired?’) 

Medical, physical or cognitive 
conditions that might affect the 
ability to participate in the study or 
to understand written and verbal 
instructions 

Liu  
et al, 2017 
35 

With 
Stroke:  

Conve
ntional 
PT: 10 
(2) 
CDTT: 
9 (1) 
MDTT: 
9 (1) 

With Stroke: 
50.2(11.2)  
 

41.1 (40) 
Range 8-
222 

13/15/0 
 

A randomized controlled 
trial investigating the 
effects of cognitive dual 
task (CDT) and motor dual 
task (MDT) gait training on 
dual task gait performance 
in stroke 

Hemiparesis from a single 
stroke, 20-80 years old, able to 
walk 10 m independently without 
an assistive device, gait velocity 
sufficient for at least limited 
community walking ability (35 
m/min) by Perry et al.’s 
classification system, able to 
use the non-affected upper 
extremity to hold a tray to 
complete the assessment, the 
Mini-Mental State Examination 
(MMSE) score of more than 24, 
and having stable medical 
condition allowing participation 
in the testing protocol and 
intervention 

Any comorbidity or disability other 
than stroke that would preclude 
gait training, any uncontrolled 
health condition for which 
exercise was contraindicated, 
and/or any neurological or 
orthopaedic disease that might 
interfere with the study 

Liu et al, 
2018 36 

With 
Stroke: 
23 (2) 

With Stroke: 
51.5 (10.7) 

41.5 (41.4) 11/12/0 A cross-sectional study 
investigating the effects of 
cognitive and motor dual 
tasks on gait performance 
and brain activities in 
stroke 

Hemiparesis from a single 
stroke at least 6 months, aged 
between 20 and 80 years, able 
to walk 10 meters independently 
without an assistive device, 
having a gait velocity greater 
than 35 m/min, able to use 
unaffected upper extremity to 
hold a tray for motor dual task 
assessment, medically stable, 
and having a Mini-Mental State 
Examination (MMSE) score 
greater than 24 

Having any neurologic or 
orthopedic diseases that might 
interfere with participating in the 
study 
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Lord  
et al, 2006 
37 
 

With 
Stroke: 
27 (7) 

With Stroke: 
61.0(11.6)  
 

45.8 (34.2)  
 

14/12/1 A cross-sectional study 
assessing the effect of 
environment and a 
secondary task on gait 
parameters in community 
ambulant stroke survivors 
and assessing the 
contribution of clinical 
symptoms to gait 
performance 

At least 6 months after first-ever 
or recurrent stroke, community 
dwelling, able to walk 
independently outdoors without 
the need for close supervision, 
baseline 10 m timed walks 
between 24-50 m/min, and the 
Mini-Mental State Examination 
score of at least 24 

Severe comorbidity 

†Maciel  
et al, 2014 
38 

With 
Stroke: 
6 (2) 
 

With Stroke: 
56.2 (6.1)  
 

8.3 (6.6)  NR A cross-sectional 
observational study 
examining the impact of 
dual task on gait in 
patients with different 
injured areas as Parkinson 
Disease (PD), stroke and 
ataxia, and investigating 
the effect of the type of 
demand of the secondary 
task (motor, cognitive and 
associated) on the gait 
performance in those 
patients 

Only with pure cerebellar ataxia 
caused by cerebellar tumour, 
cerebellar trauma and cerebellar 
stroke, only with one episode of 
stroke, able to walk 
independently, Hoehn-Yahr from 
1.0 to 1.5 (PD), and clinical 
conditions that allowed 
performance of the proposed 
task 

Presence of gait depending on 
external sources, presence of 
cognitive alterations that might 
affect the comprehension of the 
proposed tests (punctuation in the 
Mini Mental State Examination 
lower than 23 points) 

Manaf  
et al, 2015 
39 
 

With 
Stroke: 
10(5) 
Healthy 
Control: 
10 (5) 
 

Stroke: 49.3 
(8.7)  
Healthy 
Control: 52.8 
(5.4)  
 
 

17.3 (7.6)  
 

5/5/0 
 

A case-control study 
comparing the effects of 3 
attentional loading 
conditions on spatial-
temporal gait parameters 
before turning between 
stroke survivors and 
healthy control subjects 

At least 6 months after stroke 
with a unilateral hemiplegia, 30-
70 years old, able to walk 
continuously and independently 
for 10 m without any walking 
aids, able to walk while holding 
a glass full of water with the 
non-affected hand, and able to 
follow 1-step commands and 
perform simple arithmetic 
calculations 

More than one incidence of 
stroke, other neurologic disorders 
(e.g., Parkinson disease or 
traumatic brain injury) or 
orthopaedic conditions (e.g., joint 
deformities, osteoarthritis or 
rheumatoid arthritis), visual field 
defects determined by 
confrontation visual field 
examination, or scored less than 
24 on the Mini Mental State 
Examination  
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*Manaf, H. 
et al. 2014 
40 

With 
Stroke: 
30 (8) 

With Stroke: 
Median 27 
(Range: 36-
80) 
 

Median 
12.0 (range 
6-32) 
 

17/ NR / NR A cross-sectional study 
comparing the effects of 3 
attentional loading 
conditions on spatial-
temporal gait parameters 
before turning between 
stroke survivors and 
healthy control subjects 

At least 6 months after stroke as 
diagnosed by a medical 
physician, able to walk 
continuously for 10 m 
independently without walking 
aid, able to hold a glass full of 
water with the non-affected 
hand, and able to follow 3-step 
commands and perform simple 
arithmetic calculations 

More than one stroke, other 
neurologic disorders (e.g., 
Parkinson’s disease and traumatic 
brain injury), and severe 
orthopaedic conditions (e.g., joint 
deformities, osteoarthritis, and 
rheumatoid), visual field defects or 
scored less than 24 in the Mini-
Mental State Examination 

*Manaf, H. 
et al. 2014 
41 

With 
Stroke: 
20 (8) 

With Stroke: 
60.5(10.6)  
 

9.7 (3.5)  
 

12/8/0 
 

A cross-sectional 
experimental design 
comparing gait parameters 
in stroke survivors across 3 
attentional loading 
conditions (single, dual-
motor, and dual-cognitive 
conditions) during a Timed 
Up and Go (TUG) test 

At least 6 months post stroke 
with unilateral hemiparesis as 
diagnosed by a medical 
physician, 40-80 years old, able 
to walk continuously for 10 m 
independently without walking 
aid, able to hold a glass full of 
water with the non-affected 
hand, and able to follow 1-step 
commands 

More than one stroke, other 
neurologic disorders (e.g., 
Parkinson’s disease and traumatic 
brain injury) or orthopaedic 
conditions (e.g., joint deformities, 
osteoarthritis, and rheumatoid), 
visual field defects, or scored less 
than 24 on the Mini-Mental State 
Examination (MMSE) 

Meester et 
al, 2018 42 

With 
Stroke:  

DTT: 
26 
(11) 
STT: 
24 
(13) 

DTT: 60.85 
(14.86) 
STT: 62.25 
(15.53) 

DTT: 60.19 
(62.15) 
STT: 25.71 
(32.70) 

DTT: 13/11/2 
STT: 13/6/5 

A randomized controlled 
trial evaluating the 
tolerability of, adherence to 
and efficacy of a 
community walking training 
programme with 
simultaneous cognitive 
demand (dual-task) 
compared to a control 
walking training 
programme without 
cognitive distraction 

18 years or older, at least 6 
months after any type of stroke, 
with reduced 2-min walk 
distance compared to reference 
data or a visibly abnormal gait, 
able to walk on a treadmill, with 
no concurrent neurological 
conditions or psychological 
disorder, and no contra-
indication to safe participation in 
exercise 

NR 

*Mori et al, 
2018 43 

With 
Stroke: 
14 (2) 
Older 
Adults: 
14 (3) 

With Stroke: 
61.1 (9.3) 
Older Adults: 
66.3 (13.3) 

NR NR A cross-sectional 
observational study 
investigating the 
association between PFC 
activity and dual-task 
interference on physical 
and cognitive performance 

With Stroke: aged 20 years or 
more, having a single unilateral 
subcortical stroke, more than 6 
months since stroke onset, and 
able to walk independently using 
a T-cane and/or orthosis 
 

Having multiple stroke lesions, 
prefrontal cortex lesions, 
orthopedic disorders, cognitive 
deficits (MMSE<25/30 points), or 
cortical stroke 
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in stroke patients Older Adults: having no 
neurological abnormalities, right-
handed and having Mini-Mental 
State Examination (MMSE) 
performances well above the 
suggested dementia cutoff score 
of 24 

*Ng et al, 
2017 44 

With 
Stroke: 
29 (11) 
Older 
Adults: 
30 (20) 

With Stroke: 
57.9 (5.5) 
Older Adults: 
63.6 (5.6) 

7.9 (4.9) 
years 

8/21/0 A cross-sectional 
observational study 
investigating: (i) the intra-
rater, interrater and test-
retest reliabilities of 
completion times and step 
counts on the 
Standardized Walking 
Obstacle Course test 
(SWOC); (ii) correlations 
between SWOC scores 
and stroke-specific 
impairments; (iii) the cut-off 
SWOC completion times 
and step counts for 
distinguishing differences 
in obstacle negotiation 
ability in people with 
chronic stroke and healthy 
older adults 

With Stroke: aged 50 years or 
above, at least 1 year since the 
onset of stroke, able to finish the 
assessments independently, 
able to give written consent, 
mentally stable, and having an 
Abbreviated Mental Test score 
over 7 
 
Older Adults: healthy, aged over 
50 years 

With Stroke: having neurological 
disorders other than stroke or co-
morbidities, such as uncontrolled 
diabetes, cardiovascular or 
musculoskeletal conditions that 
might hinder proper assessment 
 
Older Adults: having neurological 
or musculoskeletal conditions that 
affected their mobility 

*Pang, M. 
Y. C., et al, 
2018 

With 
Stroke: 
84 (60) 

With Stroke: 
61.2 (6.4) 

75.3 (64.9) 46/38 A single-blinded 
randomized controlled 
study examining the 
effects of dual-task 
exercise in chronic stroke 
patients 

A diagnosis of stroke, more than 
6 months after stroke onset, 
over 50 years old, community 
dwelling (defined as living in 
one’s own home or the home of 
a relative, friend, or caregiver), 
medically stable, having balance 
deficits (a Mini-Balance 
Evaluation System Test score 
less than 25), able to follow 3-
step commands, and able to 
walk at least 10 m without 

Having neurological conditions 
other than stroke, not community-
dwelling before the stroke event, 
significant receptive or expressive 
aphasia, substantial cognitive 
impairment (Montreal Cognitive 
Assessment score <21), and 
other serious illnesses that 
precluded participation in the 
study 
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manual assistance 

*†Patel  
et al, 2014 
45 

With 
Stroke: 
10 (NR) 
Young 
Adults: 
15 (NR) 
 

With Stroke: 
56.8(5.95) 
Young Adults: 
25.6 (5.23) 
 

4.6 (2.58) 
 

7/3/0 
 

A cohort study comparing 
the effects of explicitly 
different cognitive tasks 
(such as visuomotor, 
working memory, and 
executive function tasks) 
on cognitive-motor 
interference of DT walking 
between community-
dwelling stroke survivors 
and healthy young adults 

Able to walk 10 m with a speed 
of ≥ 0.58 m/s without any 
assistive device (i.e., least 
limited and unlimited community 
ambulatory), and with intact 
cognitive function determined by 
a score of ≥20 on the Short 
Orientation-Memory-
Concentration Test (SOMCT) 

NR 

†Plummer-
D'Amato  
et al, 2008 
46 

With 
Stroke: 
13 (2) 

With Stroke: 
60.5(15.3) 
 

8.7 (48) 
Range 2.5-
17  
 

NR  A ccohort study 
investigating the 
interactions between gait 
and three different 
cognitive tasks in people 
after stroke 

Within 5 years after stroke, and 
able to walk at least 10 m 
without physical assistance 

Pre-existing neurological 
disorders or orthopaedic 
conditions affecting their natural 
gait, primary hearing impairment, 
severe visual impairment, severe 
aphasia or dysarthria affecting 
their ability to respond verbally to 
auditory stimuli, or inability to 
follow a 3-step command 

*†Plummer
-D'Amato 
et al, 2010 
47 

With 
Stroke: 
8 (1) 
(subset 
of 13 
subjects
) 

With Stroke: 
60.3(18.2) 
 

7.6 (4.2) 
 

3/5/0 
 

A cohort study examining 
the interactions between 3 
different cognitive tasks 
and the swing and double-
limb support (DLS) 
components of the gait 
cycle in community-
dwelling individuals post 
stroke 

Able to walk at least 10 m 
without physical assistance, 
able to follow a 3-step 
command, and able to perform 
the cognitive tasks 

Prexisting neurological disorders, 
orthopaedic conditions affecting 
walking, severe aphasia, or 
uncorrected visual or hearing 
impairment.  
 

†Plummer-
D'Amato  
et al, 2012 
48 

With 
Stroke: 
13 (2) 

With Stroke: 
60.5(15.3) 
 

8.7 (4.8) 
Range 2.5-
17 

6/7/0 A cohort pilot study 
examining the 
relationships between 
motor performance 
measures and dual-task 

After stroke, and able to walk 
independently 

Pre-existing neurological 
disorders, orthopaedic conditions 
affecting gait, uncorrected vision 
or hearing impairments, severe 
aphasia or dysarthria, and inability 
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interference in gait among 
community-dwelling adults 
with stroke 

to fallow a three-step command 

†Plummer-
D'Amato  
et al, 2014 
49 

With 
Stroke: 
7 (0) 

With Stroke: 
70.9(15.5) 
 

8.5 (3.5) 
Range 3-12 
 

5/2/0 
 

Case series exploring the 
feasibility and efficacy of 
cognitive-motor dual-task 
gait training in community-
dwelling adults within 12 
months of stroke, and 
assessing transfer of 
training to different dual-
task combinations 

Able to walk at least 10 m 
without the assistance of 
another person, able to follow a 
3-step command, and able to 
communicate verbally in English 

Pre-existing neurological 
disorders other than stroke, a 
previous stroke with residual 
deficits, uncorrected hearing 
impairment, severe visual 
impairment, severe dysarthria or 
aphasia, lower extremity 
amputation, any orthopaedic 
problem affecting gait, concurrent 
participation in a trial of locomotor, 
or cognitive rehabilitation or were 
not living in the community prior to 
their stroke 

*Pohl et al, 
2011a 50 

With 
Stroke: 
19 (6) 
 

With Stroke: 
66.8(8.4) 
 

49.5 (34.7) 6/8/0 for 14 
subjects who 
underwent 
MRI, others 
NR 

A quasi-experimental study 
determining if unilateral 
movements of the affected 
and less affected hand are 
compromised when 
walking or talking 

At least 6 months after stroke, 
50 or more years old, right-hand 
dominant, community dwelling, 
and able to walk at least 7.6 m 
without the assistance of 
another person  

Use of a cane during walking and 
any neurological disorder except 
for a stroke at least 6 months 
prior, bilateral brain damage 
evident from brain scans or 
clinical presentation, and aphasia 
as determined by the Lexical 
Retrieval Tests of the Aphasia 
Diagnostic Profile 

Pohl et al, 
2011b 51 

With 
Stroke: 
24 (8) 
Older 
Adults: 
12 (6) 

With Stroke: 
66.5(9.1) 
Older Adults: 
72.7(8.0) 

46.3 (32.3) NR A cross sectional study 
examining how older 
adults with and without 
stroke meet the demands 
of walking while talking 

At least 6 months after stroke, 
50 or more years old, premorbid 
right-hand dominant, community 
dwelling, and able to walk at 
least 7.6 m without the 
assistance of another person 
with or without the use of a cane 

Aphasic as determined by the 
Lexical Retrieval Tests of the 
Aphasia Diagnostic Profile, or any 
neurological disorder except for 
stroke for those in the stroke 
group 

*Rand et 
al, 2010 52 

With 
Stroke: 
11 (3) 

With Stroke: 
67(10.8) 
 

52.8 (24) 7/4/0 An experimental, within-
subjects, repeated 
measures design 
determining if a combined 
exercise and recreation 
program can improve the 

At least 12 months after stroke, 
50 or more years old, 
community dwelling, lower-
extremity hemiparesis, able to 
walk 3 m without physical 
assistance (guarded supervision 

NR 
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executive functioning and 
memory of individuals with 
chronic stroke 

permitted) but could use 
assistive devices (cane, walker), 
and without a general cognitive 
deficit with scores above 24 
points on the Mini Mental State 
Examination (MMSE) 

*†Regnaux 
et al, 2005 
53 

With 
Stroke: 
18 (6) 
Neurolo
gically 
Intact 
Adults: 
10 (3) 

Stroke: 29-74  
Neurologically 
Intact Adults: 
25-55 

13.6  
Range: 2-
70 
 

11/7/0 
 

A cohort study examining 
the dual task paradigm 
was to compare the 
performance level of a 
probe reaction time (RT) in 
sitting (simple task) and 
during standing or walking 
on a treadmill (dual task 
conditions) in individuals 
with stroke and healthy 
controls 

No diffuse cerebral lesions as 
shown by MRI, no brain stem 
lesions, no major cognitive 
impairments, able to walk 10 m 
without the assistance of aids, 
and no pain that could interfere 
with walking 

NR 

†Robinson 
et al, 2011 
54 

Stroke: 
30 (14) 
Non-
stroke: 
30 (17) 

Stroke: 68.0 
(8.5) 
Non-stroke: 
68.6 (10.1)  

39.6 (26.3)  
Median: 
30.5 
Range: 4-
92 

12/16/2 A cohort study examining 
the association between 
impaired physical function 
and participation in 
community ambulation 
following stroke 

History of one stroke, 45 years 
or more years old, able to walk 
in the community without the 
physical assistance of another 
person, and making at least one 
trip into the community each 
week 

Presence of a neurological (other 
than stroke) or cardiac condition 
in the past year, severe visual 
impairment and inability to 
understand experimental 
procedures or to provide informed 
consent 

*†Rogalski 
et al, 2010 
55 

With 
Stroke: 
13 (2) 

With Stroke: 
60.46 (range: 
33-86) 

8.69 (4.79)  
Range: 2.5-
17 

Ischemic 
 

A cohort study examining 
the relationship between 
cognitive variables and 
coherence in narrative 
discourse produced by 
mobility-impaired stroke 
survivors under single 
(talking) and dual (talking 
and walking) task 
conditions 

Within 2 years after stroke, able 
to walk 10 m without physical 
assistance, and able to follow a 
3-step command 

Pre-existing neurological 
disorders, severe hearing or 
visual impairments, orthopaedic 
conditions affecting their walking 
ability, or severe dysarthria or 
aphasia affecting verbal 
responses to auditory stimuli 

Shafizadeh 
et al, 2017 
56 

With 
Stroke: 
10 (3) 

With Stroke: 
57.8(11.4) 

Range 9-72 Hemiplegia A cohort study examining 
the effects of different 
types of task constraints 
on coupling of perception 

Hhemiplegic in the right or left 
sides of the body, able to walk 
(with or without assistive 
devices) independently for 6 min 

Poor visual depth perception, 
inability to control their posture or 
legs (MAS score <24), poor 
dynamic balance and walking 
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and action in people with 
chronic stroke when 
crossing obstacles during 
a walking task 

in a straight line, and absence of 
orthopaedic problems or 
significant pains in the lower 
extremities 

ability (TUG >150 s), or poor 
memory recall (MMSE <20) 

*Smulders  
et al, 2012 
57 

With 
Stroke: 
8 (3) 
Age-
matched 
Healthy 
Control: 
8 (3) 

With Stroke: 
57 (15) 
Age-matched 
Healthy 
Control: 54 
(15) 

Range 13-
133  
 

3/5/0 
 

A cross sectional study 
examining the attentional 
demands of gait 
adaptations required to 
walk over irregular terrain 
in community-dwelling 
people with chronic stroke 

Able to walk independently 
without walking aid for more 
than 10 min, and the BBS score 
of more than 50  
 

Range of ankle motion <30 
degrees, inability to load the heel 
while standing with an extended 
knee, severe hypertonia at the 
affected side, any impairment that 
could interfere with the ability to 
carry out a cognitive task (e.g., 
aphasia) 

*†Takatori  
et al, 2012 
58 

With 
Stroke: 
20 (5) 
Age- 
and 
Height- 
matched 
Control: 
20 (11) 

With Stroke: 
72.9(7.0) 
Age- and 
Height- 
matched 
Control: 
72.1(5.9) 
 

8.6 (5.1) 
 

9/11/0 
 

A cross sectional study 
comparing the effects of 
the simultaneous addition 
of a cognitive task during 
obstacle crossing between 
stroke patients and 
community-dwelling older 
adults (control subjects) 

Ambulatory or able to walk ≥10 
meters while being supervised 

Lower limb disorders that may 
have impacted walking 

*Tsang, C. 
S. L., et al, 
2019 

With 
Stroke: 
30 (22) 

With Stroke: 
62.4 (6.7) 

9.2 (3.6) 
years 

13/16/1 An observational study 
with repeated measures 
exploring the reliability and 
validity of a series of dual-
task mobility assessments 
among individuals post-
stroke 

Stroke onset for more than six 
months, ability to walk 
independently for 1 minute with 
or without orthosis and/or 
walking aids, Montreal Cognitive 
Assessment score more than 
22, ability to follow given 
instructions and no active 
participation in any cognitive or 
mobility training 

Gait-precluding pain or 
comorbidity, neurological 
conditions other than stroke and 
changes in medication in-between 
assessments 

Timmerma
ns et al, 
2018 59 

With 
Stroke: 
30 (13) 

With Stroke: 
55 (12) 

With 
Stroke: 53 
(73) 

15/15/0 A cross sectional study 
examining the effect of 
different walking 
environments on cognitive-
motor interference and 
task prioritization in dual-
task walking in people with 

First-ever stroke more than 
3 months ago, aged more than 
18 years old, having a clinical 
diagnosis of hemiparesis, 
having walking or balance 
deficits confirmed by a physician 
but with general walking ability 

Having orthopedic and other 
neurological disorders that affect 
walking (e.g., Parkinson’s 
disease), other treatments that 
could influence the effects of the 
interventions (e.g., recent Botulin 
toxin treatment of the lower 
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stroke as indicated by a Functional 
Ambulation Category score over 
3, and able to understand and 
execute simple instructions 

extremity), contra-indication to 
physical activity (e.g., heart 
failure, severe osteoporosis), 
moderate or severe cognitive 
impairments as indicated by a 
Mini-Mental State Examination 
score below 21, or severe 
uncorrected visual deficits 

*Tisserand 
et al, 2018 
60 

With 
Stroke: 
12 (5) 
Healthy 
Adults: 
10 (6) 

With Stroke: 
58 (12.8) 
Healthy 
Adults: 58.5 
(4.0) 

27 (17.5) 8/4/0 A cross sectional study to 
quantify the mediolateral 
dynamic stability in chronic 
ambulatory hemiparetic 
post-stroke individuals 
while walking, in single-
task and under various 
dual-task conditions of 
different cognitive loads  

With Stroke: first ever 
supratentorial stroke (ischemic 
or haemorrhagic) confirmed by 
brain imagery, able to regain 
walking, and having a score 
over 6 on the new Functional 
Ambulation Classification scale 
 
Healthy Adults: matched for age 
and anthropometric parameters 

Having a score no more than 24 
at the Mini Mental State 
Examination, receiving spasticity 
treatment of the lower limbs in the 
6 months preceding inclusion 
and/or surgical treatment of the 
lower limbs in the year preceding 
inclusion as well as any other 
medical or surgical conditions 
affecting locomotion 

*†Tramont
ano et al, 
2017 61 

With 
Stroke: 
20 (6) 
Older 
Adults: 
20 (11) 
Younger 
Adults: 
20 (8) 

With Stroke: 
68.7(7.07) 
Older Adults: 
68.60 (6.14) 
Younger 
Adults: 23.80 
(3.00) 
 

NR 10/10/ 0 
 

A cross sectional study 
investigating the dual task 
interference during walking 
on upright gait stability 

Clinical diagnosed with 
cerebrovascular accident, 
subacute phase of stroke (within 
6 months after acute event), 
able to walk independently (with 
or without the aid of a cane or 
tripod), the Mini Mental State 
Examination score of at least 
24, and able to understand the 
given instructions during the test 
 

Visual deficit not compensated 
with glasses, acoustic deficits not 
compensated with an acoustic 
device, unilateral spatial neglect 
(diagnosed with a battery of test 
including letter cancellation test, 
the barrage test, the sentence 
reading test and the Wundt-
Jastrow area illusion test) and 
severe aphasia (diagnosed with 
neuropsychological assessment), 
severe muscle contractures, bone 
deformities and serious visual 
fixation disorders (Southern 
California College of Optometry 
System Infants with a score of 1 
were excluded because of their 
changeable fixation) 
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*van Ooijen 
et al, 2015 
62 

With 
Stroke: 
16 (7) 

With Stroke: 
54.8(10.8) 
 

16.8 (10.8) 
 

9/7/0 
 

A cohort study determining 
whether C-Mill gait 
adaptability training can 
help to improve gait 
adjustments and 
associated attentional 
demands 

More than 6 months after first 
unilateral supratentorial stroke, 
and able to walk independently 
at a speed of at least 2 km/h.  

Other disorders that influence 
walking, serious cognitive 
impairments resulting in 
insufficient comprehension, 
severe visual deficits limiting the 
correct perception of the direct 
environment, and the use of 
psychotropic medication 

Walshe, E. 
A., et al, 
2019 

With 
Stroke: 
11 (8) 
Healthy 
Older 
Adults: 
13 (4) 

With Stroke:  
70.91 (2.22) 
Healthy Older 
Adults: 68.46 
(2.35) 

305.29 
days 

NR A cross-sectional 
observational study 
comparing the effects of 
distinct working memory 
(2-back) and inhibition 
(Stroop) tasks on walking 
gait performance in chronic 
stroke survivors 

With Stroke: ability to walk 
upright for at least 15 m, age 55 
years and above, normal or 
corrected vision and hearing, 
and at least 6 months 
poststroke, allowing for maximal 
motor recovery 
Healthy Older Adults: ability to 
walk upright for at least 15 m, 
age 55 years and above, normal 
or corrected vision 

Taking medications stating side 
effects of dizziness or balance 
impairments, or with other health 
issues such as dementia, 
aphasia, relevant vestibular or 
musculoskeletal conditions 

*Yang et al, 
2018 63 

With 
Stroke: 
61 (15) 
Older 
Adults: 
32 (14) 

With Stroke: 
62.9 (7.8) 
Older Adults: 
61.0 (7.3) 

111.9 (66.7) 37/24/0 A cross-sectional study 
evaluating how the 
difficulty level of mobility 
and cognitive tasks 
influenced the cognitive-
motor interference pattern 
among individuals with 
chronic stroke and whether 
it differed from age-
matched control 
participants 

With Stroke: having a diagnosis 
of hemispheric stroke in the 
chronic stage (more than 6 
months since onset), aged over 
50 years, community-dwelling, 
able to follow two-stage 
commands, and able to 
ambulate without manual 
assistance for at least 15 meters 
(with or without walking aids) 
Older Adults: healthy, sharing 
the same eligibility criteria other 
than a history of stroke 

Having receptive or expressive 
aphasia, or other diseases or 
conditions influencing walking and 
balance, or with pain during 
standing or walking 

*Yang  
et al, 2016 
64 

With 
Stroke: 
88 (24) 

With Stroke: 
62.6(7.8) 
 

105.9  NR A cohort study assessing 
the test-retest reliability, 
concurrent and known-
groups validity of various 
dual task walking tests in 
people with chronic stroke 

Diagnosed with hemispheric 
stroke with onset ≥ 6 months, 50 
years or more years old, 
community dwelling, medically 
stable, able to ambulate with or 
without walking aid 
independently, and able to 

Other neurological conditions, 
other diseases affecting walking 
performance and balance, pain 
during standing or walking. 
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follow 2-stage commands 

†Yang  
et al, 
2007a 65 

With 
Stroke: 

FC: 15 
(7) 
LLC: 
15 (8) 

Age-
matched 
Control: 
15 (8) 

With Stroke: 
FC: 61.27 
(6.69) 
LLC: 61.93 
(13.48) 

Age-matched 
Control: 62.73 
(9.02)  

FC: 20.9 
(11.15) 
Range: 4-
36 
LLC: 20.00 
(19.03)  
Range: 2-
60 

FC: 10/5/0 
LLC: 9/6/0 

A cohort study analyzing 
the ability to perform motor 
tasks while walking in 
individuals with stroke 

Able to independently walk 10 m 
without an assistive device, able 
to carry a tray with glasses with 
both hands, with adequate 
language comprehension to 
follow instructions, and 
medically stable allowing 
participation with testing 
protocol 

Any neurological or 
musculoskeletal diagnosis that 
could account for postural 
instability 

Yang  
et al, 
2007b 66 

TG: 
13(6) 
CG: 
12(5) 
 

TG: 59.46 
(11.83) 
CG: 59.17 
(11.98) 
 

TG: 48.96 
(37.56) 
CG: 56.16 
(88.8) 

TG: 3/10/0  
CG: 6/6/0 

A randomized control trial 
examining the 
effectiveness of a dual-
task-based exercise 
program on walking ability 
in subjects with chronic 
stroke 

Hemiparetic from a single stroke 
occurring at least a year earlier, 
not presently receiving any 
rehabilitation services, limited 
(gait velocity between 58 and 80 
cm/s) or full community 
ambulatory ability (minimum gait 
velocity of 80 cm/s) as classified 
by Perry et al., able to walk 10 
m independently without an 
assistive device, functional use 
of the involved upper extremity, 
able to understand instructions 
and follow commands, and 
stable medical condition to allow 
participation in the testing 
protocol and intervention 

Any comorbidity or disability other 
than stroke that would preclude 
gait training, any uncontrolled 
health condition for which 
exercise is contraindicated, and 
any neurologic or orthopaedic 
diseases that might interfere with 
the study 

†Zukowski, 
L. A., et al, 
2019 

With 
Stroke: 
16(8) 

With Stroke: 
49.9 (14.0) 

15.6 (10.5) 8/8 A cross-sectional study 
examining relationships 
between spontaneous, 
daily ambulatory activity 
and gait variability during 
single- and dual-task 
walking, in low- and high-
distraction settings in 

Stroke onset within 3 years, able 
to walk at least 50 m with or 
without an assistive device, and 
able to follow a 3-step command 

Pre-existing neurological 
impairments, uncorrected visual 
or hearing impairments, 
orthopedic conditions affecting 
gait, and more than one fall in the 
previous year 
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adults post stroke 

*Excluded from meta-analysis as there were no sufficient data for effect size estimations (N=29). 
†Study included people with acute, sub-acute stroke or a mix of people with sub-acute and chronic stroke (N=29).  
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Table 2.2     Testing protocols and results of studies (N= 74) 

Secondary Task Classification: Mental Tracking – Serial Subtraction by 7s 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

Al-Yahya et al, 
2016 1 
 

Walked on a 
treadmill at 
preferred 
speed 

Counted 
backward by 7 
from a 
random 
number 
between 291 
and 299 

NR Cadence 
(steps/min): 

With Stroke: 
67.4 (21.1) 
Healthy Adults: 
100.7 (23.3) 

Stride Length 
(m): 

With Stroke:  
0.71 (0.26) 
Healthy Adults: 
1.08 (0.33) 

Cadence 
(steps/min): 

With Stroke: 
63.0 (23.3) * 
Healthy 
Adults: 97.2 
(25.3) * 

Stride length 
(m): 

With Stroke:  
0.76 (0.25) * 
Healthy 
Adults: 1.09 
(0.30) * 

NR Counting Rate 
(enumerated 
numbers per 30 s): 
     With Stroke: 17.6 
(8.7) 

Healthy Adults: 
24.5 (8.8) 

Counting Accuracy 
(% of correct 
answers):  

With Stroke: 84.3 
(13.8) 
Healthy Adults: 
97.2 (2.4) 

Counting Rate:  
With Stroke: 16.1 
(8.2) * 
Healthy Adults: 24.4 
(8.7) * 

Counting Accuracy:  
With Stroke: 81.4 
(20.1) 
Healthy Adults: 94.8 
(5.6) 

NR 

Batchelor et 
al, 2015 6 
 

Walked at 
self-selected 
comfortable 
speed  

Counted 
backward by 7 

NR Speed (m/s):  
TIA/Minor 
Stroke: 1.01 
(0.26) 
Older Adults: 
1.24 (0.24) 

Step Length (m): 
TIA/Minor 
Stroke: 0.573 
(0.129) 
Older Adults: 
0.671 (0.092) 

Single Stance (% 
of cycle): 

TIA/Minor 
Stroke: 36.2 
(1.9) 
Older Adults: 
37.9 (1.3) 

Speed (m/s): 
TIA/Minor 
Stroke: 1.03 
(0.28) 
Older Adults: 
1.24 (0.29) 

Step Length 
(m): 

TIA/Minor 
Stroke: 0.609 
(0.132) 
Older Adults: 
0.699 (0.089) 

Single Stance 
(% of cycle): 

TIA/Minor 
Stroke: 34.9 
(5.1) 
Older Adults: 

NR NR NR NR 
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Double Stance 
(% of cycle): 

TIA/Minor 
Stroke: 28.1 
(4.3) 
Older Adults: 
24.8 (2.2) 

38.0 (1.0) 
Double Stance 
(% of cycle): 

TIA/Minor 
Stroke: 26.8 
(3.8) 
Older Adults: 
24.2 (2.0) 

‡Chatterjee, et 
al, 2019 

Walked at 
preferred self-
selected 
speed for 2-3 
consecutive 
laps on an 18-
m oval-shaped 
walking path 

Counted 
backward by 7 
from a 
random 
number 
between 91 
and 99 

Not 
specifically 
instructed to 
prioritize either 
task 

NR NR NR 0.13 ± 0.09  
responses/s 

0.11 ± 0.08 
responses/s 

NR 

†‡Lee et al, 
2015c 33 

Walked along 
a 10-m 
walkway at 
preferred 
speed 

Counted 
backward by 7 
from 100 

NR Sensorimotor 
Rhyme Wave 
(EEG): 

Pseudo: 0.25 
(0.02) 
Neurofeedback: 
0.24 (0.02) 

NR NR NR Numbers of Errors:  
Pseudo: 4.50 (0.70) 
Neurofeedback: 4.40 
(0.84)  

NR 

‡Tsang et al, 
2019 67 

Level ground 
walking and 
obstacle 
crossing for a 
minute 

Counted 
backward by 7 
from a 
random 
number 
between 390 
and 399 

Instructed to 
perform both 
tasks equally 
well 

NR NR Walking 
distance (m): 
Level ground 
walking: 32.80 
(10.40); 
Obstacle 
crossing: 29.40 
(9.70) 

NR Number of correct 
responses: Level 
ground walking: 9.00 
(6.10); Obstacle 
crossing:  
7.60 (5.20) 

NR 

‡Yang et al, 
2018 63 

Walked along 
a 14-m 
walkway i. 
forward; ii. 
forward over 7 
obstacles; iii. 
backward 

Counted back 
by 7 from a 
random 
number 
between 90 
and 100 

Not 
specifically 
instructed to 
prioritize either 
task 

Duration (s): 
Stroke:  

Forward: 14.5 
(8.1) 
Obstacle: 17.8 
(13.6) 
Backward: 
36.4 (23.2) 

Control:  
Forward: 8.3 
(1.5) 
Obstacle: 9.4 

Duration (s): 
Stroke:  

Forward: 
18.6 (9.7) 
Obstacle: 
21.0 (12.1) 
Backward: 
51.3 (37.7) 

Control:  
Forward: 
12.6 (7.0) 
Obstacle: 

NR Correct Response 
Rate (digits per 
second) at: 

Stroke:  
Forward: 0.17 
(0.11) 
Obstacle: 0.17 
(0.10) 
Backward: 0.20 
(0.09) 

Control:  
Forward: 0.21 

Correct Response Rate 
(digits per second) at: 

Stroke:  
Forward: 0.18 
(0.11) 
Obstacle: 0.17 
(0.10) 
Backward: 0.16 
(0.10) 

Control:  
Forward: 0.19 
(0.13) 

NR 
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(2.1) 
Backward: 
16.5 (5.2) 

13.3 (5.0) 
Backward: 
25.8 (18.3) 

(0.16) 
Obstacle: 0.22 
(0.16) 
Backward: 0.20 
(0.14) 

Obstacle: 0.15 
(0.13) 
Backward: 0.14 
(0.10) 

Secondary Task Classification: Mental Tracking – Serial Subtraction by 3s 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†Baetens et 
al, 2013 5 

Walked at 
normal speed 

Counted 
backward by 3 
from 100 

Instructed not 
to prioritize the 
gait or 
cognitive task 

Speed (m/s): 
0.502 (0.279) 
Cadence 
(steps/min): 72.7 
(23.6) 
Stride Length 
(m): 0.777 
(0.247) 
Step Length (m):  

P: 0.415 
(0.107) 
NP: 0.360 
(0.154) 

Speed (m/s): 
0.377 (0.224) *  
Cadence 
(steps/min): 
62.5 (24.4) * 
Stride Length 
(m): 0.685 
(0.217) * 
Step Length 
(m): 

P: 0.365 
(0.105) * 
NP: 0.317 
(0.133) * 

NR NR NR NR 

†‡Ben 
Assayag et al, 
2015 7 

Walked at 
normative 
speed 

Counted 
backward by 3 
from 100 

NR Speed (m/s): 1.3 
(1.8) 

NR NR NR Correct Responses in 
60s: 20.6 (9.6) 

NR 

†‡Chaikeeree 
et al, 2018 10 

7m-TUG Counted 
backward by 3 
from a 
number 
randomized 
from 100 to 70 

Instructed not 
to prioritize 
either task 

Duration (s):  
Stroke: 45 (14) 
Control: 20.4 
(4.2) 

No. of Steps 
during Turn: 

Stroke: 6.88 
(0.78 s/step) 
Control: 5.52 
(0.59 s/step) 

 

Duration (s):  
Stroke: 61 
(20) * 
Control: 26.8 
(6.7) * 

No. of Steps 
during Turn: 

Stroke: 7.20 
(0.88 s/step) 
* 
Control: 5.65 
(0.69 s/step)* 

NR Numbers Recalled 
per second: 

Stroke: 0.31 (0.08) 
Control: 0.33 
(0.11) 

NR NR 

Dennis et al, 
2009 20 

Walked along 
a 14-m 
walkway at 

Counted 
backward by 3 

Not 
specifically 
instructed to 

Preferred Speed 
(m/s):  

With Stroke: 

Preferred 
Speed (m/s):  

With Stroke: 

NR Numbers Recalled in 
60s:  

With Stroke: 27.1 

Numbers Recalled in 
60s:  

Preferred Speed:  

NR 
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preferred 
speed and fast 
speed 

prioritize either 
task 

0.80 (0.4) 
Healthy Adults: 
1.38 (0.21) 

Fast Speed (m/s):  
With Stroke: 
0.94 (0.49) 
Healthy Adults: 
1.74 (0.21) 

0.75 (0.39) * 
Healthy 
Adults: 1.42 
(0.19) 

Fast Speed 
(m/s):  

With Stroke: 
0.82 (0.48) * 
Healthy 
Adults: 1.63 
(0.19) 

(16.0) 
Healthy Adults: 
38.4 (10.3) 

With Stroke: 25.4 
(15.1) * 
Healthy Adults: 
36.2 (8.9) 

Fast Speed:  
With Stroke: 27.5 
(16.6) * 
Healthy Adults: 
35.8 (8.4) 

Goh et al, 
2017 23 

Walked along 
a 14-m 
walkway at 
comfortable 
speed and fast 
speed 

Counted 
backward by 3 
from a 
random 
number 
between 70 
and 99 

Instructed not 
to prioritize the 
gait or 
cognitive task 

Speed (m/s):  
Comfortable: 
0.82 (0.27) 
Fast: 1.00 
(0.35) 

Speed (m/s):  
Comfortable: 
0.75 (0.26) * 
Fast: 0.84 
(0.28) * 

NR NR NR NR 

†Hackney et 
al, 2012 25 

TUG Counted 
backward by 3 
from a 
random 
number 
between 20 
and 100 

NR TUG (s): 11.0 
 

TUG (s): 16.2 NR % correct: 100 % correct: 100 NR 

†‡Hollands et 
al, 2014 26 

Walked along 
a 3.7m 
GAITRite 
mate and 
turned 90°  

Counted 
backward by 3 
from a 
random 
number in the 
100 s 

NR Speed (cm/s):  
With Stroke: 
0.49 (0.13) 

NR (A 
significant 
decrease in the 
DT 
performance 
compared to 
the ST  
performance 
reported in 
figures). 

NR Correct Responses 
in 60s:  
With Stroke: 0.63 
(0.30) 
Older Adults: 0.76 
(0.23) 

NR NR 

Lindvall et al, 
2014 34 

TUG Counted 
backward by 3 
from a 
randomly 
chosen 
number 

NR Duration (s): 
Training Group: 
15.6 (8.7) 
Control Group: 
18.7 (10.9) 

Duration (s): 
Training 
Group: 23.1 
(16.1) 
Control 
Group: 26.2 
(12.7) 

NR NR NR NR 

Liu et al, 2017 Walked on Counted back NR Speed (cm/s):  Speed (cm/s):  Speed (cm/s):  NR NR NR 
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35 level ground at 
comfortable 
pace for 1 
minute 
 

by 3 from a 
random 3-digit 
number for 1 
min 

CPT: 71.1 
(20.8) 
CDTT: 70.6 
(17.7) 
MDTT: 71.8 
(10.6) 

Cadence 
(step/min): 

CPT: 90.9 
(13.3) 
CDTT: 90.3 
(10.9)  
MDTT: 96.3 
(8.4) 

Stride Time (s):  
CPT: 1.35 
(0.22) 
CDTT: 1.35 
(0.17)  
MDTT: 1.25 
(0.10) 

Stride Length 
(m):  

CPT: 0.935 
(0.163) 
CDTT: 0.941 
(0.178)  
MDTT: 0.906 
(0.148) 

CPT: 62.1 
(19.9) 
CDTT: 56.4 
(18.0) 
MDTT: 62.4 
(13.8) 

Cadence 
(step/min):  

CPT: 83.6 
(14.6) 
CDTT: 81.2 
(13.5)  
MDTT: 93.7 
(11.7) 

Stride Time (s):  
CPT: 1.47 
(0.25) 
CDTT: 1.52 
(0.27)  
MDTT: 1.30 
(0.16) 

Stride Length 
(m):  

CPT: 0.837 
(0.187) 
CDTT: 0.822 
(0.202) 
MDTT: 0.802 
(0.172) 

CPT: -17.6 
(12.2)  
CDDT: -22.6 
(11.0)  
MDTT: -13.9 
(12.4) 

Liu et al, 2018 
36 

Walked at 
comfortable 
speed 

Counted back 
verbally by 3 
consecutively 
from any 
number from 
an initial 
three-digit 
number 

NR Speed (m/s): 
0.7447 (0.1622) 
Stride Length 
(m): 0.9524 
(0.1628) 
Stride Duration 
(s): 1.28 (0.15) 
Cadence 
(steps/min): 
94.39 (10.39) 
Temporal 
Symmetry:  0.31 
(0.23) 
Spatial 

Speed (m/s): 
0.6360 
(0.1698) 
Stride Length 
(m): 0.8440 
(0.1867) 
Stride Duration 
(s): 1.40 (0.24) 
Cadence 
(steps/min): 
87.98 (14.02) 
Temporal 
Symmetry:  
0.31 (0.23) 

Speed (m/s): 
17.96 (12.29) 

NR NR NR 
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Symmetry: 0.34 
(0.34) 

Spatial 
Symmetry: 
0.37 (0.33) 

Manaf et al, 
2015 39 

TUG  Counted back 
verbally by 3 
consecutively 
from any 
number from 
20 to 100 

Instructed to 
prioritize the 
secondary 
tasks  

Speed (m/s) 
Stroke: 0.5 
(0.18) 
Control: NR  

Stride duration 
(s):  

Stroke: 1.4 (0.3) 
Control: 1.2 
(0.21) 

Speed (m/s):  
Stroke: 0.45 
(0.18) * 
Control: NR 

Stride duration 
(s):  

Stroke: 1.6 
(0.21) * 
Control: 1.7 
(0.36) * 

NR Number of 
Responses with 
TUG:  

Stroke: 12.8 (1.8) 
Control: 12.5 (2.9)  

Number of responses 
with TUG:  

Stroke: 6.4 (1.6) * 
Control: 5.3 (1.1) * 

NR 

‡Manaf et al, 
2014a 40 

TUG 
(comfortable 
speed) 

Counted back 
verbally by 3 
consecutively 
from any 
number from 
20 to 100 

Instructed to 
prioritize the 
secondary 
tasks 

NR NR (A 
significant 
increase in the 
TUG time and 
number of 
steps from ST 
to DT 
conditions 
reported). 

NR NR NR NR 

‡Manaf et al, 
2014b 41 

TUG 
(comfortable 
speed) 

Counted back 
verbally by 3 
consecutively 
from any 
number from 
20 to 100 

Instructed to 
prioritize the 
secondary 
tasks 

NR NR (A 
significant 
increase in the 
TUG time and 
number of 
steps from ST 
to DT 
conditions 
reported). 

NR NR NR NR 

‡Mori et al, 
2018 43 

Walked at a 
comfortable 
pace around a 
circle with a 
radius of 
approximately 
2.5 m 

Counted 
backwards by 
3 from a 
random 
number 
between 100 
and 199 

NR NR NR Acceleration 
magnitude 
presented in 
figure format 

NR NR Correct rate 
presented in figure 
format 

‡Pang, M. Y. 
C., et al, 2019 

Walked as 
quickly as 
possible along 
a 14-m 
walkway and 

Counted 
backwards by 
3 from a 
random 
number 

Instructed to 
perform both 
tasks as well 
as possible 

NR NR Walking Time 
(%): -9.6 (-18.6 
to -0.5) 

NR NR NR 
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TUG between 90 
and 100 

‡Tsang et al, 
2019 67 

Level ground 
walking and 
obstacle 
crossing for a 
minute 

Counted 
backward by 3 
from a 
random 
number 
between 390 
and 399 

Instructed to 
perform both 
tasks equally 
well 

NR NR Walking 
distance (m): 
Level ground 
walking: 34.20 
(10.60); 
Obstacle 
crossing: 31.80 
(10.90) 

NR Number of correct 
responses: Level 
ground walking: 15.20 
(8.40); Obstacle 
crossing:  
15.70 (9.30) 

NR 

Shafizadeh et 
al, 2017 56 

Walked on a 
270-cm long 
flat walkway 
with an 
obstacle 
placed 195 cm 
from start line 
10 times 

Counted 
backwards by 
3 from 500  

NR Speed (m/s): 0.23 
(0.27) 

Speed (m/s): 
0.15 (0.13) 

NR NR NR NR 

Timmermans 
et al, 2018 59 

standard 10 
Meter Walking 
Test (10MWT) 
or 10MWT 
with either 
stationary 
physical 
context 
(challenging-
physical) or 
suddenly 
appearing 
projector-
augmented 
context 
(challenging-
projected) 

Counted 
backwards by 
3 from a 
varied starting 
number 

Instructed to 
perform the 
tasks 
simultaneously 
and as 
effectively as 
possible at a 
self-selected 
walking speed. 

Speed (m/s): 
Standard: 0.90 
(0.28) 
Challenging-
physical: 0.58 
(0.20) 
Challenging-
projected: 0.76 
(0.25) 

Speed (m/s): 
Standard: 
0.76 (0.24) 
Challenging-
physical: 0.52 
(0.22) 
Challenging-
projected: 
0.67 (0.23) 

NR Correct Response 
Rate (digits per 
second): 0.47 (0.21) 

Correct Response Rate 
(digits per second) at:  

Standard: 0.48 (0.25) 
Challenging-physical: 
0.35 (0.21) 
Challenging-
projected: 0.41 (0.24) 

NR 

‡Yang et al, 
2016 64 

1. Walked 
along a 14-m 
walkway i. 
Forward at a 
self-selected 
pace  
ii. Forward at 

Counted back 
by 3 from a 
random 
number 
between 50 
and 100 

Instructed to 
perform both 
tasks as well 
as possible 

Walking time (s) 
at  

Comfortable 
Speed: 14.1 
(6.9) 
Max Speed: 
11.6 (5.9) 

Walking time 
(s) at 

Comfortable 
Speed: 17.5 
(8.3) 
Max Speed: 
15.2 (7.6) 

Walking time 
(s) at  

Comfortable 
Speed: 25.3 
(22.1) 
Max Speed: 
32.3 (24.3) 

Correct Response 
Rate (digits per 
second) at:  

Comfortable 
Speed: 0.41(0.19) 
Max Speed: 0.43 
(0.20)  

Correct Response Rate 
(digits per second) at: 

Comfortable Speed: 
0.39(0.18) 
Max Speed: 0.42 
(0.19)  
Backward Walking: 

Correct Response 
Rate (digits per 
second) at:  

Comfortable 
Speed: 2.3 
(41.1) 
Max Speed: 6.7 
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maximal 
speed  
iii. Backward 
at a self-
selected pace  
iv. Forward 
over 7 
obstacles 
2. TUG 

Backward 
Walking: 
36.5(21.9) 
Obstacle 
Course: 17.1 
(11.6) 

TUG: 15.9(7.4)  

Backward 
Walking: 48.4 
(32.3)  
Obstacle 
Course: 19.8 
(11.5) 

TUG: 19.5 
(8.9) 

Backward 
Walking: 34.0 
(34.2) 
Obstacle 
Course:  
21.1 (32.7) 

TUG: 24.0 
(21.0) 

Backward Walking: 
0.37(0.16) 
Obstacle Course: 
0.40 (0.18) 

TUG: 0.40 (0.18) 

0.31(0.17) 
Obstacle Course: 
0.35 (0.16) 

TUG: 0.28 (0.16) 

(44.8) 
Backward 
Walking: -18.8 
(30.5) 
Obstacle 
Course:  
-5.8 (46.4) 

TUG: -25.5 (41.5) 

‡Yang et al, 
2018 63 

Walked along 
a 14-m 
walkway i. 
forward; ii. 
forward over 7 
obstacles; iii. 
backward 

Counted back 
by 3 from a 
random 
number 
between 90 
and 100 

Not 
specifically 
instructed to 
prioritize either 
task 

Duration (s): 
Stroke:  

Forward: 14.5 
(8.1) 
Obstacle: 17.8 
(13.6) 
Backward: 
36.4 (23.2) 

Control:  
Forward: 8.3 
(1.5) 
Obstacle: 9.4 
(2.1) 
Backward: 
16.5 (5.2) 

Duration (s): 
Stroke:  

Forward: 
17.4 (9.5) 
Obstacle: 
20.7 (13.1) 
Backward: 
46.3 (30.3) 

Control:  
Forward: 
11.0 (2.9) 
Obstacle: 
12.6 (5.2) 
Backward: 
21.3 (10.3) 

NR Correct Response 
Rate (digits per 
second) at: 

Stroke:  
Forward: 0.38 
(0.17) 
Obstacle: 0.37 
(0.17) 
Backward: 0.36 
(0.15) 

Control:  
Forward: 0.42 
(0.20) 
Obstacle: 0.41 
(0.21) 
Backward: 0.38 
(0.19) 

Correct Response Rate 
(digits per second) at: 

Stroke:  
Forward: 0.37 
(0.17) 
Obstacle: 0.32 
(0.15) 
Backward: 0.30 
(0.17) 

Control:  
Forward: 0.36 
(0.22) 
Obstacle: 0.30 
(0.19) 
Backward: 0.35 
(0.16) 

NR 

Secondary Task Classification: Mental Tracking – Serial Subtraction by 1s 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

Amatachaya 
et al, 2016 2 

Walked along 
a 10-m 
walkway at 
comfortable 
speed 

Counted 
backwards by 
1 from 100 

NR Speed (m/s): 
NCA: 0.31 
(0.15) 
CA: 0.62 (0.20) 

Speed (m/s): 
NCA: 0.24 
(0.12) 
CA: 0.42 
(0.18) 

NR NR NR NR 

Cho et al, 
2015a 16 

Walked at 
normal speed 

Counted 
backwards 
from a given 
number 

NR Speed (m/s): 
0.659 (0.1323) 
Cadence 
(steps/min): 
85.45 (12.71) 
Stride Length 

Speed (m/s): 
0.4034 
(0.0975) 
Cadence 
(steps/min): 
58.82 (12.89) 

NR NR NR NR 
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(m): 
P: 0.864 
(0.0891) 
NP: 0.8739 
(0.1061)  

Step Length (m): 
P: 0.4583 
(0.0605) 
NP: 0.4193 
(0.0687) 

Stride Length 
(m): 

P: 0.6133 
(0.1348) 
NP: 0.6296 
(0.1241) 

Step Length 
(m): 

P: 0.2778 
(0.068) 
NP: 0.3434 
(0.0809) 

Cho et al, 
2015b 17 

Walked at 
normal speed 

Counted 
backwards 
from a given 
number 

NR Speed (m/s): 
DTT: 0.5028 
(0.1458) 
STT: 0.4937 
(0.0948) 

Cadence 
(steps/min):  

DTT: 68.58 
(13.01) 
STT: 66.43 
(13.27) 

Stride Length 
(m): 

DTT: 0.6212 
(0.1881) 
STT: 0.611 
(0.1013) 

Step Length (m):  
DTT: 0.317 
(0.1006) 
STT: 0.3141 
(0.0721) 

Speed (m/s): 
DTT: 0.3436 
(0.1348) 
STT: 0.3127 
(0.0683) 

Cadence 
(steps/min):  

DTT: 55.35 
(10.06) 
STT: 53.15 
(7.77) 

Stride Length 
(m):  

DTT: 0.5456 
(0.1268) 
STT: 0.5369 
(0.0859) 

Step Length 
(m):  

DTT: 0.2651 
(0.0642) 
STT: 0.2592 
(0.0361) 

NR NR NR NR 

†‡Patel et al, 
2014 45 

Walked on a 
12 feet 
GAITRite mat 

Counted 
backwards by 
a specific 
number from 
a specific 2-
digit number 

Instructed to 
put equal 
importance on 
both tasks 

NR NR A significant 
decline in 
mobility 
performance in 
DT walking 
compared with 
that in ST 
walking 

NR NR A significant 
decline in 
cognitive 
performance in DT 
walking compared 
with that in sitting 
reported in text. 
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reported in text. 
‡Tisserand et 
al, 2018 60 

Walked 
barefoot at 
spontaneous 
speed on a 
10-meter 
walkway 

Counted 
backward 
from 100 

Instructed to 
put equal 
importance on 
both tasks 

NR Reported no 
significant 
differences 
between ST 
and DT 
performance in 
text 

NR NR Reported a significant 
decrease in cognitive 
performance during DT 
walking compared with 
that in sitting in text 

NR 

Secondary Task Classification: Mental Tracking – Auditory One-Back 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†Plummer-
D'Amato et al, 
2008 46 

Walked 
counter-
clockwise 
around an 
oval track for 3 
min 

Auditory 1-
back:  
Responded 
yes or no 
based on 
whether the 
letter heard 
was the same 
as the one 
prior 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s): 
     Walk 1: 0.724 
(0.373) 
     Walk 2: 0.742 
(0.395) 
Stride Time (s): 
     Walk 1: 1.435 
(0.471) 
     Walk 2: 1.398 
(0.397) 
Stride time 
variability (s): 
     Walk 1: 0.110 
(0.071) 
     Walk 2: 0.076 
(0.052) 
Average stride 
length (m): 
     Walk 1: 1.037 
(0.329) 
     Walk 2: 1.065 
(0.316) 
Cadence 
(steps/min): 
     Walk 1: 
90.164 (20.894) 
     Walk 2: 
91.626 (18.517) 

Gait Speed 
(m/s): 0.658 
(0.343) * 
Stride time (s): 
1.455 (0.508)  
Stride time 
variability (s): 
0.104 (0.084) 
Average stride 
length (m): 
0.951 (0.339) * 
Cadence 
(steps/min): 
87.285 
(21.129) * 

NR RT (ms): 1763.65 
(249.37) 
Accuracy (%): 98.92 
(2.06) 

RT (ms): 1675 (129.13) 
Accuracy (%): 98.77 
(1.30) 

NR 
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†‡Plummer-
D'Amato et al, 
2010 47 

Walked 
counter-
clockwise 
around an 
oval track for 3 
min 

Auditory 1-
back:  
Responded 
yes or no 
based on 
whether the 
letter heard 
was the same 
as the one 
prior 

Not 
specifically 
instructed to 
prioritize either 
task 

Speed (m/s): 0.82 
(0.34) 
Double Stance 
(% of gait cycle):  
31.92 (12.68) 
Paretic pre-swing 
(% gait cycle): 
18.51 (13.43) 
Paretic weight 
acceptance (% 
gait cycle): 13.08 
(3.17) 
Swing (% gait 
cycle):   

Paretic: 38.13 
(7.72) 
Non-paretic: 
29.74 (8.68) 

Swing Coefficient 
of Variation:  

Paretic: 7.01 
(1.80) 
Non-paretic: 
8.12 (3.03) 

Temporal 
Symmetry: 1.74 
(0.77) 

Speed (m/s): 
0.77 (0.32) 
Double Stance 
(% of gait 
cycle): 34.69 
(12.11) 
Paretic pre-
swing (% gait 
cycle): 20.08 
(13.46)  
Paretic weight 
acceptance (% 
gait cycle): 
14.63 (3.07) 
Swing (% gait 
cycle):   

Paretic: 36.77 
(7.55) 
Non-paretic: 
28.04 (8.64) 

Swing 
Coefficient of 
Variation:  

Paretic: 7.82 
(2.63) 
Non-paretic: 
8.67 (2.79) 

Temporal 
Symmetry: 
1.82 (0.92) 

NR NR RT (ms):  
Double-limb support: 
1657.05 (115.05)  
Swing: 1638.03 
(145.92)  

Paretic: 1646.24 
(157.08) 
Non-paretic: 
1610.79 (167.71) 

NR 

†Plummer-
D’Amato et al, 
2012 48 

10 m walk test 
at usual 
walking speed 

Auditory 1-
back: 
Responded 
yes or no 
based on 
whether the 
letter heard 
was the same 
as the one 
prior 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s): 
0.78 (0.38) 

NR Gait Speed: 8.9 
(12.0) 
Paretic Single 
Limb Stance 
Durance: 7.4 
(8.0) 
Paretic Swing 
Duration: -3.0 
(3.7) 
Double Limb 
Support 
Duration: 13.4 
(21.3) 

NR NR NR 
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Secondary Task Classification: Mental Tracking –Others 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†Chisholm et 
al, 2014 15 

Walked along 
a 6-m 
walkway at 
self-selected 
comfortable 
speed 

Counted 
forward or 
backward by 
7, 3, 2 or 1 
from a given 
number based 
on cognitive 
abilities of the 
participants, 
as determined 
by the 
physical 
therapist 

NR Speed (m/s): 
At Admission: 
0.73 (0.29) 
At Discharge: 
0.92 (0.26) 

Step Length (m): 
At Admission: 
0.473 (0.15) 
At Discharge: 
0.554 (0.124) 

Step Width (m): 
At Admission: 
0.115 (0.042) 
At Discharge: 
0.111 (0.032) 

Swing Time (s): 
At Admission: 
0.4342 (0.0524) 
At Discharge: 
0.4177 (0.0471) 

Stance Time (s): 
At Admission: 
0.9297 (0.2061) 
At Discharge: 
0.808 (0.1222) 

Double Support 
Time (s): 

At Admission: 
0.4939 (0.199) 
At Discharge: 
0.3923 (0.1095) 

Speed (m/s): 
At 
Admission: 
0.58 (0.25) * 
At Discharge: 
0.77 (0.27) * 

Step Length 
(m): 

At 
Admission: 
0.415 (0.148) 
* 
At Discharge: 
0.501 (0.131) 

Step Width 
(m): 

At 
Admission: 
0.118 (0.045) 
At Discharge: 
0.119 (0.039) 

Swing Time 
(s): 

At 
Admission: 
0.4438 
(0.0787) 
At Discharge: 
0.4366 
(0.0632) 

Stance Time 
(s): 

At 
Admission: 
1.0539 
(0.2363) * 
At Discharge: 
0.9138 

NR NR NR NR 
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(0.2214) 
Double 
Support Time 
(s): 

At 
Admission: 
0.6090 
(0.2504) 
At Discharge: 
0.4772 
(0.1920) 

‡Tisserand et 
al, 2018 60 

Walked 
barefoot at 
spontaneous 
speed on a 
10-meter 
walkway 

Counted 
forward 

Instructed to 
put equal 
importance on 
both tasks 

NR Reported no 
significant 
differences 
between ST 
and DT 
performance in 
text 

NR NR Reported a significant 
decrease in cognitive 
performance during DT 
walking compared with 
that in sitting in text 

NR 

‡Fernandez et 
al, 2016 22 

Walked at a 
fast and still 
comfortable 
speed for 10 
m, turned 
around and 
walked back 

Counted 
forward by 3 
from 1 

NR Walking Time (s):  
TG: 44.4 (33.4) 
CG: 34.7 (30.4) 

Walking time 
(s):  

TG: 53.5 
(47.4) 
CG: 34.5 
(18.5) 

TG: 23.8 (19.7) 
CG: 27.1 (23.0) 

NR NR NR 

†Hermand, E., 
et al, 2019 

Walked at a 
comfortable 
pace for 30 s 

Modified N-
back: 
responded 
yes or no 
based on 
whether the 
number heard 
was the same 
as the 1 (low 
condition) or 2 
prior (high 
condition) 

Instructed to 
put equal 
importance on 
both tasks 

Gait Speed (m/s): 
0.516 (0.233) 
Cadence 
(steps/min):  48.1 
(24.7) 
Stride Duration 
(s):  0.9 (0.3) 
Stride Length 
(m): 0.376 
(0.099) 
Stride Variability 
(n.u.): 9.5 (6.0) 
Stride Asymmetry 
(n.u.): 1.0 (0.3) 

Gait Speed 
(m/s):  

DTlow: 0.419 
(0.220) 
DThigh: 
0.396 (0.205) 

Cadence 
(steps/min):  

DTlow: 37.5 
(20.7) 
DThigh: 40.6 
(21.3) 

Stride Duration 
(s): 

DTlow: 0.9 
(0.3) 
DThigh: 1.0 
(0.3) 

Gait Speed 
(%):  

DTlow: -15 
(19) 
DThigh: -19 
(18) 

Number of 
Responses:  

STlow: 9.7 (3.0) 
SThigh: 7.2 (1.9) 

Number of Correct 
Responses:  

STlow: 8.1 (3.4) 
SThigh: 3.8 (1.8) 

Number of Responses:  
DTlow: 9.8 (3.8) 
DThigh: 7.2 (1.2) 

Number of Correct 
Responses:  

DTlow: 7.6 (3.8) 
DThigh: 2.4 (1.7) 

Accuracy (%): 
DTlow: -8 (36) 
DThigh: -27 (54) 
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Stride Length 
(m): 

DTlow: 0.337 
(0.089) 
DThigh: 
0.337 (0.093) 

Stride 
Variability 
(n.u.):  

DTlow: 22.3 
(23.6) 
DThigh: 18.4 
(13.9) 

Stride 
Asymmetry 
(n.u.): 

DTlow: 1.0 
(0.4) 
DThigh: 0.9 
(0.3) 

Walshe, E. A., 
et al, 2019 

Walked at a 
preferred 
speed along a 
15-m walkway 

Auditory 2-
back: 
responded by 
clicking the 
left mouse 
button when 
the current 
word was a 
repeat of the 
word 
presented two 
trials 
previously 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s):  
With Stroke: 
1.14 (0.03) 
Older Adult: 
1.20 (0.03) 

Stride Time (s):  
With Stroke: 
0.97 (0.02) 
Older Adult: 
0.93 (0.02) 

CV Stride Time 
(%):  

With Stroke: 
6.28 (0.26) 
Older Adult: 
7.28 (0.59) 

Stride Length 
(m):  

With Stroke: 
1.10 (0.02) 
Older Adult: 
1.11 (0.01) 

CV Stride Length 

Gait Speed 
(m/s):  

With Stroke: 
1.14 (0.04) 
Older Adult: 
1.20 (0.03) 

Stride Time (s):  
With Stroke: 
0.98 (0.03) 
Older Adult: 
0.96 (0.02) 

CV Stride Time 
(%):  

With Stroke: 
5.85 (0.23) 
Older Adult: 
7.63 (0.71) 

Stride Length 
(m):  

With Stroke: 
1.11 (0.02) 
Older Adult: 
1.15 (0.01) 

Gait Speed 
(m/s):  

With Stroke: -
0.58 (2.07) 
Older Adult: -
0.73 (2.98) 

Stride Time (s):  
With Stroke: -
0.04 (1.18) 
Older Adult: 
3.57 (1.59) 

CV Stride Time 
(%):  

With Stroke: -
8.77 (3.01) 
Older Adult: -
4.87 (4.15) 

Stride Length 
(m):  

With Stroke: -
0.44 (1.64) 
Older Adult: -
3.91 (2.20) 

NR NR NR 
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(%): 
With Stroke: 
48.34 (1.01) 
Older Adult: 
48.06 (0.91) 

CV Stride 
Length (%): 

With Stroke: 
47.29 (1.26) 
Older Adult: 
45.38 (1.14) 

CV Stride 
Length (%): 

With Stroke: -
1.72 (3.45) 
Older Adult: -
5.11 (3.19) 

Curuk, E., et 
al, 2019 

Walked with a 
self-selected 
comfortable 
speed 

Recited the 
alphabet 
aloud by 
skipping 2 
letters 

NR Gait Speed (m/s): 
0.7563 (0.1579) 
Cadence 
(steps/min): 
96.06 (8.15) 
Symmetry 
Indexes (SI):  

Single support 
phase: 49.94 
(22.41) 
Stance phase: 
26.44 (15.16) 
Swing phase: 
45.63 (16.32) 

Gait Speed 
(m/s):  0.6399 
(0.1602) 
Cadence 
(steps/min):  
87.47 (9.52) 
Symmetry 
Indexes (SI):  

Single 
support 
phase: 55.38 
(29.78) 
Stance 
phase: 28.57 
(17.96) 
Swing phase: 
53.36 (29.33) 

NR NR NR NR 

‡Rand et al, 
2010 52 

Walked along 
a 20-ft 
walkway, 
turned, and 
returned 

Recited 
consecutive 
and alternate 
letters of a 
given 
alphabet 
aloud 

NR Gait Speed (m/s): 
1.0 (0.51) 

Time to 
Complete (s): 
21.2 (6.6) 
 

NR NR NR NR 

†Robinson et 
al, 2011 54 

Walked 20 
feet at fast 
and usual 
speed 

Verbalised the 
days of the 
week in 
reverse order 

NR Usual Gait Speed 
(m/s) 

Stroke: 0.70 
(0.33) 
Non-stroke: 
1.20 (0.23) 

Fast Gait Speed 
(m/s) 

Stroke: 0.88 
(0.41) 
Non-stroke: 
1.65 (0.33) 

Crossing 2 

Walking Speed 
(m/s) (without 
obstacles, not 
specified at 
fast or usual 
speed) 

Stroke: 0.58 
(0.29) 
Non-stroke: 
1.09 (0.31) 

NR NR NR NR 
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Obstacles:  
Stroke: 0.44 
(0.29)  
Non-stroke: 
1.18 (0.23) 

Secondary Task Classification: Discrimination and Decision Making –Classification Task 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†Bowen et al, 
2001 8 

Walked along 
an 8-m 
walkway at 
preferred 
speed 

Verbally 
answered 
'yes' when 
hearing the 
word `red' and 
`no' when 
hearing the 
word `blue' 

NR Preferred Speed 
(m/s):0.64 (0.24) 
Double Stance 
(% of cycle): 
18.91 (4.60) 

Preferred 
Speed (m/s): 
0.57 (0.22) * 
Double stance 
(% of cycle): 
20.92 (5.89) * 

NR NR NR NR 

Canning et al, 
2006 9 

Walked along 
a 10-m 
walkway at 
preferred 
speed  

Verbally 
answered 
'yes' when 
hearing the 
word `red' and 
`no' when 
hearing the 
word `blue'. 
Stimulus 
presented in a 
random order 
at 3-s 
intervals. 

NR Comfortable 
Speed (m/s):  

With Stroke: 
0.99 (0.27) 
Older Adults: 
1.22 (0.20)  
Young Adults: 
1.34 (0.15) 

 

Comfortable 
Speed (m/s):  

With Stroke: 
0.89 (0.25) * 
Older Adults: 
1.14 (0.22) *  
Young 
Adults: 1.31 
(0.15) 

NR NR NR NR 

†Denneman et 
al, 2018 19 

TUG Verbally 
answered 
'yes' when 
hearing a high 
tone and `no' 
when hearing 
a low tone as 
accurately 
and quickly as 
possible.  
Stimulus 

Not 
specifically 
instructed to 
prioritize either 
task 

Duration (s): 17.9 
(11.2) 

Duration (s): 
19.3 (12.0) 

NR NR NR NR 
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presented in a 
random order 
at 1.5-s 
intervals. On 
completion of 
each trial, 
participants 
were asked to 
report the total 
number of 
high-pitched 
tones. 

†Eckhardt et 
al, 2011 21 

Walked along 
a 9-m 
walkway at 
comfortable 
speed and 
TUG 

Verbally 
answered 
'yes' when 
hearing the 
word `red' and 
`no' when 
hearing the 
word `blue'. 
Stimulus 
presented in a 
random order 
at 1.5-s 
intervals. 

NR Time (s): 42.0 
(26.4) 
Speed (m/s): 0.28 
(0.15) 
Cadence 
(steps/min): 48.9 
(16.3) 
Step Length (m): 

Paretic (P): 0.41 
(0.17) 
Non-paretic 
(NP): 0.28 
(0.25) 

Step Width (m): 
0.26 (0.11) 
Stance Time (s): 

P: 1.6 (0.6) 
NP: 1.8 (0.6) 

Clearance (m): 
0.04 (0.02) 
Knee Extension 
(degree):167(13) 

Time (s): 47.2 
(31.4) 
Speed (m/s): 
0.28 (0.15) 
Cadence 
(steps/min): 
49.0 (22.3) 
Step Length 
(m): 

P: 0.40 (0.17) 
NP: 0.29 
(0.23) 

Step Width 
(m): 0.28 (0.19) 
Stance Time 
(s): 

P: 1.5 (0.6) 
NP: 1.8 (0.6) 

Clearance (m): 
0.04 (0.02) 
Knee 
Extension 
(degree): 167 
(13) 

Time (s): 12 
Speed (m/s): 0 
Cadence 
(steps/min): 0 
Step Length 
(m): 

P: -2 
NP: 4 

Step Width (m): 
8 
Stance Time 
(s): 

P: -6 
NP: 0 

Clearance (m): 
0 
Knee 
Extension 
(degree): 0 

NR NR NR 

†Kal et al, 
2019 29 

TUG Verbally 
answered 
'yes' when 
hearing a high 
tone and `no' 
when hearing 
a low tone as 

NR Time (s):  
IFG: 20.45 
(2.48) 
EFG: 17.89 
(2.37) 

Sway (degrees, 
RMSE): 

Time (s):  
IFG: 22.04 
(2.60) 
EFG: 19.11 
(2.48) 

Sway 
(degrees, 

Time (s): 
IFG: 5.18 
(3.41) 
EFG: 1.77 
(3.56) 

NR NR Accuracy/Reaction 
time (s): 

IFG: 9.15 (3.78) 
EFG: 4.63 (3.45) 
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accurately 
and quickly as 
possible and 
reported the 
number of 
high tones 
after each 30-
s trial. High 
and low pitch 
was 
presented 
randomly in 
1:2 ratio at 
1.5-s 
intervals.  

IFG: 2.48 (0.51) 
EFG: 2.34 
(0.36) 

No. of Handrail 
Support: 

IFG: 1.56 (0.33) 
EFG: 1.77 
(0.30) 

RMSE): 
IFG: 2.13 
(0.48) 
EFG: 2.58 
(0.42) 

No. of Handrail 
Support: 

IFG: 1.35 
(0.26) 
EFG: 2.08 
(0.44) 

Lee et al, 
2015a 31 

Walked along 
a 10-m 
walkway at 
preferred 
speed 

Verbally 
answered 
'yes' when 
hearing the 
word `red' and 
`no' when 
hearing the 
word `blue'. 
Stimulus 
presented in a 
random order 
at 3-s 
intervals. 

NR Speed (m/s): 
LCA: 0.56 
(0.06) 
CA: 0.83 (0.08) 
Control: 1.23 
(0.08) 

Speed (m/s): 
LCA: 0.52 
(0.06) * 
CA: 0.69 
(0.07) 
Control: 1.19 
(0.08) 

NR NR NR NR 

Lee et al, 
2015b 32 

Walked along 
a 10-m 
walkway at 
preferred 
speed 

Verbally 
answered 
'yes' when 
hearing the 
word `red' and 
`no' when 
hearing the 
word `blue' 

NR Speed (m/s): 
(Community 
ambulation level) 

2: 0.36 (0.14) 
3: 0.57 (0.21) 
4: 0.83 (0.28) 

NR Speed (m/s): 
(Community 
ambulation 
level) 

2: 17.71 
(24.87) 
3: 11.50 
(14.60) 
4: 18.59 
(13.12) 

NR NR NR 

Lord et al, 
2006 37 

6MWT at 
comfortable 
walking pace  

Answered 
“yes” if a 
given number 
was even and 
“no” if it was 

NR Speed (m/min): 
42.5(10.6) 
Cadence 
(steps/min): 
83.1(10.2) 

Speed (m/min): 
43.9 (10.2) 
Cadence 
(steps/min): 
85.6 (12.6) 

NR NR NR NR 
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an odd 
number 

Step Length (m): 
0.51 (0.08) 

Step Length 
(m): 0.51 (0.08) 

†‡Patel et al, 
2014 45 

Walked on a 
12 ft. 
GAITRite mat 

Pushed a 
button if the 
second green 
stimulus was 
presented 
after the 
preparatory 
red signal  

Instructed to 
put equal 
importance on 
both tasks 

NR NR  Reported a 
significant 
decline in 
mobility 
performance in 
DT walking 
compared with 
that in ST 
walking in text 

NR NR  Reported a 
significant decline 
in cognitive 
performance in DT 
walking compared 
with that in sitting 
in text 

Secondary Task Classification:  Discrimination and Decision Making –Stroop Test 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

‡Aravind et al, 
2017 4   

Performed the 
obstacle-
avoidance 
task in a VR 
environment 

1) Indicated 
the pitch of 
the words 
“cat” by 
answering 
“high” or “low” 
as quickly and 
as accurately 
as possible; 2)  
Indicated the 
pitch of the 
words “high” 
or “low” by 
answering 
“high” or “low” 
as quickly and 
as accurately 
as possible 

Instructed to 
put equal 
importance on 
both tasks 

LocoST Collision 
rate (%) with 
obstacle from:  
Contralesional 
direction: 

VSN+: 34.4 
(8.1) 
VSN-: 33.3 (8.2) 

Head on: 
VSN+: 24.7 
(6.5) 
VSN-: 24.5 (5.4) 

Ipsilesional 
direction: 

VSN+: Nil 
VSN-: 16.7 
(NR) 

LocoDT-
CAT/HL 
Collision rate 
(%) with 
obstacle from:  
Contralesional 
direction: 

VSN+: 48.2 
(11.6)/ 61.3 
(14.1) 
VSN-: 36.6 
(3.3)/ 32.0 
(11.2) 

Head on: 
VSN+: 30.6 
(10.6)/ 39.6 
(11.9) 
VSN-: 18.9 
(1.6)/ 23.3 
(2.4) 

Ipsilesional 
direction: 

VSN+: 24.3 
(4.3)/ 30.6 
(9.1) 
VSN-: Nil/ Nil  

NR CogDT-CAT Error 
(%):  

VSN+: 16.01 (8.93) 
VSN-: 7.96 (4.87) 

CogDT-HL Error (%): 
VSN+: 27.24 (9.77) 
VSN-: 16.9 (17.43) 

 

NR NR 
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‡Chan et al, 
2017b 13 

Walked a 5-
meter straight 
line, make a 
180-degree 
turn, and then 
return to the 
starting 
position as 
quickly and 
safely as 
possible 

Indicated the 
pitch of the 
words “high” 
or “low” by 
answering 
“high” or “low” 
as quickly and 
as accurately 
as possible 

Instructed to 
put equal 
importance on 
both tasks 

Duration (s):  
Stroke: 21.23 
(12.97) 
Control: 7.98 
(1.68) 

Turning Duration 
(s): 

Stroke: 5.23 
(2.43) 
Control: 2.39 
(0.44) 

No. of Steps to 
Turn:  

Stroke: 9.06 
(2.18) 
Control: 6.10 
(0.74) 

Duration (s):  
Stroke: 21.25 
(12.36) 
Control: 8.01 
(1.59) 

Turning 
Duration (s): 

Stroke: 5.35 
(2.40) 
Control: 2.41 
(0.45) 

No. of Steps to 
Turn:  

Stroke: 9.13 
(2.35) 
Control: 6.23 
(0.64) 

 

Duration (s):  
Stroke: -0.7 
(8.6) 
Control: -0.7 
(5.1) 

Turning 
Duration (s): 

Stroke: -2.5 
(11.9) 
Control: -1.2 
(7.5) 

No. of Steps to 
Turn:  

Stroke: -0.9 
(11.6) 
Control: -2.7 
(8.9) 
 

Accuracy (%):  
Stroke: 91.02 
(10.05) 
Control: 98.15 
(3.93) 

Response Time (s): 
Stroke: 1.17 (0.33) 
Control: 0.96 (0.22) 

 

Accuracy (%):  
Stroke: 81.25 (21.98) 
Control: 89.72 (11.70) 

Response Time (s): 
Stroke: 1.22 (0.33) 
Control: 1.02 (0.30) 

 

Accuracy (%):  
Stroke: 
10.7(22.8) 
Control: 
8.6(11.7) 

Response Time 
(s): 

Stroke: -8.1 
(27.5) 
Control:-
7.5(26.1) 

 

‡Chan et al, 
2018 11 

Walked a 5-
meter straight 
line, make a 
180-degree 
turn, and then 
return to the 
starting 
position as 
quickly and 
safely as 
possible 

Indicated the 
pitch of the 
words “high” 
or “low” by 
answering 
“high” or “low” 
as quickly and 
as accurately 
as possible 

Not 
specifically 
instructed to 
prioritize either 
task 

Duration (s): 
Tai Chi: 15.9 
(5.5)  
Exercise: 19.0 
(7.2) 
Control: 17.8 
(7.7) 

Turning Duration 
(s): 

Tai Chi: 4.8 
(1.5) Exercise: 
5.1 (1.8) 
Control: 4.7 
(1.3) 

No. of Steps: 
Tai Chi: 8.7 
(1.9) 
Exercise: 9.0 
(1.4) 
Control: 8.9 
(2.0) 

NR NR Accuracy/Average 
Response Time (s): 

Tai Chi: 88.9 (20.4) 
Exercise: 83.6 
(22.4) 
Control: 78.6 (27.5) 

 

Accuracy/Average 
Response Time (s): 

Tai Chi: 73.1 (27.6) 
Exercise: 56.3 (22.1) 
Control: 66.8 (31.0) 

 

NR 

†Feld, J. A., et 
al, 2018 

Walked 
continuously 
on a level 
surface for ≥ 

Auditory 
Stroop task 

NR Gait Speed (m/s): 
0.82 (0.30) 

Gait Speed 
(m/s): 0.77 
(0.29) 

NR Accuracy:  
median=100%, 
IQR=90.5-100% 

Accuracy: 
median=94%, 
IQR=78.5-100% 

NR 
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48 meters 

†Gye Yeop et 
al, 2014 24 

TUG 
(comfortable 
speed) 

Stated the 
color of 
written words 

NR (variable 
priority for the 
DT training) 

Time (s):  
STT: 33.88 
(19.86) 
DTT: 31.34 
(19.54) 

Time (s):  
STT: 42.41 
(24.40) 
DTT: 33.56 
(20.71) 

NR Number of correct 
answers:   

STT: 32.50 (14.30) 
DTT: 40.70 (15.68) 

NR NR 

†‡Patel et al, 
2014 45 

Walked on a 
12 ft. 
GAITRite mat 

Named the 
color of a set 
of 24 written 
words 

Instructed to 
put equal 
importance on 
both tasks 

NR NR Reported a 
significant 
decline in 
mobility 
performance in 
DT walking 
compared with 
that in ST 
walking in text 

NR NR Reported a 
significant decline 
in cognitive 
performance in DT 
walking compared 
with that in sitting 
in text 

†Plummer et 
al, 2014 49 

Walked along 
a 6-m 
GAITRite 
walkway  

Indicated the 
pitch of the 
words “high” 
or “low” by 
answering 
“high” or “low” 
as quickly and 
as accurately 
as possible  

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s): 
0.84 (0.17) 

Gait Speed 
(m/s): 0.71 
(0.14) 

Gait Speed 
(m/s):  
-14.1 (10.3) 

NR NR NR 

‡Smulders et 
al, 2012 57 

Performed the 
obstacle-
avoidance 
task at 
different 
phases of the 
gait cycle 
while walking 
on a treadmill 
at either 2 or 3 
km/h (using 
affected side 
for stroke or 
left foot for all 
control) 

Indicated the 
pitch of the 
words “high” 
or “low” 
(presented at 
an interval of 
2s) by 
answering 
“high” or “low” 

NR Obstacle 
Avoidance 
Accuracy (%): 58 
(20) 

Obstacle 
Avoidance 
Accuracy (%): 
56 (20) 

NR NR NR NR 

‡Tsang et al, 
2019 67 

Level ground 
walking and 

Discriminated 
(i) the pitch of 

Instructed to 
perform both 

NR NR Walking 
distance (m): 

NR Number of correct 
responses: Level 

NR 
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obstacle 
crossing for a 
minute 

words “High” 
and “Low” of a 
female voice, 
and (ii) the 
pitch of “High” 
and “Low” and 
voice of 
“male” or 
female” from a 
male/female 

tasks equally 
well 

Level ground 
walking: i) 
39.30 (14.60), 
ii) 38.50 
(13.00); 
Obstacle 
crossing: i) 
36.00 (13.10), 
ii) 35.00 
(12.10) 

ground walking: i) 
15.50 (5.50), ii) 13.10 
(4.80); Obstacle 
crossing:  
i) 15.80 (4.40), ii) 13.20 
(4.10) 

‡van Ooijen et 
al, 2015 62 

Performed a 
standardized 
Nijmegen 
obstacle-
avoidance 
task while 
walking on a 
treadmill at 
either 2 or 3 
km/h 

Indicated the 
pitch of the 
words “high” 
or “low” 
(presented at 
an interval of 
2s) by 
answering 
“high” or “low”  

NR NR Obstacle 
Avoidance 
Success Rate 
(%): 50 (15)  
 

NR NR Stroop Success Rate 
(%): 90 (5) 

NR 

Walshe, E. A., 
et al, 2019 

Walked at a 
preferred 
speed along a 
15-m walkway 

Clicked the 
left mouse 
button for 
congruent 
stimuli (word 
“high”/ “low” 
and high/low 
pitch) and 
clicked the 
right mouse 
button for 
incongruent 
stimuli 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s):  
With Stroke: 
1.14 (0.03) 
Older Adult: 
1.20 (0.03) 

Stride Time (s):  
With Stroke: 
0.97 (0.02) 
Older Adult: 
0.93 (0.02) 

CV Stride Time 
(%):  

With Stroke: 
6.28 (0.26) 
Older Adult: 
7.28 (0.59) 

Stride Length 
(m):  

With Stroke: 
1.10 (0.02) 
Older Adult: 
1.11 (0.01) 

CV Stride Length 

Gait Speed 
(m/s):  

With Stroke: 
1.13 (0.04) 
Older Adult: 
1.16 (0.03) 

Stride Time (s):  
With Stroke: 
0.96 (0.02) 
Older Adult: 
0.97 (0.02) 

CV Stride Time 
(%):  

With Stroke: 
6.26 (0.19) 
Older Adult: 
8.10 (1.10) 

Stride Length 
(m):  

With Stroke: 
1.11 (0.02) 
Older Adult: 
1.12 (0.02) 

Gait Speed 
(m/s):  

With Stroke: 
0.81 (2.31) 
Older Adult: 
2.34 (3.24) 

Stride Time (s):  
With Stroke: -
0.11 (1.04) 
Older Adult: 
2.64 (1.42) 

CV Stride Time 
(%):  

With Stroke: 
0.26 (3.85) 
Older Adult: 
11.43 (9.41) 

Stride Length 
(m):  

With Stroke: -
1.15 (2.08) 
Older Adult: -
1.08 (2.46) 

NR NR NR 



158 
 

 

(%): 
With Stroke: 
48.34 (1.01) 
Older Adult: 
48.06 (0.91) 

CV Stride 
Length (%): 

With Stroke: 
48.06 (1.10) 
Older Adult: 
47.47 (1.63) 

CV Stride 
Length (%): 

With Stroke: -
0.05 (3.40) 
Older Adult: -
0.65 (4.30) 

†Zukowski, L. 
A., et al, 2019 

Walked 
continuously 
for 60 m 
(turning after 
30 m) at self-
selected 
speed in a 
quiet hallway 
(low 
distraction) or 
hospital lobby 
(high 
distraction) 

Indicated the 
pitch of the 
words “high” 
or “low” by 
answering 
“high” or “low” 
as quickly and 
as accurately 
as possible 

NR Gait Speed (m/s):  
LD: 0.83 (0.36) 
HD: 0.80 (0.33) 

Stride Duration 
CV (%): 

LD: 4.61 (1.81) 
HD: 5.38 (2.37) 

Stride Length CV 
(%): 

LD: 6.41 (4.21) 
HD: 6.76 (2.77) 

Gait Speed 
(m/s):  

LD: 0.76 
(0.35) 
HD: 0.76 
(0.31) 

Stride Duration 
CV (%): 

LD: 4.76 
(2.25) 
HD: 5.40 
(2.81) 

Stride Length 
CV (%): 

LD: 6.98 
(2.63) 
HD: 6.40 
(2.04) 

NR Accuracy (%):  
LD: 94.0 (8.9) 
HD: 93.2 (10.2) 

Reaction Time (ms): 
LD: 1180 (221) 
HD: 1260 (269) 

Accuracy (%):  
LD: 88.5 (12.8) 
HD: 85.0 (18.5) 

Reaction Time (ms): 
LD: 1268 (251) 
HD: 1238 (254) 

NR 

Secondary Task Classification:   Discrimination and Decision Making –Others 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†‡Regnaux et 
al, 2005 53 

Walked on the 
treadmill for 
10 min 

Respond as 
quickly as 
possible to a 
stimulus (an 
electrical 
stimulation 
applied by an 
electrode to 
the neck) by 
pressing a 
pressure-
sensitive 
sensor 

NR Gait Speed 
(km/h):  

With Stroke: 
1.86 (1.14) 
Healthy Adults: 
4.61 (0.73) 

NR NR Reaction Time (ms):   
Sitting: 
With Stroke:  
H– group: 225.72 
(19.40)  
H+ group: 324.43 
(45.35)  
Healthy Adults: 
219.94 (30.48) 
Standing: 
With Stroke:  
H– group: 225.05 
(26.06)  

Reaction Time (ms):   
With Stroke:   
H– group: 
311.21(27.98)  
H+ group: 
421.71(91.47)  
Healthy Adults: 225.67 
(28.67) 

Longer RT for 
walking than 
sitting and 
standing in the 
stroke group (H– 

group (Chi2r [2] = 
8.22, P < 0.016) 
and the H+ group 

(Chi2r [2] = 13.89, 
P < 0.001) 
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situated in the 
mouth 

H+ group: 321.55 
(44.47)  
Healthy Adults: 
215.16 (21.67) 

†‡Tramonta et 
al, 2017 61 

Walked 
through a path 
of 7 meters 
without stop 
from starting 
line to 
stopping line 

Looked 
towards the 
experimenter 
who is 
showing a 
number from 
0 to 5 with his 
fingers once 
hearing a 
sound and 
then 
verbalized this 
number 

NR NR  NR (A 
significantly 
reduced DT 
walking speed 
compared to 
that of the ST 
walking.) 

NR NR NR NR 

Secondary Task Classification:  Visuospatial Perception – Auditory Clock Test 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

Dennis et al, 
2009 20 

Walked along 
a 14-m oval 
walkway at 
preferred 
speed and fast 
speed 

Responded 
“yes” or “no” 
to a given 
time based on 
whether the 
hands of the 
clock were in 
the target half 
of the clock 
face for 1 min 

Not 
specifically 
instructed to 
prioritize either 
task 

Preferred Speed 
(m/s):  

With Stroke: 
0.80 (0.4) 
Healthy Adults: 
1.38 (0.21) 

Fast Speed (m/s): 
With Stroke: 
0.94 (0.49) 
Healthy Adults: 
1.74 (0.21) 

Preferred 
Speed (m/s):  

With Stroke: 
0.78 (0.39) 
Healthy 
Adults: 1.36 
(0.21) 

Fast Speed 
(m/s): 

With Stroke: 
0.88 (0.43) * 
Healthy 
Adults: 1.70 
(0.20) 

NR Numbers Recalled in 
60 s:  

With Stroke: 10.9 
(1.3) 
Healthy Adults: 
11.8 (0.4) 

Numbers Recalled in 
60 s  

Preferred Speed:  
With Stroke: 10.6 
(1.9) 
Healthy Adults: 
11.6 (0.7) 

Fast Speed:  
With Stroke: 10.0 
(2.0) * 
Healthy Adults: 
11.7 (0.7) 

NR 
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†Plummer-
D'Amato et al, 
2008 46 

Walked 
counter-
clockwise 
around an 
oval track for 3 
min 

Responded 
“yes” or “no” 
to a given 
time based on 
whether the 
hands of the 
clock were in 
the target half 
of the clock 
face 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s): 
Walk 1: 0.72 
(0.37) 
Walk 2: 0.74 
(0.40) 

Stride Time (s): 
Walk 1: 1.44 
(0.47) 
Walk 2: 1.40 
(0.40) 

Stride Time 
Variability (s): 

Walk 1: 0.11 
(0.07) 
Walk 2: 0.08 
(0.05) 

Average Stride 
Length (m): 

Walk 1: 1.04 
(0.33) 
Walk 2: 1.07 
(0.32) 

Cadence 
(steps/min): 

Walk 1: 90.16 
(20.89) 
Walk 2: 91.63 
(18.52) 

Gait Speed 
(m/s): 0.64 
(0.38) * 
Stride Time (s): 
1.49 (0.48) * 
Stride Time 
Variability (s): 
0.08 (0.05) 
Stride Length 
(m): 0.96 (0.28) 
* 
Cadence 
(steps/min): 
86.18 (21.01) * 

NR RT (ms): 2829.75 
(924.49) 
Accuracy (%): 87.38 
(10.02) 

RT (ms): 2486.28 
(713.85) 
Accuracy (%): 88.38 
(8.94) 

NR 

†‡Plummer-
D'Amato et al, 
2010 47 

Walked 
counter-
clockwise 
around an 
oval track for 3 
min 

Responded 
“yes” or “no” 
to a given 
time based on 
whether the 
hands of the 
clock were in 
the target half 
of the clock 
face 

Not 
specifically 
instructed to 
prioritize either 
task 

Speed (m/s): 0.82 
(0.34) 
Double Stance 
(% of gait cycle):  
31.92 (12.68) 
Paretic pre-swing 
(% gait cycle): 
18.51 (13.43) 
Paretic weight 
acceptance (% 
gait cycle): 13.08 
(3.17) 
Swing (% gait 
cycle):   

Paretic: 38.13 

Speed (m/s): 
0.72 (0.35) 
Double Stance 
(% of gait 
cycle):   34.94 
(9.97) 
Paretic pre-
swing (% gait 
cycle): 
19.57 (10.70)  
Paretic weight 
acceptance (% 
gait cycle): 
15.23 (2.46) 
Swing (% gait 

NR NR RT (ms):  
Double-limb support: 
2235.02 (615.97) 
Swing: 2148.81 
(661.24) 

Paretic: 2187.95 
(723.27) 
Non-paretic: 
2130.79 (682.62) 

Paretic pre-swing: 
2183.52 (463.74) 
Non-paretic pre-
swing: 2008.14 
(299.56) 

NR 
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(7.72) 
Non-paretic: 
29.74 (8.68) 

Swing Coefficient 
of Variation:  

Paretic: 7.01 
(1.80) 
Non-paretic: 
8.12 (3.03) 

Temporal 
Symmetry: 1.74 
(0.77) 

cycle):   
Paretic: 37.16 
(6.56) 
Non-paretic: 
27.76 (8.91)  

Swing 
Coefficient of 
Variation:  

Paretic: 8.10 
(3.97) 
Non-paretic: 
8.49 (3.78) 

Temporal 
Symmetry: 
2.07 (1.52) 

†Plummer-
D’Amato  
et al, 2012 48 

10 m walk test 
at usual 
walking speed 

Responded 
“yes” or “no” 
to a given 
time based on 
whether the 
hands of the 
clock were in 
the target half 
of the clock 
face 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s): 
0.78 (0.38) 

NR Gait Speed: -
14.1 (11.6) 
Paretic Single 
Limb Stance 
Durance: -9.1 
(8.4) 
Paretic Swing 
Duration: 1.3 
(11.1) 
Double Limb 
Support 
Duration: -16.3 
(18.2) 

NR NR NR 

†Plummer et 
al, 2014 49 

Walked along 
a 6-meter 
GAITRite 
walkway  

Responded 
“yes” or “no” 
to a given 
time based on 
whether the 
hands of the 
clock were in 
the target half 
of the clock 
face 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s): 
0.84 (0.17) 

Gait Speed 
(m/s): 
0.73(0.15) 

Gait Speed 
(m/s):  
-12.6 (5.9) 

NR NR NR 

Secondary Task Classification:  Short-Term Memory – Shopping List Recall 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 

Dual-task 
Mobility 
Performance, 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 

Dual-task 
Cognitive/Manual 
Performance, Mean 

Dual-task Cost 
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Mean (SD)  Mean (SD) (SD)  (SD) 
Hyndman et 
al, 2006 28 

Walked along 
a 5-m 
walkway at 
comfortable 
speed 

Remembered 
a 7-item 
shopping list 

Instructed to 
put equal 
importance on 
both tasks 

Speed (m/s):  
Stroke: 0.7 (0.3) 
Control: 0.9 
(0.1) 

Stride Length 
(m): 

Stroke: 1.0 (0.3) 
Control: 1.3 
(0.2) 

Time to Complete 
5 m (s): 

Stroke: 10.2 
(5.7) 
Control: 5.7 
(0.7) 

Speed (m/s):  
Stroke: 0.5 
(0.3) * 
Control: 0.8 
(0.2) * 

Stride length 
(m): 

Stroke: 0.9 
(0.3) 
Control: 1.2 
(0.2) 

Time to 
complete 5m 
(s): 

Stroke: 12.6 
(7.6) * 
Control: 6.6 
(1.6) * 

NR Average Number of 
Correctly Recalled 
Items: 

Stroke: 4.2 (1.1) 
Control: 4.6 (0.9) 

Average Number of 
Correctly Recalled 
Items: 

Stroke: 3.5 (1.1) * 
Control: 4.2 (0.9) 

 

NR 

†Kizony et al, 
2010 30 

Walked on a 
treadmill at 
preferred 
speed 

1. Shopped 
for 1 item only 
(instruction 
was delivered 
after gait 
initiation);  
2. Shopped 
for 1 item, 
which was 
changed to 
another item 
after 6 
seconds;  
3. Shopped 
for 2 items 
(instruction 
was delivered 
after gait 
initiation);  
4. Memorized 
and shopped 
for a list of 5 
items 
provided prior 

NR Speed (m/s):  
Stroke: 0.51 
(0.23) 
Control: 0.87 
(0.12) 

Stride Length 
(m): 

Stroke (NP): 
0.622 (0.232) 
Stroke (P): 
0.619 (0.236) 
Control (R): 
1.050 (0.125) 
Control (L): 
1.049 (0.121) 

Stride Duration 
(s): 

Stroke (NP): 
1.46 (0.27) 
Stroke (P): 1.46 
(0.28) 
Control (R): 
1.33 (0.18) 
Control (L): 1.33 

Speed (m/s): 
Condition 1: 

Stroke: 0.58 
(NR)  
Control: 1.03 
(NR) 

Condition 2: 
Stroke: 0.58 
(NR) 
Control: 0.98 
(NR) 

Condition 3: 
Stroke: 0.60 
(NR) 
Control: 0.96 
(NR) 

Condition 4: 
Stroke: 0.59 
(NR) 
Control: 0.92 
(NR) 

Stride Length 
(m): 
Condition 1: 

NR NR NR NR 
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to gait 
initiation 

(0.18) 
Cadence 
(steps/min): 

Stroke (NP): 
42.3 (7.5) 
Stroke (P): 42.3 
(7.5) 
Control (R): 
46.0 (7.1) 
Control (L): 45.9 
(7.1) 

Stroke: 0.66 
(NR) 
Control: 1.07 
(NR) 

Condition 2: 
Stroke: 0.66 
(NR) 
Control: 1.09 
(NR) 

Condition 3: 
Stroke: 0.68 
(NR) 
Control: 1.08 
(NR) 

Condition 4: 
Stroke: 0.68 
(NR) 
Control: 1.03 
(NR) 

Remarks: 
paretic leg for 
Stroke Group, 
left leg for 
Control Group 

†Maciel et al, 
2014 38 

Walked along 
a 10-m 
walkway for 3 
consecutive 
times at an 
auto selected 
way 

Memorized a 
sequence of 5 
numbers 
during 1 min 
and repeated 
it verbally 
while walking 

NR Speed (m/s): 0.61 
(0.26)  
Number of Steps: 
27.17 (9.20)  

Speed (m/s): 
0.59 (0.22) 
Number of 
Steps: 28.00 
(9.69) 

NR NR NR NR 

‡Tsang et al, 
2019 67 

Level ground 
walking and 
obstacle 
crossing for a 
minute 

Recalled a 
randomly 
generated (i) 
three-item and 
(ii) seven-item 
shopping list 
that was 
repeated 
three times. 

Instructed to 
perform both 
tasks equally 
well 

NR NR Walking 
distance (m): 
Level ground 
walking: i) 
42.80 (16.60), 
ii) 38.50 
(13.00); 
Obstacle 
crossing: i) 
36.60 (13.30), 
ii) 35.30 
(13.00) 

NR Number of correct 
responses: Level 
ground walking: i) 2.90 
(0.10), ii) 5.10 (1.10); 
Obstacle crossing:  
i) 2.90 (0.10), ii) 5.00 
(1.30) 

NR 
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Secondary Task Classification:  Verbal Fluency Task – Category Naming 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

Angusamy et 
al, 2018 3 

Walked as fast 
as possible 
along a 12-m 
walkway 

Verbally 
enumerated 
as many 
different 
animals or 
flowers as 
possible  

NR Speed (m/s): 1.03 
(0.40) 
Step Length (m): 

NP: 0.4646 
(0.1099) 
P: 0.4313 
(0.0952) 

Stride Length 
(m): 

NP: 0.8863 
(0.2221) 
P: 0.8772 
(0.2165) 

Cadence 
(steps/min): 
81.27 (19.37) 
 

Speed (m/s): 
0.83 (0.34 *) 
Step Length 
(m): 

NP: 0.4059 
(0.0935) * 
P: 0.3792 
(0.0875) * 

Stride Length 
(m): 

NP: 0.7968 
(0.1939) * 
P: 0.7751 
(0.1834) * 

Cadence 
(steps/min): 
69.50 (20.42) * 
 

NR NR NR NR 

†Baetens et 
al, 2013 5 

Walked at 
normal speed 

Verbally 
enumerated 
as many 
different 
animals as 
possible 

Instructed not 
to prioritize the 
gait or 
cognitive task 

Speed (m/s): 0.50 
(0.28) 
Stride Length 
(m): 0.78 (0.25) 
Cadence 
(steps/min): 73 
(24) 
Step Length (m): 

P: 0.42 (0.11) 
NP: 0.36 (0.15) 

Speed (m/s): 
0.40 (0.24) * 
Stride Length 
(m): 0.72 (0.24) 
* 
Cadence 
(steps/min): 
62.9 (23.8) * 
Step Length 
(m): 

P: 0.39 (0.11) 
* 
NP: 0.33 
(0.15) * 

NR NR NR NR 

Chatterjee et 
al, 2018 

walk at 
preferred 
speed around 
a designated 
path 

Verbally 
enumerated 
as many 
words as 
possible that 

NR Speed (m/s):  
0.53 (0.20) 
Paretic step 
length (m):  
0.43 (0.10) 

Speed (m/s):  
0.47 (0.18) 
Paretic step 
length (m):  
0.40 (0.11) 

NR NR NR NR 
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began with a 
randomly 
assigned 
letter: B, D, G, 
N, P, R, and 
T. A new letter 
was assigned 
at the 
beginning of 
each lap.  

Non-paretic step 
length (m):  
0.40 (0.11) 
Paretic step 
length variability 
(%):  
2.66 (1.36) 
Non-paretic step 
length variability 
(%):  
3.04 (1.56) 
Step width (m):  
0.19 (0.05) 

Non-paretic 
step length 
(m):  
0.35 (0.12) 
Paretic step 
length 
variability (%):  
2.96 (2.94) 
Non-paretic 
step length 
variability (%):  
2.89 (1.26) 
Step width (m):  
0.20 (0.05) 

†Cockburn et 
al, 2003 18 

Walked along 
a 10-m 
walkway at 
comfortable 
speed 

Verbally 
enumerated 
as many 
different 
words as 
possible from 
a given 
category 
within 1 
minute, such 
as food 

Not 
specifically 
instructed to 
prioritize either 
task 

Median Stride 
Duration (s): 

T1 (in ward): 
1.00 (0.56) 
T2 (discharged 
home): 0.71 
(0.15) 

Median Stride 
Duration (s): 

T1: 1.15 
(0.54) 
T2: 0.91 
(0.53) 

NR Word Generation: 
T1: 17.15 (6.62) 
T2: 19.1 (7.64) 

Word generation: 
T1: 15.5(4.61) 
T2: 16.5(16.1) 

NR 

‡Pang, M. Y. 
C., et al, 2019 

Walked as 
quickly as 
possible along 
a 14-m 
walkway and 
TUG (fast 
speed) 

Verbally 
enumerated 
as many 
words as 
possible in a 
specific 
category, 
such as food 

Instructed to 
perform both 
tasks as well 
as possible 

NR NR Walking Time 
(%): -9.5 (-17.4 
to -1.5) 
TUG (%): -16.8 
(-27.9 to -5.6) 

NR NR NR 

‡Tisserand et 
al, 2018 60 

Walked 
barefoot at 
spontaneous 
speed on a 
10-meter 
walkway 

Verbally 
enumerated 
words (i) in 
the category 
of animals 
and (ii) 
beginning with 
the “P” letter  

Instructed to 
put equal 
importance on 
both tasks 

NR Reported no 
significant 
differences 
between ST 
and DT 
performance in 
text 

NR NR Reported a significant 
decrease in cognitive 
performance during DT 
walking compared with 
that in sitting in text 

NR 

‡Tsang et al, 
2019 67 

Level ground 
walking and 

Named as 
many words 

Instructed to 
perform both 

NR NR Walking 
distance (m): 

NR Number of correct 
responses: Level 

NR 
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obstacle 
crossing for a 
minute 

as possible (i) 
in a randomly 
selected 
category (e.g. 
Countries); 
and (ii) in a 
more confined 
randomly 
selected 
category (e.g. 
European 
countries). 

tasks equally 
well 

Level ground 
walking: i) 
33.60 (11.10), 
ii) 33.10 
(10.50); 
Obstacle 
crossing: i) 
31.40 (10.00), 
ii) 29.70 (9.80) 

ground walking: i) 
12.80 (5.20), ii) 8.30 
(4.70); Obstacle 
crossing:  
i) 13.10 (4.30), ii) 8.00 
(3.10) 

‡Yang et al, 
2016 64 

1. Walked 10 
m   
i. Forward at a 
self-selected 
pace  
ii. Forward at 
maximal 
speed  
iii. Backward 
at a self-
selected pace  
iv. Forward 
over 7 
obstacles 
 
2. TUG (fast 
speed) 

Name as 
many words 
as possible in 
one of the 
categories: 
fruits, 
countries, 
clothes, food, 
and 
vegetables 

Perform both 
as well as 
possible 

Walking Time (s) 
at  

Comfortable 
Speed: 14.1 
(6.9) 
Max Speed: 
11.6 (5.9) 
Backward 
Walking: 
36.5(21.9) 
Obstacle 
Course: 17.1 
(11.6) 

TUG: 15.9 (7.4)  

Walking time 
(s) at  

Comfortable 
Speed: 17.6 
(9.5) 
Max Speed: 
15.4 (8.1) 
Backward 
Walking: 48.1 
(31.5) 
Obstacle 
Course: 19.4 
(11.4) 

TUG: 19.6 
(9.3)  

Walking time 
(s) at  

Comfortable 
Speed: 24.2 
(19.2) 
Max Speed: 
33.5 (30.6) 
Backward 
Walking: 31.9 
(29.8) 
Obstacle 
Course: 16.7 
(14.7) 

TUG: 
23.8(20.4) 

Correct Response 
Rate (words per 
second) at:  

Comfortable Speed 
0.47 (0.16) 
Max Speed: 0.57 
(0.25)  
Backward Walking: 
0.16(0.25) 
Obstacle Course: 
0.47 (0.20) 

TUG: 0.40 (0.19)  

Correct Response Rate 
(words per second) at:  

Comfortable Speed 
0.47 (0.18) 
Max Speed: 0.55 
(0.22)  
Backward Walking: 
0.26(0.14) 
Obstacle Course: 
0.37 (0.17) 

TUG: 0.34 (0.14) 

Correct Response 
Rate (words per 
second) at:  

Comfortable 
Speed: 2.9 
(30.9) 
Max Speed: 4.7 
(42.3)  
Backward 
Walking: -
4.8(29.8) 
Obstacle 
Course: -13.4 
(41.6) 

TUG: -10.0 (27.8)  
 

†‡Takatori et 
al, 2012 58 

Walked at a 
self-selected 
speed and 
stepped over 
an obstacle 
made of paper 
1-mm thick 
(height and 
width, 4 cm; 
length, 1 m) 
that was 
placed in the 
middle of a 5-
meter 

Verbally 
enumerated 
vegetables or 
animals 
clearly as 
many names 
as possible 

NR Gait Speed (m/s):  
With Stroke: 0.7 
(0.4) 
Healthy Older 
Adults: 1.3 (0.2) 

Heel Obstacle 
Clearance (cm):  

With Stroke: 
72.7 (4.8) 
Healthy Older 
Adults:73.9(4.8) 

Toe Clearance 
(cm):  

With Stroke: 

Heel Obstacle 
Clearance 
(cm):  

With Stroke: 
76.9 (4.8) 
Healthy Older 
Adults:78.9 
(4.8) 

Toe Clearance 
(cm):  

With Stroke: 
12.8 (1.0) 
Healthy Older 
Adults: 7.4 

NR NR NR NR 
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walkway 12.8 (1.0) 
Healthy Older 
Adults: 6.9 (1.0) 

Obstacle-Heel 
Distance (cm):  

With Stroke: 
12.0 (1.5) 
Healthy Older 
Adults:16.4(1.5) 

Stride Length 
(cm):  

With Stroke: 
84.8 (5.1) 
Healthy Older 
Adults: 90.2 
(5.1) 

Heel Clearance 
Time (s): 

With Stroke: 
0.85 (0.16) 
Healthy Older 
Adults: 1.18 
(0.16) 

Clearance-Heel 
Time (s):  

With Stroke: 
0.65 (0.05) 
Healthy Older 
Adults: 0.30 
(0.05) 

Stride Time (s):  
With Stroke: 
1.81 (0.18) 
Healthy Older 
Adults: 1.51 (0. 
18) 

Hip Flexion (°):  
With Stroke: 
31.5 (2.8) 
Healthy Older 
Adults: 31.1 
(2.8) 

Knee Flexion (°):  

(1.0) 
Obstacle-Heel 
Distance (cm):  

With Stroke: 
8.7 (1.5) 
Healthy Older 
Adults:12.9 
(1.5) 

Stride Length 
(cm):  

With Stroke: 
88.4 (5.1) 
Healthy Older 
Adults: 91.6 
(5.1) 

Heel Clearance 
Time (s): 

With Stroke: 
2.09 (0.16) 
Healthy Older 
Adults: 1.59 
(0.16) 

Clearance-
Heel Time (s):  

With Stroke: 
0.54 (0.05) 
Healthy Older 
Adults: 0.37 
(0.05) 

Stride Time (s):  
With Stroke: 
2.62 (0.18) 
Healthy Older 
Adults: 2.00 
(0. 18) 

Hip Flexion (°):  
With Stroke: 
30.2 (2.9) 
Healthy Older 
Adults: 29.1 
(2.9) 

Knee Flexion 
(°):  
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With Stroke: 
51.6 (4.8) 
Healthy Older 
Adults: 53.7 
(4.8) 

With Stroke: 
49.1 (5.4) 
Healthy Older 
Adults: 43.7 
(5.4) 

Secondary Task Classification:  Spontaneous Speech 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†‡Hyndman 
and Ashburn, 
2004 27 

Level ground 
walking 

Responded to 
questions 
about the 
participant's 
medication 

NR Stopped walking 
while talking: 
41% (26 out of 63 
subjects) 

NR NR NR NR NR 

Meester et al, 
2018 42 

2-min walk 
test 

Answered 
questions 
related to 
daily life 
activities (e.g. 
can you tell 
me how your 
day started?) 

NR Distance (m): 
DTT: 90.66 
(8.20) 
STT: 86.74 
(8.54) 

Distance (m): 
DTT: 78.50 
(7.03) 
STT: 75.44 
(7.33) 

Distance (m): 
DTT: -13.40 
(1.90) 
STT: -10.80 
(1.90) 

NR NR No. of correct 
response:  
DTT: 11.23 (0.80) 
STT: 11.92 (0.83) 

†Plummer-
D'Amato  
et al, 2008  46 

Walked 
counter-
clockwise 
around an 
oval track for 3 
min 

Talked for at 
least 2 min in 
response to a 
set of 
questions 
(e.g. “what 
was the most 
important 
invention of 
the 20th 
century?”) 

Not 
specifically 
instructed to 
prioritize either 
task  
 

Gait Speed (m/s): 
Walk 1: 0.72 
(0.37) 
Walk 2: 0.74 
(0.40) 

Stride Time (s): 
Walk 1: 1.44 
(0.47) 
Walk 2: 1.40 
(0.40) 

Stride Time 
Variability (s): 

Walk 1: 0.11 
(0.07) 
Walk 2: 0.08 
(0.05) 

Average Stride 
Length (m): 

Walk 1: 1.04 

Gait Speed 
(m/s): 0.61 
(0.36) * 
Stride Time (s): 
1.50 (0.46) * 
Stride Time 
Variability (s): 
0.106 (0.07) 
Average Stride 
Length (m): 
0.92 (0.35) * 
Cadence 
(steps/min): 
85.74 (19.41) * 

NR Sentence Length 
(words/utterance): 
10.00 (2.17) 
Utterances/Narrative: 
0.85(12.19) 
Words/Narrative: 
312.31 (142.26) 
Fillers/Utterance: 
0.53 (0.15) 
Pauses/Utterance: 
0.50 (0.26) 
Sentence Complexity 
(clauses/utterance): 
1.25(23) 
Proportion of 
Grammatical 
Sentences: 0.82 
(0.09) 
Proportion of 

Sentence length 
(words/utterance): 
11.16 (3.35) 
Utterances/Narrative: 
21.00(6.86) 
Words/Narrative:227.15 
(78.37) * 
Fillers/Utterance: 0.65 
(0.18) * 
Pauses/Utterance: 0.76 
(0.43) * 
Sentence Complexity 
(clauses/utterance): 
1.35 (0.40) 
Proportion of 
Grammatical 
Sentences: 0.86 (0.11) 
Proportion of Utterance 
with New Information: 

NR 
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(0.33) 
Walk 2: 1.07 
(0.32) 

Cadence 
(steps/min): 

Walk 1: 90.16 
(20.89) 
Walk 2: 91.63 
(18.52) 

Utterance with New 
Information: 0.37 
(0.13) 

0.54 (0.23) * 

†‡Plummer-
D’Amato et al, 
2010 47 

Walked 
counter-
clockwise 
around an 
oval track for 3 
min 

Generated 
spontaneous 
narrative in 
response to a 
set of 
questions 

Not 
specifically 
instructed to 
prioritize either 
task 

Speed (m/s): 0.82 
(0.34) 
Double Stance 
(% of gait cycle):  
31.92 (12.68) 
Paretic pre-swing 
(% gait cycle): 
18.51 (13.43) 
Paretic weight 
acceptance (% 
gait cycle): 13.08 
(3.17) 
Swing (% gait 
cycle):   

Paretic: 38.13 
(7.72) 
Non-paretic: 
29.74 (8.68) 

Swing Coefficient 
of Variation:  

Paretic: 7.01 
(1.80) 
Non-paretic: 
8.12 (3.03) 

Temporal 
Symmetry: 1.74 
(0.77) 

Speed (m/s): 
0.69 (0.31) 
Double Stance 
(% of gait 
cycle):  35.71 
(12.33) 
Paretic pre-
swing (% gait 
cycle): 20.45 
(13.50) 
Paretic weight 
acceptance (% 
gait cycle): 
15.32 (2.86) 
Swing (% gait 
cycle):   

Paretic: 36.29 
(8.05) 
Non-paretic: 
27.68 (8.41) 

Swing 
Coefficient of 
Variation:  

Paretic: 8.50 
(2.57) 
Non-paretic: 
8.89 (3.22) 

Temporal 
Symmetry: 
1.85 (0.98) 

NR NR NR NR 

†Plummer-
D’Amato  

10 m walk test 
at usual 

Generated 
spontaneous 

Not 
specifically 

Gait speed (m/s): 
0.78 (0.38) 

NR Gait Speed: 
19.1(11.5) 

NR NR NR 
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et al, 2012 48 walking speed narrative in 
response to a 
stimulus 
question  

instructed to 
prioritize either 
task  

Paretic Single 
Limb Stance 
Durance: 6.2 
(5.5) 
Paretic Swing 
Duration: -4.1 
(6.5) 
Double Limb 
Support 
Duration: 12.1 
(19.2) 

†Plummer et 
al, 2014 49 

Walked along 
a 6-m 
GAITRite 
walkway  

Generated a 
verbal 
response 
lasting at least 
30 s to a set 
of questions 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s): 
0.84 (0.17) 

Gait Speed 
(m/s): 0.73 
(0.15) 

Gait Speed 
(m/s): -12.9 
(8.0) 

NR NR Showed in figure 
format 

Pohl et al, 
2011b 51 

Walked at 
comfortable 
speed over an 
irregular-
shaped, 
elliptical 
walkway at 2-
ft wide, largest 
diameter at 
5x3.5m for 
about 2 min 
until told to 
stop 

Generated a 
minimum of a 
2-min 
response 
elicited with a 
variety of 
questions 
(e.g. 
describing a 
favourite 
vacation, an 
individual they 
admire, or the 
most 
significant 
invention of 
the 20th 
century).  
 

Not 
specifically 
instructed to 
prioritize either 
task 

Cadence 
(steps/min): 

With stroke: 
82.6 (20.6) 
Without stroke: 
98.9 (9.3) 

Cadence 
(steps/min): 

With Stroke: 
76.3 (18.6) * 
Without 
Stroke: 89.7 
(11.9) * 

Cadence 
(steps/min): 

Stroke: -7.1 
(8.2) 
Without 
Stroke:  
-9.3 (9.4) 

Speech Rate 
(words/min): 

Stroke: 125.5 
(32.4) 
Control: 144.9 
(44.0) 

Fluency: 
Mean Length of 
Utterance:  

Stroke: 9.2 (3.0) 
Control: 9.1 (2.0) 

% of Utterances 
that Are 
Grammatical 
Sentences:   

Stroke: 51.1 
(19.5) 
Control: 51.3 
(0.2) 

Grammatical 
Complexity: 

Mean Clauses Per 
Utterance: 

Stroke: 1.4 (0.4) 
Control: 1.4 (0.3) 

Developmental 

Speech Rate 
(words/min): 

Stroke: 136.7 (37.9) 
Control: 140.6 (33.1) 

Fluency: 
Mean Length of 
Utterance:  

Stroke: 9.5 (2.6) 
Control: 8.9 (1.3) 

% of Utterances that 
Are Grammatical 
Sentences:   

Stroke: 48.6 (16.7) 
Control: 53.3 (0.1) 

Grammatical 
complexity: 

Mean Clauses Per 
Utterance: 

Stroke: 0.8(0.4) * 
Control: 1.3(0.4) 

Developmental Level: 
Stroke: 1.4(1.1) * 
Control: 2.3(0.6) 

Semantic content: 
Propositional Density:  

Stroke: 4.7(0.6) * 

Speech Rate 
(words/min): 

Stroke: 13.7 
(40.1) 
Control: 1.7 
(30.9) 

Fluency: 
Mean Length of 
Utterance:  

Stroke: 9.5 
(36.7) 
Control:2.9 
(31.9) 

% of Utterances 
That Are 
Grammatical 
Sentences:   

Stroke: 4.4 
(43.4) 
Control: 17.0 
(46.3) 

Grammatical 
complexity: 

Mean Clauses 
Per Utterance: 

Stroke: -40.6 
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Level: 
Stroke: 2.8 (1.2) 
Control: 2.6 (1.0) 

Semantic Content: 
Propositional 
Density:   

Stroke: 4.9 (0.6) 
Control: 5.0 (0.2) 

Type-Token Ratio: 
Stroke: 0.63 
(0.10) 
Control: 0.64 
(0.13)  

Control: 4.8(0.4) 
Type-Token Ratio: 

Stroke: 0.55(0.06) * 
Control: 0.55(0.05) 

(21.3) 
Control: -4.9 
(40.7) 

Developmental 
Level 

Stroke: -43.0 
(37.1) 
Control: -2.6 
(42.1) 

Semantic Content: 
Propositional 
Density:   

Stroke: -4.0 
(7.5) 
Control: -31 
(8.4) 

Type-Token 
Ratio: 

Stroke: -10.3 
(17.4) 
Control: -
11.3(20.0) 

†‡Rogalski et 
al, 2010 55 

Walked 
counter-
clockwise 
around an 
oval track for 
about 3 min 

Spoke for at 
least 2 min on 
people or 
events that 
had had a 
significant 
impact on the 
participants’ 
lives 

Not 
specifically 
instructed to 
prioritize either 
task 

NR NR NR NR NR No significant 
main effect 
[F(1,12) = .25, p = 

.625, partial η2 = 

.02].  

Secondary Task Classification: Manual Task – Holding a Cup of Water  

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
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Canning et al, 
2006 9 

Walked along 
a 10-m 
walkway at 
preferred 
speed  
  

Carried a 
polystyrene 
cup of water 
filled to within 
7 mm of the 
brim, without 
spilling the 
water  
With Stroke: 
with intact 
hand 
Control: Toss 
a coin to 
decide which 
hand to use 

NR Comfortable 
Speed:  

With Stroke: 
0.99 (0.27) 
Older Adults: 
1.22 (0.20)  
Young Adults: 
1.34 (0.15) 

Comfortable 
Speed:  

With Stroke: 
0.78 (0.26) * 
Older Adults: 
1.02 (0.19)  
Young 
Adults: 1.24 
(0.18) 

NR Number of 
repetitions:  

With Stroke: 15 (6) 
* 
Older Adults: 27 (7)  
Young Adults: 35 
(5) 

NR NR 

Chan et al, 
2017a 12 

TUG 
(comfortable 
speed) 

Held a glass 
of water with 
water level at 
3 cm below 
the rim of the 
glass with the 
nonparetic 
hand 

NR Duration (s):  
Stroke: 15.90 
(6.26) 

 

Duration (s):  
Stroke: 18.31 
(5.77) 
Control: 
12.00 (2.31) 

No. of Steps:  
Stroke: 22.50 
(5.49) 

Control: 15.80 
(2.97) 

NR NR NR NR 

Curuk, E., et 
al, 2019 

Walk with a 
self-selected 
comfortable 
speed 

Used their 
unaffected 
arm to carry a 
cup with no 
handle filled 
with water up 
to 1 cm from 
the top edge 
of the cup and 
not spill it 

NR Gait Speed (m/s): 
0.7563 (0.1579) 
Cadence 
(steps/min): 
96.06 (8.15) 
Symmetry 
Indexes (SI):  

Single support 
phase: 49.94 
(22.41) 
Stance phase: 
26.44 (15.16) 
Swing phase: 
45.63 (16.32) 

Gait Speed 
(m/s):  0.6455 
(0.1490) 
Cadence 
(steps/min):   
88.35 (6.86) 
Symmetry 
Indexes (SI):  

Single 
support 
phase:  
51.74 (24.22) 
Stance 
phase:  
25.22 (15.21) 
Swing phase: 
47.76 (18.15) 

NR NR NR NR 
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Goh et al, 
2017 23 

Walked along 
a 14-m 
walkway at 
preferred 
speed (CM) 
and fast speed 
(FM) 

Carried a cup 
of water 
without a 
handle with 
the surface of 
the water 3 
cm from the 
top edge of 
the cup, 
without 
spilling the 
water 

Instructed not 
to prioritize the 
gait or 
cognitive task 

Speed (m/s):  
Comfortable: 
0.82 (0.27) 
Fast: 1.00 
(0.35) 

Speed (m/s):  
Comfortable: 
0.75 (0.21) * 
Fast: 0.90 
(0.28) * 

NR NR NR NR 

Hackney et al, 
2012 25 

TUG (fast 
speed) 

Carried a full 
glass of water 

NR TUG (s): 11.0 TUG (s): 16.8 NR NR NR NR 

Lee et al, 
2015a 31 
 

Walked along 
a 10-m 
walkway at 
preferred 
speed 

Filled a 15-
cm-tall cup 
with water 1 
cm from the 
top and 
walked with 
the cup using 
their normal-
side hand, 
without 
spilling the 
water 

NR Speed (m/s): 
LCA: 0.56 
(0.06) 
CA: 0.83 (0.08) 
NA: 1.23 (0.08) 

Speed (m/s): 
LCA: 0.47 
(0.05) * 
CA: 0.59 
(0.06) 
NA: 1.20 
(0.06) 

NR NR NR NR 

Lee et al, 
2015b 32 
 

Walked along 
a 10-m 
walkway at 
preferred 
speed 

Carried a 
polystyrene 
cup filled to 
within 1 cm of 
the brim with 
water, without 
spilling any 
water 

NR Speed (m/s): 
(Community 
ambulation level) 

2: 0.36 (0.14) 
3: 0.57 (0.21) 
4: 0.83 (0.28) 

NR Speed (m/s): 
(Community 
ambulation 
level) 

2: 32.47 
(28.83) 
3: 28.98 
(21.91) 
4: 33.21 
(26.34) 

NR NR NR 

Manaf et al, 
2015 39 

TUG 
(comfortable 
speed) 

Held a glass 
full of water 
with the non-
affected or the 
matching 
hand  

Instructed to 
prioritize the 
secondary 
tasks 

Speed (m/s):  
Stroke: 0.5 
(0.18) 
Control: NR  

Stride Duration 
(s):  

Stroke: 1.4 (0.3) 

Speed (m/s):  
Stroke: 0.39 
(0.19) * 
Control: NR 

Stride Duration 
(s):  

Stroke: 1.5 

NR NR NR NR 
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Control: 1.2 
(0.21) 

(0.42) * 
Control: 1.2 
(0.17) * 

‡Manaf et al, 
2014a 40 

TUG 
(comfortable 
speed) 

Held a glass 
full of water 
with the non-
affected 

Instructed to 
prioritize the 
secondary 
tasks 

NR NR  (A 
significant 
increase in the 
TUG time and 
number of 
steps from ST 
to DT 
conditions 
reported). 

NR NR NR NR 

‡Manaf et al, 
2014b 41 

TUG 
(comfortable 
speed) 

Held a glass 
full of water 

Instructed to 
prioritize the 
secondary 
tasks 

NR NR (A 
significant 
increase in the 
TUG time and 
number of 
steps from ST 
to DT 
conditions 
reported). 

NR NR NR NR 

‡Yang et al, 
2016 64 

1. Walked 
along a 14-m 
walkway i. 
Forward at a 
self-selected 
pace  
ii. Forward at 
maximal 
speed  
iii. Backward 
at a self-
selected pace  
iv. Forward 
over 7 
obstacles 
2. TUG (fast 
speed) 

Carried a cup 
(height: 10 
cm, diameter: 
7cm) filled 
with water 
(water level: 
9cm in 
height), using 
the non-
paretic hand 

Instructed to 
perform both 
as well as 
possible 

Walking time (s) 
at  

Comfortable 
Speed: 14.1 
(6.9) 
Max Speed: 
11.6 (5.9) 
Backward 
Walking: 
36.5(21.9) 
Obstacle 
Course: 17.1 
(11.6) 

TUG: 15.9 (7.4)  

Walking Time 
(s) at  

Comfortable 
Speed: 17.9 
(10.6) 
Max Speed: 
15.5 (9.9) 
Backward 
Walking: NR 
Obstacle 
Course: 21.7 
(15.0) 

TUG: 22.6 
(10.6)  

Walking time 
(s) at  

Comfortable 
Speed: 26.4 
(31.7) 
Max Speed: 
33.3 (36.9) 
Backward 
Walking: NR 
Obstacle 
Course: 28.0 
(25.8) 

TUG: 44.0 
(21.0)  

NR NR NR 

Secondary Task Classification: Manual Task – Holding a Tray with Objects  
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Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

Liu et al, 2017 
35 

Walked on 
level ground at 
comfortable 
pace for 1 min 
 

Carried a tray 
with a bottle of 
water with 
non-affected 
hand for 1 min 
 

Both Speed (cm/s): 
CPT: 71.1 
(20.8) 
CDTT: 70.6 
(17.7)  
MDTT: 71.8 
(10.6) 

Cadence 
(step/min): 

CPT: 90.9 
(13.3) 
CDTT: 90.3 
(10.9)  
MDTT: 96.3 
(8.4) 

Stride Time (s): 
CPT: 1.35 
(0.22) 
CDTT: 1.35 
(0.17)  
MDTT: 1.25 
(0.10) 

Stride Length 
(m): 

CPT: 0.935 
(0.163) 
CDTT: 0.941 
(0.178)  
MDTT: 0.906 
(0.148) 

Speed (cm/s):  
CPT: 59.4 
(24.5) 
CDTT: 55.6 
(14.7) 
MDTT: 57.1 
(12.0) 

Cadence 
(step/min) 

CPT: 84.9 
(15.9) 
CDTT: 84.9 
(12.1)  
MDTT: 91.4 
(9.5) 

Stride Time (s) 
CPT: 1.46 
(0.27) 
CDTT: 1.43 
(0.21)  
MDTT: 1.30 
(0.13) 

Stride Length 
(m) 

CPT: 0.820 
(0.201) 
CDTT: 0.808 
(0.148) 
MDTT: 0.765 
(0.170) 

Speed (m/s):  
CPT: -16.6 
(13.0)  
CDTT: -19.1 
(10.0) MDTT: 
-20.8 (9.0) 

NR NR NR 

Liu et al, 2018 
36 

Walked at 
comfortable 
speed 

carrying a tray 
with a bottle of 
water on the 
tray with their 
unaffected 
hand 

NR Speed (m/s): 
0.7447 (0.1622) 
Stride Length 
(m): 0.9524 
(0.1628) 
Stride Duration 
(s): 1.28 (0.15) 
Cadence 

Speed (m/s): 
0.5978 
(0.1846) 
Stride Length 
(m): 0.8147 
(0.1801) 
Stride Duration 
(s): 1.377 

Speed (m/s): 
19.35 (10.40) 

NR NR NR 
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(steps/min): 
94.39 (10.39) 
Temporal 
Symmetry:  0.31 
(0.23) 
Spatial 
Symmetry: 0.34 
(0.34) 

(0.204) 
Cadence 
(steps/min): 
88.96 (12.57) 
Temporal 
Symmetry:  
0.31 (0.24) 
Spatial 
Symmetry: 
0.34 (0.33) 

Lord et al, 
2006 37 
 

6MWT at 
comfortable 
walking pace  

Carried a tray 
with a bottle of 
water with 
non-affected 
hand  
 

NR Speed (m/min): 
42.5 (10.6) 
Cadence 
(steps/min): 83.1 
(10.2) 
Step length (m): 
0.51 (0.08) 

Speed (m/min): 
36.7 (10.1) 
Cadence 
(steps/min): 
81.6 (13.2) 
Step Length 
(m): 0.51 (0.09) 

NR NR NR NR 

‡Ng et al, 
2017 44 

Standardized 
Walking 
Obstacle 
Course 
(SWOC) 

Carried a tray 
with wooden 
chopsticks, a 
plastic knife 
and fork, a 
paper plate 
and cup. 

NR Start-End 
Duration (s): 

Stroke: 21.68 
(4.78) 
Control: 12.23 
(2.48) 

End-Start 
Duration (s): 

Stroke: 21.26 
(5.00) 
Control: 12.01 
(2.34) 

Start-End No. of 
Steps:  

Stroke: 30.73 
(5.80) 
Control: 19.26 
(3.15) 

End-Start No. of 
Steps:  

Stroke: 30.28 
(5.83) 
Control: 19.14 
(2.98) 

Start-End No. of 
Step-off: 

Start-End 
Duration (s): 

Stroke: 23.80 
(5.37) 
Control: 
12.29 (2.39) 

End-Start 
Duration (s): 

Stroke: 23.48 
(5.20) 
Control: 
12.38 (2.31) 

Start-End No. 
of Steps:  

Stroke: 32.86 
(6.34) 
Control: 
19.45 (3.04) 

End-Start No. 
of Steps:  

Stroke: 32.66 
(6.22) 
Control: 
19.51 (3.09) 

Start-End No. 
of Step-off: 

NR NR NR NR 



177 
 

 

Stroke: 0.37 
(0.76) 
Control: 0 

End-Start No. of 
Step-off: 

Stroke: 0.38 
(0.76) 
Control: 0.50 
(0.02) 

Start-End No. of 
Stumbles: 

Stroke: 0.21 
(0.25) 
Control: 0.25 
(0.01) 

End-Start No. of 
Stumbles: 

Stroke: 0.14 
(0.17) 
Control: 0 

Stroke: 0.29 
(0.64) 
Control: 0.25 
(0.02) 

End-Start No. 
of Step-off: 

Stroke: 0.392 
(0.54) 
Control: 0.75 
(0.05) 

Start-End No. 
of Stumbles: 

Stroke: 0.24 
(034) 
Control: 0 

End-Start No. 
of Stumbles: 

Stroke: 0.25 
(0.29) 
Control: 0.25 
(0.01) 

†Yang et al, 
2007a 65 

Walked with 
comfortable 
speed without 
assistive 
device along a 
10-m hallway 
with a 3.66 m 
long GAITRite 
walkway in the 
middle 

Carried a tray 
with empty 
glasses 
(height, 15cm; 
base 
diameter, 
6cm) with 
both hands 
without 
dropping the 
glasses for 3 
successful 
times 

NR Velocity (m/s): 
FC Stroke: 
0.985 (0.151) 
LLC Stroke: 
0.676 (0.525) 
Control: 1.125 
(0.237) 

Cadence 
(steps/min): 

FC Stroke: 
103.61 (5.55)  
LLC Stroke: 
91.99 (7.33) 
Control: 110.06 
(12.95) 

Stride Time (s): 
FC Stroke: 1.15 
(0.066)  
LLC Stroke: 
1.31 (0.10) 
Control: 1.10 
(0.12) 

Velocity (m/s): 
FC Stroke: 
0.809 (0.172) 
LLC Stroke: 
0.543 (0.068) 
Control: 
1.037 (0.112) 

Cadence 
(steps/min): 

FC Stroke: 
99.89 (7.72)  
LLC Stroke: 
84.06 (4.91) 
Control: 
108.81 (8.38) 

Stride Time (s): 
FC Stroke: 
1.20 (0.040)  
LLC Stroke: 
1.43 (0.075) 
Control: 1.10 
(0.077) 

Velocity: 
FC Stroke: 
16.62 (8.20) 
LLC Stroke: 
18.74 (6.91) 
Control: 6.43 
(6.85) 

Cadence 
(steps/min): 

FC Stroke: 
3.87 (4.25)  
LLC Stroke: 
5.56 (4.44) 
Control: 0.76 
(3.35) 

Stride Time (s): 
FC Stroke: -
4.47 (4.94)  
LLC Stroke: -
6.02 (5.70) 
Control: -
0.98(3.39) 

NR NR NR 
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Stride Length 
(m): 

FC Stroke: 
1.148 (0.132) 
LLC Stroke: 
0.893 (0.090)  
Control: 1.226 
(0.176) 

Temporal 
Symmetry Index: 

FC Stroke: 0.98 
(0.043) 
LLC Stroke: 
1.10 (0.19) 
Control: 0.98 
(0.073) 

Spatial Symmetry 
Index: 

FC Stroke: 1.02 
(0.018) 
LLC Stroke: 
1.04 (0.11) 
Control: 0.98 
(0.031)  

Stride Length 
(m): 

FC Stroke: 
0.966 (0.131) 
LLC Stroke: 
0.779 (0.103)  
Control: 
1.160 (0.131) 

Temporal 
Symmetry 
Index: 

FC Stroke: 
1.11 (0.15) 
LLC Stroke: 
1.21 (0.21) 
Control: 1.00 
(0.039) 

Spatial 
Symmetry 
Index: 

FC Stroke: 
0.99 (0.081) 
LLC Stroke: 
0.99 (0.16) 
Control: 1.00 
(0.026) 

Stride Length 
(m): 

FC Stroke: 
14.22 (7.28) 
LLC Stroke: 
14.61 (6.66)  
Control: 5.63 
(5.27) 

Temporal 
Symmetry 
Index:  

FC Stroke: -
9.98 (8.88) 
LLC Stroke: -
9.91 (18.62) 
Control: 1.50 
(5.60) 

Spatial 
Symmetry 
Index: 

FC Stroke: 
0.78 (6.98) 
LLC Stroke: 
0.29 (8.39) 
Control: -
0.97(2.63) 

Yang et al, 
2007b 66 

Walked with 
comfortable 
speed along a 
walkway  

Carried a tray 
with empty 
glasses 
(height, 15cm; 
base 
diameter, 
6cm) on, with 
both hands, 
without 
dropping the 
glasses for 3 
successful 
times 

NR Speed (m/s): 
Ex Group: 
0.856 (0.199) 
Control Group: 
0.924 (0.312) 

Cadence 
(step/min): 

Ex Group: 
95.72 (8.51) 
Control Group: 
104.12 (14.42) 

Stride Time (s): 
Ex Group: 1.27 
(0.11) 
Control Group: 
1.21 (0.10) 

Stride Length 

Speed (m/s): 
Ex Group: 
0.739 (0.179) 
Control 
Group: 0.728 
(0.202) 

Cadence 
(step/min): 

Ex Group: 
92.45 (11.15) 
Control 
Group: 94.92 
(7.75) 

Stride Time (s): 
Ex Group: 
1.31 (0.16) 
Control 

NR NR NR NR 
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(m): 
Ex Group: 
1.075 (0.171) 
Control Group: 
1.021 (0.181) 

Temporal 
Symmetry Index:  

Ex Group: 1.12 
(0.99) 
Control Group: 
1.13 (0.18)  

Group: 1.27 
(0.10) 

Stride Length 
(m): 

Ex Group: 
0.954 (0.162) 
Control 
Group: 0.919 
(0.199) 

Temporal 
Symmetry 
Index:   

Ex Group: 
1.13 (0.13) 
Control 
Group: 1.17 
(0.19) 

Secondary Task Classification: Manual Task – Others 

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†Maciel et al, 
2014 38 

Walked along 
a 10-m 
walkway for 3 
consecutive 
times at an 
auto selected 
way 

Transferred a 
table tennis 
ball from one 
pocket to the 
other 

NR Speed (m/s): 0.61 
(0.26) 
Number of Steps: 
27.17 (9.20) 

Speed (m/s): 
0.50 (0.23) 
Number of 
Steps: 33.50 
(16.70) 

NR NR NR NR 

†Pohl et al, 
2011a 50 

Walked at 
comfortable 
speed over an 
irregular-
shaped, 
elliptical 
walkway at 
0.6m wide, 
largest 
diameter at 
5x3.5m for 
about 2 min 
until told to 

Perform hand 
movements 
with a small 
clicker held 
with thumb 
and fingers of  
1. the affect 

hand and  
2. the less 

affected 
hand 

Not 
specifically 
instructed to 
prioritize either 
task 

NR Stated 
significantly 
faster cadence 
in ST condition 
than walking 
while moving 
the affected 
hand, but not 
when walking 
while moving 
the less 
affected hand 

NR NR Stated no significant 
differences between 
the ST and DT 
performances in text 

NR 
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stop 

†Robinson et 
al, 2011 54 

Walked 20 
feet at fast 
and usual 
speed 

Carried a 
weighted bag 
with handles, 
5 pounds for 
women and 8 
pounds for 
men 

NR Usual Gait Speed 
(m/s):  

Stroke: 0.70 
(0.33) 
Non-stroke: 
1.20 (0.23) 

Fast Gait Speed 
(m/s):  

Stroke: 0.88 
(0.41) 
Non-stroke: 
1.65 (0.33) 

Crossing 2 
Obstacles (m/s): 

Stroke: 0.44 
(0.29)  
Non-stroke: 
1.18 (0.23) 

Gait Speed 
(m/s): 
Carried a bag:  

Stroke: 0.67 
(0.37) 
Non-stroke: 
1.27 (0.24) 

Turned head:  
Stroke: 0.54 
(0.25) 
Non-stroke: 
1.13 (0.24) 

Picked up a 
slipper:  

Stroke: 0.46 
(0.24) 
Non-stroke: 
1.09 (0.26)  

NR NR NR NR 

Turned head 
horizontally 
Picked up a 
slipper from 
the floor at the 
midpoint of 
the course 

Walshe, E. A., 
et al, 2019 

Walked at a 
preferred 
speed along a 
15-m walkway 

Quickly 
responded by 
clicking the 
left button of 
the mouse 
when heard a 
single auditory 
tone (1000 ms 
long with a 
1200 ms 
response 
window from 
stimulus 
onset) 

Not 
specifically 
instructed to 
prioritize either 
task 

Gait Speed (m/s):  
With Stroke: 
1.14 (0.03) 
Older Adult: 
1.20 (0.03) 

Stride Time (s):  
With Stroke: 
0.97 (0.02) 
Older Adult: 
0.93 (0.02) 

CV Stride Time 
(%):  

With Stroke: 
6.28 (0.26) 
Older Adult: 
7.28 (0.59) 

Stride Length 
(m):  

With Stroke: 
1.10 (0.02) 
Older Adult: 
1.11 (0.01) 

CV Stride Length 
(%): 

Gait Speed 
(m/s):  

With Stroke: 
1.15 (0.04) 
Older Adult: 
1.17 (0.04) 

Stride Time (s):  
With Stroke: 
0.97 (0.03) 
Older Adult: 
0.94 (0.02) 

CV Stride Time 
(%):  

With Stroke: 
6.13 (0.21) 
Older Adult: 
7.63 (0.71) 

Stride Length 
(m):  

With Stroke: 
1.11 (0.02) 
Older Adult: 
1.09 (0.03) 

CV Stride 

Gait Speed 
(m/s):  

With Stroke: -
1.44 (2.25) 
Older Adult: 
2.06 (3.47) 

Stride Time (s):  
With Stroke: -
0.94 (1.19) 
Older Adult: 
1.09 (1.93) 

CV Stride Time 
(%):  

With Stroke: -
7.64 (4.55) 
Older Adult: 
17.32 (12.02) 

Stride Length 
(m):  

With Stroke: -
0.37 (1.74) 
Older Adult: 
1.43 (2.87) 

CV Stride 

NR NR NR 
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With Stroke: 
48.34 (1.01) 
Older Adult: 
48.06 (0.91) 

Length (%): 
With Stroke: 
48.82 (1.72) 
Older Adult: 
46.26 (2.05) 

Length (%): 
With Stroke: 
1.11 (3.32) 
Older Adult: 
3.25 (5.33) 

†Yang et al, 
2007a 65 

Walked with 
comfortable 
speed without 
assistive 
device along a 
10-m hallway 
with a 3.66 m 
long GAITRite 
walkway in the 
middle 

Buttoned up 
four shirt 
buttons with 
preferred 
hand(s) 

NR Velocity (m/s): 
FC Stroke: 
0.985 (0.151) 
LLC Stroke: 
0.676 (0.525) 
Control: 1.125 
(0.237) 

Cadence 
(steps/min): 

FC Stroke: 
103.61 (5.55)  
LLC Stroke: 
91.99 (7.33) 
Control: 110.06 
(12.95) 

Stride Time (s): 
FC Stroke: 1.15 
(0.066)  
LLC Stroke: 
1.31 (0.10) 
Control: 1.10 
(0.12) 

Stride Length 
(m): 

FC Stroke: 
1.148 (0.132) 
LLC Stroke: 
0.893 (0.090)  
Control: 1.226 
(0.176) 

Temporal 
Symmetry Index: 

FC Stroke: 0.98 
(0.043) 
LLC Stroke: 
1.10 (0.19) 
Control: 0.98 
(0.073) 

Velocity (m/s): 
FC Stroke: 
0.842 (0.151) 
LLC Stroke: 
0.561 (0.083) 
Control: 
1.011 (0.216) 

Cadence 
(steps/min): 

FC Stroke: 
99.58 (3.70)  
LLC Stroke: 
89.17 (5.64) 
Control: 
103.47 
(13.67) 

Stride Time (s): 
FC Stroke: 
1.20 (0.040)  
LLC Stroke: 
1.37 (0.010) 
Control: 1.17 
(0.015) 

Stride Length 
(m): 

FC Stroke: 
1.019 (0.165) 
LLC Stroke: 
0.760 (0.120)  
Control: 
1.172 (0.168) 

Temporal 
Symmetry 
Index: 

FC Stroke: 
1.02 (0.086) 
LLC Stroke: 
1.18 (0.13) 

Velocity: 
FC Stroke: 
14.68 (5.22) 
LLC Stroke: 
17.04 (9.60) 
Control: 
10.08 (5.39) 

Cadence 
(steps/min): 

FC Stroke: 
3.72 (4.73)  
LLC Stroke: 
2.83 (5.13) 
Control: 6.01 
(5.59) 

Stride Time (s): 
FC Stroke: -
4.71 (5.76)  
LLC Stroke:  
-5.46 (8.72) 
Control: -
6.74(6.11) 

Stride Length 
(m): 

FC Stroke: 
11.57 (6.61) 
LLC Stroke: 
15.13 (8.03)  
Control: 4.33 
(3.49) 

Temporal 
Symmetry 
Index: 

FC Stroke: -
4.30 (7.06) 
LLC Stroke:  
-9.69 (20.40) 
Control: -

NR NR NR 
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Spatial Symmetry 
Index: 

FC Stroke: 1.02 
(0.018) 
LLC Stroke: 
1.04 (0.11) 
Control: 0.98 
(0.031)  

Control: 1.00 
(0.036) 

Spatial 
Symmetry 
Index:  

FC Stroke: 
1.01 (0.039) 
LLC Stroke: 
1.07 (0.13) 
Control: 0.98 
(0.043) 

1.84(6.32) 
Spatial 
Symmetry 
Index: 

FC Stroke: 
1.05 (4.90) 
LLC Stroke: -
3.11 (8.97) 
Control: 0.86 
(3.49) 

Secondary Task Classification: A Mix of Manual and Cognitive Task  

Study Mobility Task  Secondary 
Mobility Task  

Priority Task Single-task 
Mobility 
Performance, 
Mean (SD)  

Dual-task 
Mobility 
Performance, 
Mean (SD) 

Dual-task 
Cost 
 

Single-task 
Cognitive/Manual 
Performance, Mean 
(SD)  

Dual-task 
Cognitive/Manual 
Performance, Mean 
(SD) 

Dual-task Cost 
 

†‡Tramontano 
et al, 2017 

Walked 
through a 7-
meter pathway  

Turned the 
head to watch 
a number and 
verbalize it 
after hearing a 
sound 

NR NR NR Changes in gait 
speed and 
acceleration 
showed in 
figure format 

NR NR NR 

 
*Statistically significant difference between single-task and dual-task performances at p< 0.05, as located in the article. 
†Study included only people within six months post-stroke or a mix of people with sub-acute or chronic stroke (N= 29). 
‡ Study excluded in meta-analysis (N= 29). 
 
Dual-task cost was calculated as (DT Performance – ST Performance)/ ST Performance x 100%. 
Abbreviations: NR: Exact reading of the results not reported; RT, Response time; TUG, Time up and go test; TIA, Transient ischemic attack; P, Paretic side; NP, Non-paretic side; DTT, 
Dual-task training group; STT, Single-task training group;  CDTT, Cognitive dual-task training group; CPT, Conventional physiotherapy group; MDTT, Motor dual-task; CA, Community 
ambulating group; NCA, Non-community ambulating group;  LCA, Limited community ambulating group; NA, Normal ambulating group;  FC, Full community ambulating group; LLC, Least 
limited community ambulating group; EG: Exercise group; RMSE, root-mean-square error. 
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Table 2.3         Methodological Quality Assessment with Quality Assessment Tool for 
Observational Cohort and Cross-Sectional Studies of the individual studies and 
summarized results (N= 74) 
 
Reference    Q  1 2 3 4 5 6 7 8 9 10 11 12 13 14 Overall Rating 
Al-Yahya et 
al, 2016 1 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Amatachaya 
et al, 2016 2 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Angusamy et 
al, 2018 3 

1 0 NR 1 0 0 0 0 1 0 1 NA 1 0 Poor 

Aravind et al, 
2017 4 

1 0 NR 1 0 0 0 1 1 0 1 NA NA 1 Moderate 

Baetens et al, 
2013 5 

1 0 1 1 0 0 0 0 1 0 1 NA NA 1 Moderate 

Batchelor et 
al, 2015 6 

1 0 1 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

Ben Assayag  
et al, 2015 7 

1 1 1 1 0 0 0 1 1 0 1 NA NA 1 Moderate 

Bowen et al, 
2001 8 

1 0 0 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Canning et al, 
2006 9 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Chaikeeree 
et al, 2018 10 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 1 Poor 

Chan et al, 
2017a 12 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Chan et al, 
2017b 13 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 1 Poor 

Chan et al, 
2018 11 

1 1 1 1 1 0 0 0 1 0 1 NA 1 0 Moderate 

Chatterjee et 
al, 2018 14 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Chatterjee et 
al, 2019 68 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Chisholm et 
al, 2014 15 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Cho et al, 
2015a 16 

1 0 1 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Cho et al, 
2015b 17 

1 0 1 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

Cockburn et 
al, 2003 18 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Curuk et al, 
2019 69 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Denneman et 
al, 2018 19 

1 1 1 1 1 0 0 0 1 0 1 NA NA 1 Moderate 

Dennis et al, 
2009 20 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Eckhardt et 
al, 2011 21 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Feld et al, 
2018 70 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Fernandez et 
al, 2016 22 

1 0 1 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

Goh et al, 
2017 23 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Gye Yeop et 
al, 2014 24 

1 1 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 
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Hackney et 
al, 2012 25 

1 NA NR 1 0 0 0 NA 1 0 1 NA NA 0 Poor 

Hermand et 
al, 2019 71 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Hollands et 
al, 2014 26 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Hyndman & 
Ashburn, 
2004 27 

1 0 1 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Hyndman et 
al, 2006 28 

1 0 0 1 0 0 0 0 1 0 1 NA NA 1 Poor 

Kal et al, 
2019 29 

1 1 1 1 1 0 0 0 1 0 1 NA 1 1 Good 

Kizony et al, 
2010 30 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 1 Poor 

Lee et al, 
2015a 31 

1 0 1 1 1 0 0 0 1 0 1 NA NA 1 Moderate 

Lee et al, 
2015b 32 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 1 Poor 

Lee et al, 
2015c 33 

1 0 1 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Lindvall & 
Forsberg, 
2014 34 

1 0 1 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Liu et al, 
2017 35 

1 1 1 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

Liu et al, 
2018 36 

1 1 1 1 0 0 0 0 1 0 1 NA NA 0 Moderate 

Lord et al, 
2006 37 

1 0 1 1 1 0 0 0 1 0 1 NA NA 1 Moderate 

Maciel et al, 
2014 38 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Manaf et al, 
2014 40 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Manaf et al, 
2014 41 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Manaf et al, 
2015 39 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Meester et al, 
2018 42 

1 1 1 1 1 0 0 0 1 0 1 NA 0 0 Moderate 

Mori et al, 
2018 43 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 1 Poor 

Ng et al, 
2017 44 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 1 Moderate 

Pang et al, 
2018 72 

1 1 1 1 1 0 0 0 1 0 1 NA NA 1 Moderate 

Patel et al, 
2014 45 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Plummer-
D'Amato et 
al, 2008 46 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Plummer-
D'Amato & 
Altmann, 
2010 47 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Plummer-
D’Amato et 
al, 2012 48 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Plummer et 
al, 2014 49 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 
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Abbreviations: Q= question number of the Checklist of Quality Assessment Tool for 
Observational Cohort and Cross-Sectional Studies (QAT), NA= Not applicable, NR= Not 
reported. 

Pohl et al, 
2011a 50 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Pohl et al, 
2011b 51 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Rand et al, 
2010 52 

1 0 1 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

Regnaux et 
al, 2005 53 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Robinson et 
al, 2011 54 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Rogalski et 
al, 2010 55 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Shafizadeh et 
al, 2017 56 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Smulders et 
al, 2012 57 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Takatori et al, 
2012 58 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Timmermans 
et al, 2018 59 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Tisserand et 
al, 2018 60 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 1 Poor 

TramontaN et 
al, 2017 61 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Tsang et al, 
2019 67 

1 1 NR 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

van Ooijen et 
al, 2015 62 

1 0 NR 1 1 0 0 0 1 0 1 NA NA 0 Poor 

Walshe et al, 
2019 73 

1 1 NR 1 1 0 0 0 1 0 1 NA NA 1 Moderate 

Yang et al, 
2007 65 

1 0 1 1 1 0 0 0 1 0 1 NA NA 1 Moderate 

Yang et al, 
2007 66 

1 0 NR 1 0 0 0 0 1 0 1 NA NA 0 Poor 

Yang et al, 
2016 64 

1 0 NR 1 0 0 0 1 1 0 1 NA NA 0 Poor 

Yang et al, 
2018 63 

1 0 1 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

Zukowski et 
al, 2019 74 

1 1 NR 1 1 0 0 0 1 0 1 NA NA 0 Moderate 

Total (N=74)/Q 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Overall rating  
1 (Yes, n) 7

4 
12 21 73 32   3 74  74  3 18 Good (n)= 1  

0 (No, n)  61 2  42 74 74 70  74   1 56 Moderate (n)= 
21 

NA (n)  1  1    1    74 70  Poor (n)= 52 
NR (n)   51             
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CHAPTER 3  

 

COGNITIVE-MOTOR INTERFERENCE IN 

WALKING AFTER STROKE: TEST-RETEST 

RELIABILITY AND VALIDITY OF DUAL-

TASK WALKING ASSESSMENTS  

 

The study presented in this chapter was published in a peer-reviewed journal:  

 

Tsang CSL, Chong DYK, and Pang MYC, Cognitive-motor interference in walking 

after stroke: test-retest reliability and validity of dual-task walking assessments. Clin 

Rehabil, 2019. 33(6): p. 1066-1078. Copyright © The Author(s) 2019. Doi: 

10.1177/0269215519828146. 
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3.1  Abstract 

Objective: To explore the reliability and validity of a series of dual-task mobility 

assessments among individuals post-stroke. 

Design: Observational study with repeated measures. 

Setting: University laboratory. 

Participants: Thirty community-dwelling individuals with chronic stroke.  

Interventions: Not applicable. 

Main Measures: Each of the two mobility tasks (1-minute level-ground walking with and 

without obstacle-negotiation) was performed concurrently with each of the eight cognitive 

tasks (auditory Stroop test, serial subtraction, shopping list recall and category naming at 

two difficulty levels). Walking distance and obstacle hitting rate (OHR) indicated dual-task 

mobility performance. Number of correct responses (NCR) indicated cognitive performance. 

Reaction time (RT) was additionally measured for the auditory Stroop test. Construct validity 

was examined by correlations between the dual-task assessments. The dual-task 

assessments were repeated within 7–14 days for test-retest reliability.  

Results: Excellent test-retest reliability in walking distance and OHR (ICC(3,1) = 0.891–0.984, 

p < 0.05) was found. Moderate to excellent reliability was found in NCR and RT (ICC(3,1) =  

0.480–0.911, p < 0.01). Correlations between walking distance were excellent (rs = 0.840–

0.985, p < 0.01). Correlations of NCR and RT between low- and high-level cognitive tasks 

were mosty moderate to excellent (rs= 0.515-0.793, p < 0.01). Generally no significant 

correlations were found in NCR between the dual-task assessments with different cognitive 

domains. 

Conclusion: The dual-task walking assessments are reliable and valid for evaluating 

cognitive-motor interference in community-dwelling individuals post-stroke. The lack of 

correlations between the tasks of different cognitive domains indicates the need of using 

different cognitive domains in dual-task walking assessment post-stroke.
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3.2 INTRODUCTION 

The effect of undertaking a cognitive task whilst walking, known as cognitive-motor interference, 

is thought to underlie options with mobility in people with brain damage. However the reliability 

and validity of the measures is currently poorly studied.  

 

Mounting evidence showed significant impact of cognitive-motor interference on walking in 

people after stroke 1-5. Decrements in both the cognitive performance and walking velocity in 

dual-task walking among stroke survivors were reported 2, 3. Other studies reported a significant 

increase in braking double-support time 1 and gait variability 6 during dual-task walking. Dual-

task walking performance was also correlated with falls 7, functional independence 8 and 

community participation 9. Thus, assessing dual-task walking performance in people with stroke 

is essential.  

 

The reliability and validity of cognitive-motor walking tests has been established among older 

adults 10. However, dual-task walking and cognitive performance was reported to vary with 

different central neural lesions 11, and the type and complexity of cognitive and walking tasks 

performed 5. Therefore, a battery of reliable and valid dual-task assessments involving different 

cognitive task domains and difficulty levels would be crucial for directing treatment in stroke 

rehabilitation.  

 

To date, only three studies have assessed the reliability and validity of dual-task walking 

assessments in people after stroke 12-14. Only serial subtraction and verbal fluency were 

assessed, and the walking distance was short (10 meters or less) 12-14. Other cognitive task 

domains (e.g., working memory, discrimination and decision making) were not evaluated. 

Because of the short distance, the resulting walking time was often too brief to allow a sufficient 

delineation of dual-task cognitive performance across individuals.   
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Addressing the above limitations, the current study was undertaken to investigate the reliability 

and validity of various dual-task mobility assessments in individuals with chronic stroke. 

Different cognitive task domains were assessed. The difficulty levels of both the component 

mobility and cognitive tasks were also varied.  

 

 

3.3 METHODS 

This was an observational study with repeated measurements at a local university laboratory. 

Community-dwelling individuals with stroke were recruited by convenience sampling from 

community self-help groups between May and August 2016. Inclusion criteria included: (1) 

stroke onset for more than 6 months, (2) ability to walk independently for 1 minute with or 

without orthosis and/or walking aids, (3) Montreal Cognitive Assessment score ≥ 22, (4) ability 

to follow given instructions and (5) no active participation in any cognitive or mobility training. 

The exclusion criteria were: (1) gait-precluding pain or comorbidity, (2) neurological conditions 

other than stroke, and (3) changes in medication in-between assessments. Prior ethics approval 

was obtained. All participants provided written informed consent before participation. All 

procedures were conducted in accordance with the Declaration of Helsinki. 

 

Apart from interviewing the participants  in the first session for obtaining the demographic data, 

Montreal Cognitive Assessment score 15, 16 and Impairment Inventory of Chedoke-McMaster 

Stroke Assessment for leg and foot scores 17 were assessed in the same session. Dual-task 

walking assessments were administered to each participant twice within 7-14 days to establish 

the test-retest reliability. Prior practice trials were given to familiarize subjects with the tasks in 

both sessions. Testing sequence was randomized to minimize potential order effect. 

Participants were instructed to perform the cognitive and mobility tasks equally well in dual-task 
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conditions. Intermittent rests were given to minimize any physical or mental fatigue. Each 

session, including the rest periods, usually lasted around 2 hours. 

 

Table 3.1 summarizes the mobility and cognitive tasks involved in our testing paradigm. 

Basically, assessment protocol consisted of one mobility task and four cognitive tasks. Each of 

the mobility and cognitive tasks had two levels of difficulty (low and high difficulty), resulting in a 

total of 16 dual-task conditions. The mobility tasks included 1-minute level ground walking with 

obstabcle negotiation (high difficulty level) 18-21 and without obstacle negotiation (low difficulty 

level) 22. The four cognitive tasks, covering five cognitive domains included: (1) Auditory Stroop 

Test 18, 23, 24, for testing both the reaction time and discrimination and decision making; (2) Serial 

Subtraction 25, 26, for assessing mental tracking; (3) Shopping List Recall 3, for assessing short-

term memory; and (4) Category Naming 27, for testing semantic verbal fluency. The above 

mobility tasks and cognitive tasks were chosen because they are relevant to community living 

and are commonly used in research and clinical trials 28. All these lasted for 1-min each. The 

number of correct responses, rather than the number of responses, was recorded for all 

cognitive tasks to minimize potential effect from random guessing. Reaction time in seconds 

was also recorded for the Auditory Stroop test with a LabVIEW 8.6 progarm (National 

Instruments, Austin, TX).   

 

Test-retest reliability was analyzed by intraclass correlation coefficient (ICC(2,1)) with 95% 

confidence intervals (CI). Values below 0.75 indicate poor to moderate reliability, and those 

above  0.75 are good29. A standard error of measurement (SEM), indicating the amount of 

change due to measurement error, was calculated as  30, 31, where SD is the 

pooled standard deviation from the first session. Minimal detectable change at 95% CI (MDC95), 

indicating the amount of change that is not due to measurement variability, was calculated 
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as  30-33. In addition, the SEM% and MDC95%, which are independent of the 

unit of measurement, were also calculated to facilitate comparison of results across different 

studies 31, 34. Paired t-test analysis comparing performance between the test and retest sessions 

was conducted for detecting any learning effect.  

 

Data taken at the first assessment was analyzed for the construct validity by examining the 

relationship between (1) dual-task mobility performance (distance) and the Impairment Inventory 

of Chedoke-McMaster Stroke Assessment for leg and foot scores, (2) dual-task cognitive 

performance (number of correct responses and reaction time) and the Montreal Cognitive 

Assessment score, (3) among the different dual-task mobility tests, and (4) among the various 

dual-task cognitive tests with Spearman’s rank correlation coefficient. A value of 0.0-0.2, 0.2-0.4, 

0.4-0.6, 0.6-0.8, 0.8-1.0 represents a very weak, weak, moderate, strong and very strong 

relationship, respectively 35.  

 

The sample size was calculated using NCSS Trial and PASS 14 software (NCSS, LLC. 

Kaysville, Utah, USA). Alpha level of 0.05 and power of 0.8 were adopted. Previous studies on 

dual-task mobility assessment reported moderate to excellent test-retest reliability (ICC = 0.69-

0.99) 12, 13, 36, 37. The test-retest reliability of the current study was thus hypothesized to be 

excellent. Assuming a 5% attrition rate, a null reliability with ICC = 0.75 and expected reliability 

with ICC = 0.90, 29 participants would be required. For the construct validity, we hypothesized a 

moderate correlation of the dual-task walking performance with cognitive impairment and lower 

limb impairment (r = 0.6). Together with a 5% attrition rate, 24 participants would be required. 

Statistical Package for Social Sciences version 23 was used for all the data analysis (SPSS Inc., 

Chicago, IL, USA). A more stringent alpha value (2-tailed) of less than 0.01 was adopted to 

correct for any potential family-wise error rate across the multiple task comparisons 38. 
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3.4 RESULTS 

Thirty-one people with stroke participated in this study. One of these individuals dropped out for 

medical reasons. Complete data sets were obtained from 30 participants with mild to moderate 

motor impairment. The characteristics are summarized in Table 3.2.  

 

There were no significant differences in findings between the first and second testing sessions 

in all the 44 but one outcomes, indicating no substantial learning effect (Table 3.3). Table 3.4 

and 3-5 provides details of the test-retest reliability findings, including the ICC, SEM and MDC95 

values.  

 

Excellent reliability (ICC(2,1) = 0.891–0.984, p < 0.01) was found in both the walking distance and 

OHR in all dual-task conditions. Number of correct responses in serial subtraction and verbal 

fluency tests demonstrated moderate to excellent reliability (ICC(2,1) = 0.714–0.911, p < 0.01) 

(Table 3.5). A discrepancy in the reliability of number of correct responses at low and high 

difficulty levels was observed in the shopping list recall task.  

 

Walking distance attained in various dual-task conditions were all found to have significant 

moderate relationship with the Impairment Inventory of Chedoke-McMaster Stroke Assessment 

for leg and foot scores (rs = 0.466–0.561, p < 0.01), except during level-ground walking 

combined with high-level category naming and low-level shopping list recall (Table 3.6). No 

significant correlations were found between the Montreal Cognitive Assessment score and the 

number of correct responses or the reaction time in all dual-task conditions (Table 3.6).  

 

The walking distance achieved in both walking tasks in different dual-task conditions were found 

to be strongly correlated with each other, regardless of the domain and difficulty level of the 
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cognitive tasks (level-ground walking: rs = 0.872–0.972, p < 0.01; obstacle negotiations: rs = 

0.840–0.985, p < 0.01) (Table 3.7).   

 

For cognitive domains, moderate to excellent correlations were found in the number of correct 

responses (rs= 0.515-0.793, p < 0.01) and the reaction time (rs= 0.605-0.849, p < 0.01) between 

low- and high-level cognitive tasks of the same domain except for shopping list recall (Table 3.8). 

Except for the moderate correlation (rs = 0.524-0.647, p < 0.01) found between the number of 

correct responses of verbal fluency tests and that of serial subtraction, the number of correct 

responses values showed no significant correlations among different dual-tasks (Table 3.8).  

 

 

3.5 DISCUSSION 

The main finding of this study is that the dual-task walking assessments tested here are reliable 

and valid when used among community-dwelling ambulatory individuals with stroke.  

 

Excellent test-retest reliability of the dual-task walking distance measures (ICC=0.891-0.984) 

was found, regardless of the type of the cognitive tasks or difficulty levels of the tasks used. The 

reliability of the cognitive parameters tended to be lower, but still achieved moderate to excellent 

levels (ICC=0.556-0.911 for number of correct responses, ICC=0.499-0.800 for reaction time). 

These are consistent with findings from previous studies among older adults 31, 36, 39. Our SEM% 

values of the distance measures under dual-task condition (4.6-11.3%) were comparable to 

those obtrained from community-dwelling older adults 31, but much lower than those reported in 

a previous stroke study (11.4-22.2%) 12.  The difference in results may be related to the 

difference in testing protocols. We measured the maximum distance covered within a fixed 1-

minute time period for all conditions. In contrast, the previous study reported time (in seconds) 

required to cover a fixed walking distance of 10 meters. Their reported mean walking time 
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ranged from 10.9s (3.5s) to 19.6s (8.0s) in level ground and obstacle course walking in single-

task and dual-task conditions 35. The time period involved in walking here was thus more than 

threefold, when compared with the previous study. With the longer walking time given, a better 

estimation of the true dual-task walking ability was allowed.  

 

Despite the involvement of attention demands 40, 41, the walking task is more automated than the 

cognitive tasks. The higher reliability of the walking component compared with that of the 

cognitive component might be explained by the higher automaticity of walking. Although the 

neural pathway for gait automaticity might have once been interrupted by the incidence of stroke, 

our study participants had regained independent ambulatory function 42, 43. The much lesser 

attention demand of walking task makes it less affected by the internal or external distraction 

and thus a higher reliability than the cognitive tasks. Albeit the participants were instructed to 

perform both the mobility and cognitive tasks equally well under the dual-task condition, they 

might have prioritized one task over the other, and varied the prioritization from trial to trial. As a 

higher cognitive demand is required in performing the less automatic cognitive tasks, reliability 

of the cognitive component is more susceptible to the changing prioritization between tasks. 

This agrees with the capacity sharing model of the attention theories that humans have a limited 

capacity in performing mental work and that the limited resources can be freely allocated among 

concurrent activities in response to the momentary intentions controlled by the autonomously 

operating pre-attentive mechanisms 44-46.  

 

Among all the cognitive tasks, reliability of the auditory Stroop tests was lower, compared to the 

other three cognitive tasks. This might be explained by the distinct nature of the task in which 

both reaction time and discrimination/decision making domains are involved. The participants 

might have given priority to the generation of correct responses in one trial, and to the reaction 

time component in another, thus lowering the reliability. Moreover, with reference to the higher 
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attention demand of Stroop test compared to other tasks 47, its reliability was more prone to 

changes in task prioritization, as mentioned earlier.  

 

For the shopping list recall task at low difficulty level, all participants were able to consistently 

recall all three items in all dual-task conditions, leading to a zero variance. This indicated a 

ceiling effect of the 3-item shopping list recall as a short-term memory test for community-

dwelling individuals with chronic stroke who have normal cognitive function.  

 

In line with previous studies, there were moderate relationships between the lower limb motor 

function and walking distance covered at most of the different dual-task walking conditions, 

regardless of cognitive task domains or difficulty levels of the component tasks 12, 48.  

 

There were no significant correlations between the number of correct responses in dual-task 

conditions and the Montreal Cognitive Assessment score. It might be explained by the 

homogeneity of our sample. We only included subjects scored ≥ 22 out of 30 in the Montreal 

Cognitive Assessment. Indeed, a high Montreal Cognitive Assessment mean score with small 

standard deviation (27.1 ± 1.6) was found in our sample. Another explanation of the lack of 

significant correlation may be related to the difference in the construct being measured. 

Montreal Cognitive Assessment consists of items that evaluate eight different cognitive domains 

15. In contrast, each of the cognitive tasks in our dual-task testing protocol mainly involved a 

single domain of cognitive function.  

   

Given the same cognitive domain, the dual-task number of correct responses and distance 

values obtained when the difficulty level of the cognitive task was low showed moderate to 

excellent correlations with the corresponding values when the difficulty level of the cognitive 

task was high. This phenomenon applies to all cognitive domains except shopping list recall.  
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This strong correlations indicate that for a given walking task, it may not be necessary to assess 

the same cognitive domain with two levels of difficulty. Similarly, the results were highly 

correlated between the level ground walking and obstacle crossing task. Assessment of one of 

the walking tasks may accurately predict that of the other. In contrast, the relatively low 

correlations among the different cognitive tasks, in turn, support the need to assess different 

cognitive domains during dual-task walking. The assessment would then provide a 

comprehensive picture of the dual-task walking ability of individual clients without being too 

lengthy. This is an important consideration because of the time constraints commonly 

encountered by physical therapists in daily clinical practice. The findings on different cognitive 

domains can also be used to identify specific areas of deficit, so as to direct treatment.  

 

The results of the current study may only be generalized to community-dwelling individuals post-

stroke with intact cognitive function and independent ambulation function. Furthermore, with the 

comprehensiveness of our series of assessments, time required to complete is rather long (1.5 

to 2 hours). It might have caused physical and/or mental fatigue. However, intermittent rest 

period were provided and the results indicated no significant differences in findings between the 

first and second measurements. In our study, all the participants turned in the same direction 

irrespective of their side of paresis. There may be a need to keep the direction of turns 

consistent (e.g., towards the hemiplegic side) to allow for better within-subject and between-

subject comparisons. As aforementioned, the self-perceived task difficulty may have covertly 

influenced the task prioritization. Future studies may address this issue by measuring the 

participants’ self-perceived task difficulty or their arousal and stress levels physiologically 44 

during the testing of single- and dual-task performance. A sample size of 30 is rather small. It 

warrants further larger scale studies with a larger sample size of 50 or more 49 to verify the 

findings and enable us to conduct sub-group analyses based on the demographic and clinical 

characteristics with more statistical power.   
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3.6 CLINICAL MESSAGES 

 The dual-task walking assessments tested are largely reliable and valid in 

measuring cognitive-motor interference during walking among community-dwelling 

individuals with chronic stroke.  

 The set of assessments may help clinicians identify specific dual-task walking 

deficits and thus direct treatment for their individual clients with stroke. 
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Table 3.1           Dual-task mobility testing protocol 
 
 

Complexity  Task Description Outcome variable  
 

Mobility task: Walked along a 7×3-meter rectangular walkway for one minute.  
 

Low  Level ground walking: Covered as much the distance 
as possible. 

1. Distance (m), A 
longer distance covered 
indicates better 
performance. 
2. OHR (%), if 
applicable. A smaller 
OHR indicates better 
performance. 

High  Obstacle crossing: Covered as much the distance as 
possible while avoid hitting the obstacles with 9-cm 
height, 4-cm thickness and 1-m length, at every four 
meters apart. Obstacle hitting rate (OHR) was 
calculated as  

.  
 

 

Cognitive task: Performed with mobility task for one minute for dual-task conditions  
                           Performed in sitting for one minute for single-task conditions 
 
 

Task 1: Serial Subtraction (Domain: Mental Tracking) 
Low Serial 3 subtractions: Repeatedly subtracted 3 from a 

random number between 390 and 399. 
Number of correct 
responses (NCR). More 
the NCR, better the 
performance. 

High Serial 7 subtractions: Repeatedly subtracted 7 from a 
random number between 390 and 339. 

 
Task 2: Auditory Stroop Test (Domain 1: Reaction time, and Domain 2: Discrimination and 
Decision Making):  
Low Discriminated the pitch of words “High” and “Low” of a 

female voice. 
1. NCR 
2.  Reaction time (s), 
Shorter time indicates 
better performance.   

High Discriminated the pitch of words “High” and “Low” and 
gender (male/female) of a male/female voice. 

 
Task 3: Shopping List Recall (Domain: Short-term memory):  
Low  Recalled a randomly generated 3-item shopping list 

that was repeated three times. 
NCR recalled 
immediately and one 
minute afterwards. High Recalled a randomly generated 7-item shopping list 

that was repeated three times. 
 
Task 4: Category Naming (Domain: Sematic verbal fluency) 
Low Named as many words as possible in a randomly 

selected category (e.g., Countries). 
NCR 

High Named as many words as possible in a more 
confined randomly selected category (e.g., European 
countries). 
 

 
 
Abbreviations: NCR: Number of correct responses; OHR: Obstacles hitting rate. 
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Table 3.2 Characteristics of study participants (N=30) 
 
  

Variables N or Mean ± SD 
Gender, Male/ Female 22/ 8 
Age, years 62.4 ± 6.7   
Living status, categories, 1/ 2/ 3/ 4/ missing*  0/ 28/ 1/ 0/ 1 
Number of falls in the past one year, 0/ 1/ 2/ 3/ 4/ 10 21/ 4/ 2/ 1/ 1/ 1 
Hemiplegic Side, Left/ Right/ Both 13/ 16/ 1 
Type of Stroke, Ischemic/ Hemorrhage/ Unknown 19/ 9/ 2 
Time since onset of first stroke, years 9.2 ± 3.6 
Number of stroke, 1/ 2/ 3 19/ 9/ 2 
Self-perceived recovery from stroke, % 56.6 ± 20.3   
Pre-stroke occupation, categories 0-10** 2/ 4/ 1/ 8/ 1/ 8/ 0/ 0/ 4/ 0/ 1 
Highest Education Level, Primary/ Secondary/ Tertiary 11/ 16/ 3 
MoCA Score (0–30) 27.1 ± 1.7 
Sum of CMSA Leg and Foot Score (2-14) 8.8 ± 2.0 
 

 
* Living status categories: 1. living alone 2. living with family 3. living with maid 4. 
others 
**Pre-stroke occupation categorized with reference to the International Standard 
Classification of Occupations (ISCO-08): 0. Retired/ Housewife 1. Managers 2. 
Professional 3. Technicians and associate professionals 4. Clerical support workers 5. 
Service and sales workers 6. Skilled agricultural, forestry and fishery workers 7. Craft 
and related trades workers 8. Plant and machine operators, and assemblers 9. 
Elementary occupations 10. Armed forces occupations  
 
Abbreviations: N: Number; SD: Standard Deviation; MoCA: Montreal Cognitive 
Assessment; CMSA: Impairment Inventory of Chedoke-McMaster Stroke Assessment 
for leg and foot scores. 

Table 3.3         Dual-task mobility and cognitive performance in test and retest sessions 
 

Dual-Task Difficulty 
Level 

Measures Test Retest t p (2-tailed) 
Mean SD Mea

n 
SD 

Without obstacles        
Auditory 
Stroop 
Test 

Low Distance (m) 39.3 14.6 39.7 14.6 -0.495 0.624 
 NCR 15.0 5.5 15.1 5.5 -0.186 0.854 
 RT (s) 0.7 0.4 0.8 0.6 -0.921 0.365 

 High Distance (m) 38.5 13.0 38.5 13.8 -0.040 0.969 
  NCR 13.1 4.8 13.7 3.9 -0.856 0.399 
  RT (s) 0.9 0.4 0.9 0.3 0.039 0.969 
Verbal 
Fluency 

Low Distance (m) 33.6 11.1 34.2 10.8 -0.695 0.492 
 NCR 12.8 5.2 14.2 6.4 -2.586 0.015 

 High Distance (m) 33.1 10.5 33.3 10.8 -0.286 0.777 
  NCR 8.3 4.7 9.4 5.2 -2.194 0.036 
Working 
Memory 

Low Distance (m) 42.8 16.6 42.9 16.6 -0.106 0.916 
 NCR 2.9 0.1 2.9 0.1 - - 

 High Distance (m) 40.3 14.9 39.7 14.2 0.812 0.424 
  NCR 5.1 1.1 5.3 1.0 -1.270 0.214 
Mental Low Distance (m) 34.2 10.6 34.4 11.1 -0.316 0.754 
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Tracking  NCR 15.2 8.4 16.3 8.3 -1.335 0.192 
 High Distance (m) 32.8 10.4 33.1 11.0 -0.497 0.623 
  NCR 9.0 6.1 8.5 5.5 0.982 0.334 
With obstacles          
Auditory 
Stroop 
Test 

Low Distance (m) 36.0 13.1 36.0 12.8 -0.113 0.911 
 OHR 4.3 18.4 4.0 18.3 0.375 0.710 
 NCR 15.8 4.4 15.9 4.2 -0.089 0.930 

  RT (s) 0.7 0.3 0.7 0.3 0.484 0.632 
 High Distance (m) 35.0 12.1 35.4 12.4 -0.795 0.433 
  OHR 4.3 18.4 3.6 18.2 0.897 0.377 
  NCR 13.2 4.1 13.5 4.6 -0.464 0.646 
  RT (s) 1.0 0.4 1.0 0.4 0.025 0.980 
Verbal 
Fluency  

Low Distance (m) 31.4 10. 31.1 10.1 0.691 0.495 
 OHR 4.29 18. 4.7 18.5 -0.641 0.526 

  NCR 13.1 4.3 14.4 5.7 -2.017 0.053 
 High Distance (m) 29.7 9.8 30.5 10.2 -1.033 0.310 
  OHR 4.6 18.7 6.0 18.6 -1.502 0.144 
  NCR 8.0 3.1 8.9 3.9 -1.874 0.071 
Working 
Memory  

Low Distance (m) 36.6 13.3 38.7 14.6 -3.754 0.001* 
 OHR 4.3 18.4 4.0 18.5 0.363 0.719 

  NCR 2.9 0.1 3.0 0.0 -1.000 0.326 
 High Distance (m) 35.3 13.0 35.8 12.0 -0.685 0.499 
  OHR 4.5 18.4 5.1 18.8 -0.611 0.546 
  NCR 5.0 1.3 5.3 1.32 -1.439 0.161 
Mental 
Tracking  

Low Distance (m) 31.8 10.9 33.0 12.3 -1.159 0.256 
 OHR 4.3 18.4 3.3 18.2 1.424 0.165 

  NCR 15.7 9.3 16.6 8.4 -1.220 0.232 
 High Distance (m) 29.4 9.7 30.6 10.1 -2.410 0.023 
  OHR 4.7 18.5 4.4 18.5 0.235 0.816 
  NCR 7.6 5.2 8.8 5.6 -2.482 0.019 
 

*: Statistically significant with p<0.01.  
 
Abbreviations: SD: Standard deviation; NCR: Number of correct responses; RT: Reaction 
time; OHR: Obstacles hitting rate. 
Table 3.4          Test-retest reliability for mobility-related parameters 
 
 

Tasks              Difficulty 
level 

 Distance, m 
(without obstacles) 

Distance, m          
(with obstacles) 

Obstacle 
hitting rate, % 

 
Single-
task 
walking 

 ICC(2,1) 0.974* 0.969* 0.915* 
95% CI of ICC(2,1) 0.946-0.987 0.935-0.985 0.830-0.959 

NA SEM (SEM%) 2.7 (6.1) 2.6 (6.8)  5.6 (117.6) 
MDC95 (MDC95%) 7.6 (17.0) 7.3 (18.9) 15.4 (326.0) 

 
 
 
Auditory 
Stroop Test 

 
 
Low 

ICC(2,1) 0.956* 0.984* 0.965* 
95% CI of ICC(2,1) 0.910-0.979 0.967-0.992 0.928-0.983 
SEM (SEM%) 3.1 (7.8) 1.7 (4.6) 3.5 (79.1) 
MDC95 (MDC95%) 8.5 (21.6) 4.6 (12.8) 9.6 (219.4) 

 
 
High 

ICC(2,1) 0.955* 0.978* 0.974* 
95% CI of ICC(2,1) 0.908-0.978 0.954-0.989 0.947-0.988 
SEM (SEM%) 2.8 (7.2) 1.8 (5.1) 3.0 (68.9) 
MDC95 (MDC95%) 7.7 (19.9) 5.0 (14.2) 8.3 (191.0) 

 
 
 

 
 
Low 

ICC(2,1) 0.917* 0.972* 0.975* 
95% CI of ICC(2,1) 0.835-0.960 0.943-0.987 0.949-0.988 
SEM (SEM%) 3.2 (9.5) 1.7 (5.5) 3.0 (69.3) 
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Category 
Naming 

MDC95 (MDC95%) 8.9 (26.4) 4.8 (15.2) 8.3 (192.2) 

 
 
High 

ICC(2,1) 0.946* 0.915* 0.962* 
95% CI of ICC(2,1) 0.889-0.974 0.827-0.957 0.922-0.982 
SEM (SEM%) 2.5 (7.4) 2.9 (9.7) 3.7 (78.7) 
MDC95 (MDC95%) 6.8 (20.5) 8.0 (26.9) 10.1 (218.2) 

 
 
 
Shopping 
List Recall 

 
 
Low 

ICC(2,1) 0.939* 0.966* 0.957* 
95% CI of ICC(2,1) 0.875-0.970 0.880-0.987 0.912-0.979 
SEM (SEM%) 4.1 (9.6) 2.5 (6.7) 3.8 (87.7) 
MDC95 (MDC95%) 11.4 (26.6) 6.8 (18.6) 10.6 (243.2) 

 
 
High 

ICC(2,1) 0.956* 0.955* 0.965* 
95% CI of ICC(2,1) 0.911-0.979 0.908-0.978 0.928-0.983 
SEM (SEM%) 3.1 (7.8) 2.8 (7.9) 3.5 (75.4) 
MDC95 (MDC95%) 8.7 (21.5) 7.7 (21.8) 9.6 (208.9) 

 
 
 
Serial 
Subtraction 

 
 
Low 

ICC(2,1) 0.928* 0.891* 0.979* 
95% CI of ICC(2,1) 0.855-0.965 0.785-0.946 0.956-0.990 
SEM (SEM%) 2.9 (8.4) 3.6 (11.3) 2.7 (62.1) 
MDC95 (MDC95%) 7.9 (23.2) 10.0 (31.3) 7.4 (172.0) 

 
 
High 

ICC(2,1) 0.952* 0.961* 0.962* 
95% CI of ICC(2,1) 0.901-0.977 0.911-0.982 0.922-0.982 
SEM (SEM%) 2.3 (7.0) 1.9 (6.5) 3.6 (76.7) 
MDC95 (MDC95%) 6.3 (19.3) 5.4 (18.1) 10.0 (212.6) 

 
*: Statistically significant for Intraclass correlation coefficient (model 2, form 1) analysis 
(p<0.01).  
 
Abbreviations: NA: Not applicable; ICC(2,1): Intraclass correlation coefficient (model 2, form 1); 
CI:  Confidence interval; SEM: Standard error of measurement; SEM%: SEM percentage to 
mean; MDC95: Minimal detectable change at the 95% confidence interval; MDC95%: MDC95 

percentage to mean. 
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Table 3.5          Test-retest reliability for cognitive-related parameters  
 
Cognitive Tasks 

 
 

Single-Task  Dual-Task (without obstacles)  Dual Task (with obstacles) 

NCR (n) RT (s)  NCR (n) RT (s)  NCR (n) RT (s) 

 
 
 
Auditory 
Stroop Test 

Low ICC(2,1) 0.619* 0.480*  0.756* 0.645*  0.556* 0.511* 
95% CI of ICC(2,1) 0.337-0.799 0.049-0.715  0.546-0.876 0.380-0.813  0.245-0.762 0.188-0.734 
SEM (SEM%) 2.9 (17.4) 0.3 (41.8)  2.8 (18.3) 0.3 (31.5)  3.0 (18.6) 0.3 (35.8) 
MDC95 (MDC95%) 8.0 (48.2) 1.0 (116.0)  7.6 (50.8) 0.7 (87.4)   8.2 (51.6) 0.8 (99.1) 

High ICC(2,1) 0.686* 0.550*  0.700* 0.800*  0.678* 0.499* 
95% CI of ICC(2,1) 0.434-0.837 0.238-0.758  0.461-0.844 0.621-0.900  0.424-0.833 0.169-0.727 
SEM (SEM%) 2.3 (16.7) 0.3 (23.3)  2.6 (20.0) 0.2 (20.9)  2.3 (17.7) 0.3 (29.0) 
MDC95 (MDC95%) 6.3 (46.2) 0.7 (64.7)  7.3 (55.5) 0.6 (58.0)  6.5 (49.0) 0.8 (80.3) 

 
 
 
Category 
Naming 

Low ICC(2,1) 0.768* -  0.859* -  0.766* - 
95% CI of ICC(2,1) 0.567-0.883 -  0.694-0.934 -  0.558-0.883 - 
SEM (SEM%) 2.0 (14.6) -  2.0 (15.4) -  2.1 (15.8) - 
MDC95 (MDC95%) 5.6 (40.4) -  5.5 (42.6)  -  5.8 (43.8) - 

High ICC(2,1) 0.804* -  0.853* -  0.714* - 
95% CI of ICC(2,1) 0.620-0.903 -  0.700-0.929 -  0.480-0.853 - 
SEM (SEM%) 1.5 (17.9) -  1.8 (21.7) -  1.7 (20.8) - 
MDC95 (MDC95%) 4.3 (49.5) -  5.0 (60.2) -  4.6 (57.7) - 

 
 
 
Shopping 
List Recall 

Low ICC(2,1) Bypassed with 
zero variance 

-  Bypassed with 
zero variance 

-  Bypassed with 
zero variance 

- 
95% CI of ICC(2,1) -  -  - 
SEM (SEM%) NA -  NA -  NA - 
MDC95 (MDC95%) NA -  NA -  NA - 

High ICC(2,1) 0.792* -  0.595* -  0.707* - 
95% CI of ICC(2,1) 0.607-0.895 -  0.310-0.783 -  0.474-0.848 - 
SEM (SEM%) 0.5 (8.9) -  0.7 (14.4) -  0.7 (14.6) - 
MDC95 (MDC95%) 1.4 (24.6) -  2.0 (40.0)  -  2.0 (40.3) - 

 
 
 
Serial 
Subtraction 

Low ICC(2,1) 0.911* -  0.871* -  0.910* - 
95% CI of ICC(2,1) 0.821-0.957 -  0.749-0.936 -  0.822-0.956 - 
SEM (SEM%) 2.7 (15.6) -  3.1 (20.0) -  2.8 (17.7) - 
MDC95 (MDC95%) 7.5 (43.2) -  8.5 (55.4)  -  7.8 (49.2) - 

High ICC(2,1) 0.869* -  0.886* -  0.872* - 
95% CI of ICC(2,1) 0.744-0.935 -  0.777-0.944 -  0.724-0.940 - 
SEM (SEM%) 2.0 (21.8) -  2.1 (23.0) -  1.9 (24.4) - 
MDC95 (MDC95%) 5.4 (60.5) -  5.8 (63.9)  -  5.2 (67.7) - 

 

*: Statistically significant for Intraclass correlation coefficient (model 2, form 1) analysis (p<0.01).  
Abbreviations: NRC: Number of correct responses; RT: Reaction time; ICC(2,1): Intraclass correlation coefficient (model 2, form 1); CI:  Confidence 
interval; SEM: Standard error of measurement; SEM%: SEM percentage to mean; MDC95: Minimal detectable change at the 95% confidence 
interval; MDC95%: MDC95 percentage to mean: NA: Not applicable. 
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Table 3.6          Association of dual-task mobility and cognitive performance with motor impairment and cognitive 
function  
 
 

 
Cognitive Tasks 
 

 Distance and CMSA   Reaction Time and MoCA  NCR and MoCA 

 Without 
obstacles 

With 
obstacles 

 Without 
obstacles 

With 
obstacles 

 Without 
obstacles 

With 
obstacles 

Auditory Stroop Test Low  0.491* 0.542*  0.091 0.268  0.065 -0.127  
 High  0.540* 0.496*  -0.067 0.038  -0.078 0.080 
Category Naming Low  0.509* 0.552*  - -  0.215 0.232 

High  0.462 0.523*  - -  0.190 0.039 
Shopping list Recall Low  0.438 0.522*  - -  0.011 -0.296 

High  0.535* 0.466*  - -  0.378 0.219 
Serial Subtraction Low  0.532* 0.512*  - -  0.141 0.072 

High  0.539* 0.561*  - -  0.110 0.190 
 
 
*: Statistically significant for Spearman’s rho analysis (p<0.01). 
 
Abbreviations: CMSA: Chedoke McMaster Stroke Assessment (Leg and Foot); MoCA: Montreal Cognitive Assessment score. 
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Table 3.7 Correlations of dual-task mobility performance between different cognitive tasks 
 
 

Mobility 
Parameters 

 
Cognitive Task 

Auditory Stroop 
Test 

 Category 
Naming 

 Shopping list 
Recall 

 Serial 
Subtraction 

Low High  Low High  Low High  Low High 
 
 
 
Distance  
(without 
obstacles) 

Auditory Stroop Test Low - -  - -  - -  - - 
High 0.972* -  - -  - -  - - 

Category Naming Low 0.895* 0.932*  - -  - -  - - 
High 0.924* 0.959*  0.961* -  - -  - - 

Shopping list Recall Low 0.958* 0.966*  0.906* 0.952*  - -  - - 
High 0.940* 0.959*  0.872* 0.916*  0.957* -  - - 

Serial Subtraction Low 0.935* 0.943*  0.909* 0.928*  0.886* 0.893*  - - 
High 0.901* 0.933*  0.937* 0.938*  0.891* 0.889*  0.953* - 

 
 
 
Distance 
(with 
obstacles) 

Auditory Stroop Test Low - -  - -  - -  - - 
High 0.948* -  - -  - -  - - 

Category Naming Low 0.980* 0.985*  - -  - -  - - 
High 0.933* 0.921*  0.952* -  - -  - - 

Shopping list Recall Low 0.957* 0.941*  0.943* 0.895*  - -  - - 
High 0.944* 0.923*  0.919* 0.875*  0.975* -  - - 

Serial Subtraction Low 0.895* 0.913*  0.897* 0.840*  0.928* 0.941*  - - 
High 0.927* 0.922*  0.951* 0.967*  0.902* 0.871*  0.870* - 

 
 
Obstacle 
Hitting Rate  

Auditory Stroop Test Low - -  - -  - -  - - 
High 0.309 -  - -  - -  - - 

Category Naming Low 0.401 0.802*  - -  - -  - - 
High 0.309 0.309  0.401 -  - -  - - 

Shopping list Recall Low 0.309 0.309  0.401 0.309  - -  - - 
High 0.252 0.565*  0.732* 0.252  0.252 -  - - 

Serial Subtraction Low 0.309 0.309  0.401 0.309  0.678* 0.252  - - 
High 0.252 0.252  0.341 0.545*  0.565* 0.194  0.252 - 

 

 
*: Statistically significant for Spearman’s rho analysis (p<0.01). 
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Table 3.8           Correlations of dual-task cognitive performance between different cognitive tasks 
 
 

Cognitive 
Parameters 

 
Cognitive Task 

Auditory Stroop 
Test 

 Category Naming  Shopping list 
Recall 

 Serial 
Subtraction 

Low High  Low High  Low High  Low High 
 
 
No. of Correct 
Responses  
(without obstacles) 

Auditory Stroop Test Low - -  - -  - -  - - 
High 0.515* -  - -  - -  - - 

Category Naming Low 0.378 0.397  - -  - -  - - 
High 0.331 0.402  0.902* -  - -  - - 

Shopping list Recall Low 0.097 0.313  0.280 0.258  - -  - - 
High 0.143 0.077  0.289 0.390  0.212 -  - - 

Serial Subtraction Low 0.341 0.296  0.647* 0.542*  0.312 0.262  - - 
High 0.310 0.308  0.524* 0.430  0.280 0.257  0.793* - 

 
 
No. of Correct 
Responses  
(with obstacles) 

Auditory Stroop Test Low - -  - -  - -  - - 
High 0.524* -  - -  - -  - - 

Category Naming Low 0.492* 0.568*  - -  - -  - - 
High 0.278 0.286  0.610* -  - -  - - 

Shopping list Recall Low 0.314 0.270  0.076 0.194  - -  - - 
High 0.224 0.359  0.150 0.318  0.189 -  - - 

Serial Subtraction Low 0.492* 0.093  0.244 0.078  0.075 0.286  - - 
High 0.536* 0.311  0.227 0.064  0.130 0.240  0.776* - 

Auditory Stroop 
Test Reaction Time  

 Mobility Low Low - 0.605*          
High 0.849* -          

Mobility High Low - 0.739*          
High 0.696* -          

 

 
*: Statistically significant for Spearman’s rho analysis (p<0.01). 
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CHAPTER 4   

 

THE EFFECTS OF COMPONENT TASK TYPE 

AND COMPLEXITY ON GAIT-RELATED DUAL-

TASK INTERFERENCE AFTER STROKE 
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4.1 ABSTRACT  

Objective: To examine interaction between cognitive task type and component task 

complexity on the dual-task performances in people post-stroke. 

Design: Observational study with repeated measures. 

Setting: University laboratory. 

Participants: Community-dwelling individuals with mild to moderate chronic stroke.  

Interventions: Not applicable. 

Main outcome measures: A mobility task (level-ground walking/obstacle-crossing) was 

performed concurrently with a cognitive task of high/low complexity level. Five cognitive task 

types covering distinct cognitive domains were used. Dual-task costs (DTCs, i.e., difference 

between the single-task and dual-task performances divided by the single-task performance) 

of walking distance and number of correct responses. 

Results: Ninety-three individuals [mean (SD) age: 62.4 (6.7) years; mean post-stroke 

duration: 67.7 (53.5)] participated. Cognitive DTC varied with the cognitive task type and the 

cognitive and mobility task complexities (F=4.6, p=0.001, ηp
2=0.05). Overall, walking while 

completing serial-subtractions showed the greatest interference effect on the cognitive 

performance in virtually all dual-task combinations. Facilitation on the cognitive performance 

(i.e., positive cognitive DTC) was shown in a number of dual-task combinations. For the 

mobility performance, there was virtually no facilitation. Interference generally increased as 

the cognitive task complexity increased and decreased as the mobility task complexity 

increased (F=7.2, p<0.001, ηp2=0.07). Mutual interference and no interference were the 

most common dual-task interference patterns observed.  

Conclusion: Cognitive task type and component task complexity levels interact to influence 

the degree and pattern of dual-task interference. Standardized dual-task testing protocols 

including various cognitive domains are necessary to obtain a comprehensive profile of dual-

task interference during walking among individuals with stroke.  
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4.2 INTRODUCTION  

Engaging in another task while walking (i.e., dual-task walking) is essential in community 

ambulation. Dual-task interference (DTI), a decrement in performance of either or both the 

component tasks when two tasks were done simultaneously, may occur 1, 2. This 

phenomenon has been associated with community participation 3, functional independence 4, 

and falls 5 in older people with or without a history of stroke and has been gaining concerns 

in stroke and geriatric rehabilitation. 

 

Dual-task performances involving a particular cognitive domain are not necessarily 

correlated with those involving other domains 6. Cognitive tasks involving internal driven 

responses (e.g. category naming and serial-subtractions) have also been suggested to 

disturb walking performance more than those involving externally driven responses (e.g. an 

auditory discrimination test) 7-9, probably because the former involves a more top-down 

attentional control and thus a higher cognitive loading. However, how different dual-task 

combinations influenced DTI on the cognitive task performance and the overall DTI pattern 

was not reported. Nine possible DTI patterns were proposed in previous literature 1. A 

decreased mobility performance could be accompanied by a decreased cognitive 

performance, resulting in a mutual interference. Alternatively, it could be accompanied by an 

improved cognitive performance, representing a motor-cognitive trade-off. Thus, a more 

accurate picture of the DTI can only be obtained when both the component task 

performances are considered.  

 

A few studies examined the effects of component task type and/or complexity on DTI in 

people post-stroke 1, 2, 10-12. However, besides a small sample (ranging between 10-21 

participants) that limits the representativeness of the results 2, 10, 11, conflicting findings were 

also reported. Mental tracking tasks have been shown to have the least interference on 

walking speed in two studies 10, 11, but the greatest in another study 2. In the larger study (61 

participants) 12, only one cognitive task type (serial-subtraction) with two complexity levels, 
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and one walking task with three complexity levels (forward direction, obstacle-crossing, and 

backward direction) were assessed. Effects of the different cognitive task types on DTI 

during walking was not investigated 12.  

 

It might be intuitive to assume a greater degree of DTI when combinations of more complex 

component tasks are used. Insights into the interactions between cognitive task type and 

component task complexity on DTI may help identify the key task characteristics that affect 

dual-task walking performance post-stroke, and inform the design of rehabilitative 

interventions to improve dual-task walking function. The results may also be useful in 

formulating research hypotheses for future studies. However, these interactions also remain 

largely unexplored.  

 

To address the above gaps, we investigated the effects of cognitive task type and 

component task complexity on the degree and pattern of DTI during walking post-stroke. 

Different tasks covering five distinct cognitive domains were included. We hypothesized that 

(1) the degree of interference on the mobility and the cognitive performances would be the 

greatest in walking with cognitive task types that involved internally driven responses and (2) 

the degree of interference would be greater as the complexity of the component tasks 

increased among ambulatory individuals post-stroke. 

 

 

4.3 METHODS  

This was an observational study conducted at a university laboratory. All experimental 

procedures followed the Declaration of Helsinki (2013) 13. Human Research Ethics 

Subcommittee of the University approved the study. Written informed consent was obtained 

from each participant before enrollment.  
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Community-dwelling individuals with chronic stroke were recruited by convenience sampling 

from community self-help groups between May 2017 and August 2018. The inclusion criteria 

were (1) ≥ 50 years old, (2) ≥ 6 months post-stroke, (3) Montreal Cognitive Assessment 

score of ≥ 22 14, (4) Modified Rankin Scale score of 1-3 15, (5) an ability to walk ≥ 1 min with 

or without walking-aids and/or orthoses, and (6) an ability to follow given instructions and 

give clear responses. The exclusion criteria were (1) any form of aphasia, (2) neurologic 

conditions other than a stroke and (3) gait-precluding pain or comorbidity.  

 

Demographic and clinical characteristics were obtained by interview and assessments of the 

Geriatric Depression Scale–Short Form for depressive symptoms 16, Activities-Specific 

Balance Confidence (ABC) scale for balance confidence 17, 10-meter walk test for walking 

speed 18, Mini-Balance Evaluation Systems Test for balance performance 19, and lower 

extremity scale of the Fugl-Meyer Assessment for lower limb motor impairment 20. 

 

To minimize inter-rater disparities, the same researchers who were qualified rehabilitation 

practitioners did all interviews and assessments. To minimize potential learning effects, all 

tested conditions were familiarized with practice trials prior to data collection. To minimize 

potential order effects, testing sequence of all the tasks was randomized. To minimize 

physical or mental fatigue, intermittent rests were provided upon request or when sign of 

fatigue was noted. The participants were instructed to complete the cognitive and the 

walking tasks equally well. A session typically lasted within three hours. Transportation 

subsidy was given to each participant at the end of the session. 

 

Table 4.1 shows the dual-task walking and the corresponding single-task assessment 

protocol. Each test was administered once for actual data collection, unless any sign of 

fatigue or technical issue affecting the result accuracy was identified, in which case the task 

would be redone. The mobility tasks included level-ground walking with (high complexity) 

and without obstacle negotiation (low complexity) along a 4×6m rectangular track. Five 
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cognitive types covering five distinct cognitive domains were included: (1) auditory 

discrimination for testing discrimination and decision making 21; (2) category naming for 

semantic verbal fluency 22; (3) shopping list recall for short-term memory 23; (4) serial-

subtraction for mental tracking 24; and (5) auditory clock test for visuospatial cognition 4, 10.  

 

Among the five cognitive task types/categories, serial-subtraction and category naming 

involved internally driven responses 7. The participants were required to self-generate their 

responses consecutively after receiving the one-off question given at the beginning of the 

tasks (i.e. the starting number for the serial subtraction task, and the name of the category 

for the verbal fluency task), and were paced internally. For the auditory discrimination and 

auditory clock test, externally driven responses were involved. The participants were 

required to generate each response after receiving each auditory stimulus consecutively. 

Once the participants finished giving a response, the next stimulus was given to prompt the 

subsequent response. Therefore, the tasks were rather paced externally. Finally, for the 

shopping list recall, the participants were required to memorize the items and recall them 

upon completion of the walking task. No apparent internal or externally driven responses 

were involved in prompting the responses while walking.  

 

Each cognitive task type involved two complexity levels (Table 4.1). Each cognitive and 

mobility task was tested once in isolation, (i.e., 12 single-task tests), and once in conjunction 

(i.e., 20 dual-task walking tests). Each test lasted one minute. Distance covered was 

measured for the mobility performance. Number of correct responses, rather than total 

number of responses, was recorded for the cognitive performance to minimize potential 

effects of random guessing. For standardization and minimizing confounding effects of the 

side of paresis, the participants were arranged to walk along the rectangular track and turn 

toward the hemiplegic side. Our participants had generally good mobility function and the 

time taken to complete the 10-meter walk test would be quite brief. Given the short walking 

time, very limited number of verbal responses would be generated in the dual-task cognitive 
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tests. A good discrimination among different performance levels, thus, might not be feasible. 

Furthermore, reliability of the current dual-task walking test protocol was shown to be 

substantially stronger than that generated by the 10-meter walk test 6. The 10-meter walk 

test thus was not used in the dual-task testing protocol even though it does not involve any 

turns. A longer walk test (e.g., 2-minute walk test) was not used either, as there is an 

increased risk of physical/mental fatigue, which might confound the results. 

 

 

4.3.1 Data analysis 

Differences between (1) the high and low complexity levels of the single-tasks and dual-

tasks and (2) the single-task and dual-task performances were analyzed with paired t-test. 

To compare DTI across the distinct cognitive task types, a standardized unit, dual-task costs 

(DTCs, %) of the mobility performance (mobility DTC), and the cognitive performance 

(cognitive DTC), were calculated using the following formula 25: 

 

(Dual-task performance-Single-task performance) x100% ÷Single-task performance. 

 

A more negative DTC value represents a greater DTI. Conversely, a more positive DTC 

value represents a greater dual-task facilitation (an improvement in performance under the 

dual-task condition relative to that under the single-task condition). The DTCs were 

compared across the dual-task conditions by repeated measures ANOVA (within-subject 

factors: five cognitive task types; two mobility task complexity levels; two cognitive task 

complexity levels). Effect sizes from the ANOVAs were represented by the partial eta 

squared (ηp
2) with values ≤0.01, 0.06, and 0.14 denoting small, medium, and large effect 

sizes, respectively 26.  
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DTI pattern of each participant at each dual-task combination was derived from the 

component DTCs with reference to a threshold of 10% DTC (i.e., >+10%: facilitation, <-10%: 

interference) 27. Scatterplots and frequency of the DTI patterns shown in each dual-task 

walking assessment were derived to show the distribution of DTI patterns among the 

participants. Chi square test/likelihood ratio test, as appropriate, was used to compare the 

distributions of DTI patterns across the different dual-task combinations.  

 

A p-value ≤0.05 was considered as statistically significant for ANOVA models. For post-hoc 

analyses and the paired t-tests that involved multiple comparisons, a more stringent p-value 

of ≤0.01 was considered as statistically significant. SPSS version 23 (IBM, Armonk, NY, 

USA) was used for all data analyses.  

 

4.3.2 Sample size calculation  

The sample size estimation was conducted using the G*Power 3.1.9.2 software (Universität 

Düsseldorf, Germany) 28. Assuming a medium interaction effect size of f=0.25, based on 

2×2×5 repeated measures ANOVA, an alpha of 0.05, and power of 0.8, a minimum sample 

size of 62 was required.  

 

 

4.4 RESULTS  

After screening 182 people post-stroke, 93 were deemed eligible and completed our 

assessments. Most of the participants had mild disability, as indicated by the Modified 

Rankin Scale (Table 4.2). Table 4.3 shows the results of the single-task and dual-task tests. 

Table 4.4 summarizes the mean mobility and cognitive DTCs. 

 

4.4.1 Cognitive performance  
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Analysis of the cognitive DTC revealed a 3-way interaction of cognitive task type × walking 

task complexity × cognitive task complexity (F=4.6, p=0.001, ηp
2=0.05). Overall, walking 

while completing serial-subtractions showed the greatest interference effect on the cognitive 

performance in virtually all dual-task combinations. Facilitation on the cognitive performance 

(i.e., positive cognitive DTC) was also observed in a number of dual-task combinations. 

(Table 4.4 and Figure 4.1A-B)   

 

As the cognitive task complexity increased, cognitive DTC changed from positive to negative 

(i.e., changed from facilitation to interference) for the category naming task during level-

ground walking (MD=36.35%, 95%CI=22.61-50.10), but changed from negative to positive 

(i.e., changed from interference to facilitation) for the auditory discrimination task during 

level-ground walking (MD=10.00%, 95%CI=3.80-16.21, p=0.002), and the auditory clock test 

during both level-ground walking (MD=28.16%, 95%CI=13.50-42.82, p<0.001) and obstacle-

crossing (MD=39.90%, 95%CI=22.01-57.78, p<0.001) (Table 4.4 and Figure 4.1A). As the 

mobility task complexity increased, the cognitive DTC became more negative (i.e., greater 

interference) for the low-level serial-subtraction task (MD=7.58%, 95%CI=0.16-17.83, 

p=0.010). Meanwhile, the cognitive DTC changed from positive to negative for the high-level 

shopping list recall task (MD=10.23%, 95%CI=3.36-17.11, p=0.004) as the mobility task 

complexity level increased, but the opposite trend was observed for the high-level category 

naming task (MD=15.04%, 95%CI=7.34-22.74, p<0.001) (Table 4.4 and Figure 4.1B).  

 

4.4.2 Mobility performance 

For analysis of the mobility DTC, significant cognitive task complexity × mobility task 

complexity (F=7.2, p<0.001, ηp2=0.07) (Figure 4.2A), cognitive task type × cognitive task 

complexity (F=6.0, p=0.016, ηp2=0.06) (Figure 4.2B), and cognitive task type × mobility task 

complexity (F=3.3, p=0.012, ηp2=0.03) (Figure 4.2C) were found. The greatest interference 

effect was shown when the category naming (mean mobility DTC=-19.51%, 95%CI=-21.50 
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to -17.51) or serial-subtraction task (mean mobility DTC=-19.95%, 95%CI=-22.14 to -17.76) 

was used (Figure 4.2B-C). None of the dual-task combinations resulted in facilitation of the 

walking performance (Figure 4.2A-C). 

 

Interference on the mobility performance attenuated (i.e., mobility DTC became less 

negative) as the mobility task complexity increased at high cognitive task complexity 

(MD=2.82%, 95%CI=0.93-4.72, p=0.004), but enhanced (i.e., mobility DTC became more 

negative) as the cognitive task complexity increased at both low (i.e., level-ground walking: 

MD=3.17%, 95%CI=2.04-4.31, p<0.001) and high-level mobility task (i.e., obstacle-crossing: 

MD=1.56%, 95%CI=0.63-2.50, p=0.001) (Table 4.4 and Figure 4.2A).  As the cognitive task 

complexity increased, interference increased only for the shopping list recall (MD=6.37%, 

95%CI=4.01-8.76, p<0.001) and auditory clock test (MD=3.40%, 95%CI=2.02-4.79, p<0.001) 

(Figure 4.2B). As the mobility task complexity increased, interference decreased significantly 

for the category naming task (MD=4.49%, 95%CI=2.02-6.96, p<0.001) (Figure 4.2C).  

 

4.4.3 DTI patterns 

Table 5 summarizes the frequency and percentage of the nine DTI patterns identified at 

each dual-task combination in individual participants. No interference and mutual 

interference were the most commonly seen patterns. Mobility facilitation, mobility priority 

tradeoff and mutual facilitation patterns were the least observed.  

 

The mobility task complexity had an impact on the distribution of DTI patterns in two of the 

cognitive task types. Significantly different distribution of DTI patterns were identified 

between level-ground walking and obstacle-crossing when the low-complexity auditory 

discrimination task (p<0.001), or the low-complexity category naming (p<0.001) was used. 

The cognitive task complexity also influenced the distribution of DTI patterns in these two 

cognitive task types. Significantly different distribution of DTI patterns was shown when the 

complexity level of the auditory discrimination (p=0.001) and the category naming tasks 
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(p=0.010) was increased during obstacle-crossing. Finally, the cognitive task type also had 

an impact on the distribution of DTI patterns of certain test conditions. Significantly different 

distribution of DTI patterns were identified between (1) high-level auditory clock test and 

high-level category naming (p=0.005); and (2) low-level auditory clock test and low-level 

category naming (p=0.009) during obstacle-crossing.  

 

 

4.5 DISCUSSION  

We found the greatest DTI on the cognitive performance and the mobility performance when 

the serial-subtraction task and the serial-subtraction or the category naming task was used, 

respectively. Mutual interference (i.e., interference on both the component task 

performances) and no interference (i.e., no change in either component task performance) 

were also found to be the most frequently observed pattern in all dual-task combinations that 

involved serial-subtractions (internally driven responses involved) and auditory 

discrimination (externally driven responses involved), respectively. These findings generally 

support our first hypothesis that the degree of interference on the mobility and the cognitive 

performances would be the greatest in walking with a cognitive task type that involves 

internally driven responses. We also found increased interference on (1) the mobility 

performance only as the cognitive task complexity increased (Figure 4.2C); (2) the cognitive 

performance as the cognitive complexity increased in only category naming (Figure 4.1A); 

and (3) the cognitive performance as the mobility task complexity increased only for the 

serial-subtraction at low cognitive task complexity and shopping-list-recall at high cognitive 

task complexity (Figure 4.1B). These findings therefore only partly support our second 

hypothesis that the degree of interference would be greater as the complexity of the 

component tasks increased among ambulatory individuals post-stroke. These findings 

suggest that factors other than the component task type and complexity, such as self-

perceived task challenge, task familiarity and a subliminal task prioritization/inhibition, may 

also have important impact on the DTI phenomenon.  
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Interference on dual-task walking distance was observed in virtually all the dual-task 

combinations. On the other hand, interference on cognitive performance (indicated by 

decrement in number of correct responses) was identified only in around half of the dual-

task combinations. This is despite the fact that the participants were asked to perform both 

component tasks equally well (i.e., no prioritization instructed). This finding may suggest the 

potential existence of a subliminal prioritization of the cognitive task in the dual-task walking 

conditions. This is consistent with a previous stroke study 11. Although the participants in 

their study were not instructed to prioritize either task in the dual-task walking, interference 

on the mobility performance was found in all the tested combinations, but no interference 

was found in most of the cognitive performances 11. Our results also agree with those of 

another study on young and older adults, in which dual-task cognitive and mobility 

performances were compared between the conditions with and without explicit prioritization 

on either component task 29. Under the condition without prioritization on either task, both 

the younger and the older adult groups decreased their walking speed.  

 

Concurring with a previous systematic review on adults with and without neurological 

disorders 7, serial-subtraction and category naming, which involved internally driven 

responses, induced the greatest DTI on the walking performance than those that involved 

externally driven responses (Table 4.4). Indeed, only these two cognitive task types induced 

a reduction in walking distance (MD 6.5-10.2m) that was clinically significant (>6m), 

irrespective of the mobility task complexity level 30. Reduction in the walking distance 

induced by all the other cognitive tasks, with the exception of high-level auditory clock test 

during level-ground walking (MD 6.2m), was smaller than the minimal clinically important 

difference (<6m) 30 (Table 4.3).  

 

In contrast, the shopping list recall induced the least interference on the walking 

performance. Although some participants might have used different methods including 
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mental rehearsing the shopping list or creating a story to link the items to be memorized, the 

task itself required no responses during the dual-task walking. The articulation of responses 

was after completion of the walking task, in contrast to the other task types that required 

continuous internally or externally driven responses during walking. This difference in testing 

methodology might partly contribute to the disparities between the results generated by the 

shopping list recall and those induced by other cognitive task types used here. Among the 

cognitive task categories tested here, the shopping list recall task is also probably the most 

frequently practiced or encountered task in daily living. In contrast, the serial-subtractions 

and category naming may be less familiar to the participants and most dependent on the 

education level. However, the education level of our participants was generally low (Table 

4.1). These factors may also partly contribute to the greatest interference on the walking 

performance with the serial-subtraction and the category-naming task categories. 

 

Results on the dual-task cognitive performance (no change, interference, facilitation) were 

less consistent, resulting in the different dual-task interference patterns. It varied depending 

on the specific cognitive task type and the component task complexity adopted (Tables 4.3-

4). Nonetheless, mutual interference (i.e., interference on both the component task 

performances) and no interference (i.e., no change in either component task performance) 

remained the most frequently observed pattern in all dual-task combinations that involved 

serial-subtractions (internally driven responses involved) and auditory discrimination 

(externally driven responses involved), respectively (Table 5). These are consistent with a 

previous study in community-dwelling people with chronic stroke 2, which found a greater 

decline in both component task performances during dual-task walking when a serial-

subtraction test was used than when a discrimination test was used 2.  

 

Performance of the serial-subtraction task requires considerable executive function 31, 32. The 

number of common neural substrates shared between the serial-subtraction task and the 

walking task (e.g. the premotor cortex, supplementary motor area and the anterior cingulate 
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cortex 33, 34) were also more substantial than the other cognitive task types tested here 33-37. 

These factors may explain why the mutual interference remained to be the most commonly 

seen pattern in dual-task combinations that involved serial-subtractions. If the component 

tasks are processed by the same neural substrates, the tasks will be completed sequentially, 

resulting in a bottleneck delaying that impairs either or both tasks (i.e. DTI) according to 

bottleneck model of the attention theory 38. In people after stroke, the cognitive deficits in 

processing speed and working memory were often greater than those in other cognitive 

domains 39. This may make the serial-subtractions even more challenging to this population, 

thereby inducing a greater degree of interference during dual-task walking. 

 

There was a change of interference pattern when the complexity level of the category 

naming, shopping list recall and auditory clock test was increased (Table 5). The subliminal 

task prioritization, task familiarity and self-perceived task challenge (as a result of individual 

interests or experiences) might explain this phenomenon 38. When one subjectively 

perceived the tasks as not challenging and their attentional resources objectively matched 

the corresponding demands, no interference on either task was resulted (i.e., auditory 

discrimination, low complexity shopping list recall and low complexity auditory clock test). 

When one perceived the task as a challenging one, one may subliminally prioritize the less 

automatic cognitive component (i.e., category naming and high complexity shopping list 

recall and high complexity auditory clock test), resulting in a cognitive facilitation/cognitive-

priority trade-off/mutual interference pattern depending on availability of the attentional 

resources. (Table 5) Future neuroimaging and behavioral studies are required to examine 

the effect of task familiarity and self-perceived task challenge on dual-task interference and 

the underlying mechanisms.   

 

Different from a previous literature review involving people with subacute and chronic stroke 

studies 1, the most common DTI patterns we found were mutual interference and no 

interference rather than mutual interference and mobility interference. In addition to the 
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study design, sample characteristics and the different task type and complexity level used, 

the different methods of deriving the most common DTI patterns probably also explain the 

discrepancies in findings. In the previous review, mean differences in the mobility and the 

cognitive DTCs were used to yield the “mean DTI pattern” 1. Nevertheless, we believe that 

the component task performances should be considered together in determining the DTI 

pattern for a given individual whenever possible. We hence derived the DTI pattern, based 

on individual data, for each participant separately.  

 

4.5.1 Clinical implications 

The results clearly demonstrate the degree and pattern of DTI were influenced by the 

cognitive task type and also the component task complexity level. It may be important to test 

the various dual-task conditions in each individual in order to obtain a comprehensive profile 

of DTI phenomenon in mobility testing after stroke. Obtaining such a profile would have 

important implications for intervention. Increasing evidence has shown that dual-task 

exercise training can reduce DTI during walking and decrease fall incidence and related 

injuries 40. Meanwhile, a study on the effect of dual-task gait training among people post-

stroke suggested relatively limited transfer of the dual-task gait training effect from one 

trained cognitive domain to another untrained domain 41. Obtaining a comprehensive profile 

of dual-task walking assessment results would provide useful information to drive the 

planning of intervention. Based on the assessment findings, more effort can be directed 

towards addressing the areas that show the most severe deficits. 

 

4.5.2 Limitations and future directions 

The results of this study may only be generalized to ambulatory community-dwelling 

individuals with intact cognition and chronic mild to moderate stroke. The rather low average 

education level of our participants might affect the cognitive task performances that involved 

higher cognitive challenges (e.g., serial-subtractions). Challenge of the mobility tasks might 

vary with leg length, balance and motor impairment of the participants, and challenge of the 
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cognitive tasks might vary with the education levels, pre-stroke occupation and the cognitive 

status of the participants. Meanwhile, stroke duration, location and severity that affect the 

integrity of neural circuitries, total brain capacity and/or the cognitive functioning of 

individuals post-stroke may also vary the challenge of the cognitive and mobility tasks to 

each individual participant. Although the effects of these factors on DTI might have been 

“normalized” with the use of DTCs, future studies with a larger sample size and sufficient 

statistical power are required to investigate the effects of these factors on the DTI 

manifestations. Virtually all the participants recalled the three-item shopping list fully. Future 

studies could decrease the ceiling effect of the low-complexity shopping list recall task by 

increasing the number of items to be memorized.  

 

Task prioritization might affect the dual-task performances and thus the resultant DTI pattern 

as discussed earlier. Although we had instructed the participants to perform both component 

tasks equally well, the participants might have prioritized the tasks differently, covertly or 

overtly, according to their hazard estimation and physical and/or cognitive abilities, etc. 

Future studies could investigate the effects of self-perceived task challenge on the task 

prioritization and the corresponding dual-task performances. Objective measures on arousal 

level and task challenge could also be used to study any discrepancies between the 

subjective perception and the objective physiological reactions 38. Future randomized control 

trials may also explore the specificity of the training effect on dual-task walking involving 

different cognitive domains. 

 

 

4.6 CLINICAL MESSAGES  

 Serial-subtraction task imposed the greatest interference on both cognitive 

and mobility performances during dual-task walking.  
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 Mutual interference and no interference were the most common dual-task 

interference patterns observed.  

 Different dual-task types and complexity levels should be tested to obtain a 

comprehensive profile of dual-task walking performance. 
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Figure 4.1. Interaction effect between cognitive task type and component task 

complexity levels on cognitive dual-task cost (DTC) during dual-task walking. 

Interactions on cognitive DTC between (A) cognitive task complexity and cognitive task type 

and (B) mobility task complexity and cognitive task type are shown. DTC was calculated as 

(Dual-task performance-Single-task performance) x 100% ÷ Single-task performance. The 

error bar represents one standard error of the mean. * Indicates significant difference 

between high and low cognitive/mobility task complexity levels at low mobility/cognitive task 

complexity at p≤0.01. † Indicates significant difference between the high and low 

cognitive/mobility task complexity levels at high mobility/cognitive task complexity at p≤0.01. 
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Figure 4.2. Interaction between cognitive task type and component task complexity 

levels on mobility dual-task cost (DTC) during dual-task walking. Interactions on 

mobility DTC between (A) cognitive task complexity and mobility task complexity, (B) 

cognitive task complexity and cognitive task type, and (C) mobility task complexity and 

cognitive task type are shown. DTC was calculated as (Dual-task performance-Single-task 

performance) x 100% ÷ Single-task performance. The error bar represents one standard 

error of the mean. * Indicates significant difference between high and low cognitive/mobility 

task complexity levels at p≤0.01. 



 

 

245

Table 4.1 Testing protocol of the dual-task walking assessments and the 
corresponding single-task tests. 
 
Complexity  Task Description Outcome variable 

Walking task: Each for one minute. The tasks were performed in isolation in the single-
task conditions and in conjunction with each cognitive task in the dual-task conditions.   
Low  Walked along a 6x4 meter rectangular level-ground 

course. Participants were asked to cover as much 
distance as possible. (Level-ground walking) 

Distance (meters) 

High  Walked along a 6x4 meter rectangular obstacle 
course with five obstacles (9cm high × 4cm thick × 1m 
long) placed at every four-meter interval. Participants 
were asked to cover as much distance as possible 
while avoid hitting the obstacles. (Obstacle-crossing) 

Cognitive task: Each for one minute. The tasks were performed in isolation in sitting in 
the single-task conditions and in conjunction with each walking task in the dual-task 
conditions. 
Task 1:  Auditory Discrimination (Domain: Discrimination and Decision Making). Sound 
tracks produced by a male voice were randomly delivered by a LabVIEW 8.6 program. 
Low Participants were asked to discriminate the pitch (high 

or low) of words “High” and “Low”.  
Number of correct 
responses  

High Participants were asked to discriminate the pitch (high 
or low) of words “High” and “Low”. 

Task 2:  Category naming (Domain: Semantic verbal fluency). To minimize any learning 
effects, a new category was given at every test. To best match challenge levels of the 
different categories given between tests, the categories were chosen as providing the 
best match for number of exemplars given in single-task conditions in a pilot study with a 
group of healthy younger adults.    
Low Participants were given a less confined category 

name, e.g. “food”, and were asked to give as many 
exemplars as possible.  

Number of correct 
responses  
 

High Participants were given a more confined category 
name, e.g. “fruits”, and were asked to give as many 
exemplars as possible.  

Task 3:  Shopping list recall (Domain: Short-term memory). To minimize any learning 
effects, a new shopping list was given at every tests. To best match challenge levels of 
the different lists given between tests, each list was combined with a fixed number of 
items in a number of categories, e.g. drinks, fruits, flowers, sports and stationaries. They 
were asked to recall the list once right before and once right after the one-minute sitting 
(in single-task condition) or walking (in dual-task condition). 
Low  Participants were asked to listen to and memorize a 

3-item shopping list that was repeated three times. 
Number of correct 
responses/items 
to be recalled x 
100 

High Participants were asked to listen to and memorize a 
10-item shopping list that was repeated three times. 

Task 4: Serial-7-subtraction (Domain: Mental Tracking). To minimize any learning effects, 
a new random number was given at every test. 
Low Participants were asked to repeatedly subtract seven 

from a random number between 390 and 399.  
Number of correct 
responses 

High Participants were asked to repeatedly subtract three 
from a random number between 390 and 399.  

Task 5: Auditory clock task (Domain: Visuospatial cognition). Sound tracks produced by 
a male voice was randomly delivered by a LabVIEW 8.6 program. Time points involving 
00, 15, 30, and 45 minutes at which the minute hand was in-between two quarters were 
excluded.    



 

 

246

Low Participants were asked to discriminate the location 
(upper half or lower half) of the minute-hand on a 
clock at a specific time point, e.g. 10:12. 

Number of correct 
responses  
 

High Participants were asked to discriminate the location 
(upper-left, lower-left, upper-right or the lower-right 
quarter) of the minute-hand on a clock at a specific 
time point, e.g. 10:12. 
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Table 4.2 Demographic details of participants (N = 93) 
 

Participants characteristics Mean (SD) Minimum-Maximum 
(Range) 

Age (Years) 62.4 (6.7) 50-81 (31) 
Sex (Men/women, n) 56/37  
Weight (kg) 62.4 (9.6) 41.5-85.7 (44.2) 
Height (m) 1.6 (0.1) 1.4-1.8 (0.4) 
Body Mass Index (kg/m2) 23.9 (3.0) 16.8-32.5 (15.7) 
Education (years) 9.7 (3.7) 1-21 (20) 
Pre-stroke occupation (Category 0-10*)   

Category 0. Retired/Housewife 8  
Category 1. Managers 6  
Category 2. Professional 15  
Category 3. Technicians and associate 
professionals 

22  

Category 4. Clerical support workers 4  
Category 5. Service and sales workers 15  
Category 6. Skilled agricultural, forestry 
and fishery workers 

23  

Category 7. Craft and related trades 
workers 

0  

Category 8. Plant and machine operators, 
and assemblers 

0  

Category 9. Elementary occupations 0  
Category 10. Armed forces occupations 0  

Post-stroke duration (Months) 67.7 (53.5) 9-254 (245) 
Hemiplegic Side (Left/Right Hemiplegia, n)  52/41  
Location of Stroke (n):    

Cortical region  10  
Subcortical region 57  
Both cortical and subcortical regions 18  
Unknown 8  

Montreal Cognitive Assessment score (0 to 30) 26.8 (2.2) 22-30 (8) 
Geriatric Depression Scale- Short Form score (0 
to 15) 

5.2 (3.9) 0-14 (14) 

Activities-specific Balance Confidence score (0 to 
100) 

70.3 (16.6) 21.3-96.9 (75.6) 

Ten-Meter Walk Test (sec) 11.8 (27.5) 5.2-43.5 (38.3) 
Mini-BESTest score (0 to 28) 19.7 (4.2) 7-28 (21) 
Fugl-Meyer Assessment for lower extremity score 
(0 to 34) 

24.8 (4.6) 15-34 (19) 

Modified Rankin Scale (ranked 2/3, n) 80/13  
Use of walking aids during test 
(none/cane/quadripod, n) 

75/13/5  

Use of orthosis during test (no/yes, n) 84/9  
 
* Categorized with reference to the International Standard Classification of Occupations 
(ISCO-08).
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Table 4.3      Mobility and cognitive performances at single-task and dual-task 
conditions. 
   95% Confidence Interval  p-value b 

Task Level Measures Mean SE Lower Upper MD a  (2-tailed) 

Single-task mobility and cognitive task performances   
Walking Low Distance (m) 42.7 1.8 39.1 46.3 

-5.1 ≤  0.001*  High Distance (m) 37.6  1.6 34.5 40.7 
Auditory 
Stroop Test 

Low NCR 19.3 0.4 18.6 20.0 
-2.1 ≤  0.001* High NCR 17.2 0.5 16.3 18.1 

Category 
Naming  

Low NCR 13.6 0.5 12.6 14.7 
0.6 0.28 High NCR 14.2 0.4 13.3 15.0 

Shopping 
List Recall 

Low NCR† 100.0 0.0 100.0 100.0 
-43.0 ≤  0.001* High NCR† 57.0 1.5 49.9 56.5 

Serial-
Subtraction 

Low NCR 17.4 0.8 15.8 19.0 
-8.1 ≤  0.001* High NCR 9.3 0.5 8.2 10.4 

Auditory 
Clock Test 

Low NCR 14.2 0.3 13.6 14.9 
-5.1 ≤  0.001* High NCR 9.1 0.4 8.3 9.9 

   95% Confidence Interval  p-value d 
(2-tailed) Task Level Measures Mean SE Lower Upper MD c 

Dual-task walking on level-ground (Low-complexity mobility task) 

Auditory 
Stroop Test 

Low Distance (m) 39.4 1.6 36.2 42.7 -3.3 ≤ 0.001* 
 NCR 18.5 0.4 17.6 19.3 -0.8 0.02 
High Distance (m) 38.4 1.7 35.0 41.8 -4.3 ≤ 0.001* 

  NCR 17.8 0.4 17.0 18.7 0.6 0.04 

Category 
Naming  

Low Distance (m) 32.9 1.4 30.2 35.7 -9.8 ≤ 0.001* 
 NCR 14.6 0.5 13.6 15.5 1.0 0.11 
High Distance (m) 32.7 1.4 30.0 35.5 -10.0 ≤ 0.001* 

  NCR 11.3 0.4 10.5 12.0 -2.9 ≤ 0.001* 

Shopping 
List Recall  

Low Distance (m) 41.0 1.8 37.5 44.5 -1.7 ≤ 0.001* 
 NCR† 99.6 0.4 98.9 100.4 -0.4 0.32 
High Distance (m) 38.5 1.6 35.3 41.6 -4.2 ≤ 0.001* 

  NCR† 58.3 1.7 54.9 61.6 1.3 0.48 

Serial-
Subtraction 

Low Distance (m) 33.8 1.4 31.0 36.7 -8.9 ≤ 0.001* 
 NCR 14.4 0.7 13.1 15.8 -3.0 ≤ 0.001* 
High Distance (m) 32.5 1.4 29.6 35.3 -10.2 ≤ 0.001* 

  NCR 8.3 0.5 7.3 9.4 -1.0 ≤ 0.001* 

Auditory 
Clock Test 

Low Distance (m) 38.1 1.7 34.8 41.4 -4.5 ≤ 0.001* 
 NCR 14.0 0.3 13.5 14.6 -0.2 0.39 
High Distance (m) 36.0 1.5 32.9 39.0 -6.7 ≤ 0.001* 

  NCR 10.3 0.4 9.5 11.1 1.2 ≤ 0.001* 
Dual-task walking across obstacles (High-complexity mobility task)   

Auditory 
Stroop Test 

Low Distance (m) 35.1 1.5 32.0 38.1 -2.5 ≤ 0.001* 
 NCR 18.1 0.4 17.3 19.0 -1.2 ≤ 0.001* 
High Distance (m) 35.0 1.5 32.0 38.0 -2.6 ≤ 0.001* 

  NCR 17.3 0.5 16.4 18.2 0.1 0.80 

Category 
Naming  

Low Distance (m) 30.8 1.4 28.1 33.5 -6.8 ≤ 0.001* 
 NCR 14.9 0.6 13.8 16.0 1.3 0.03 
High Distance (m) 31.2 1.4 28.4 33.9 -6.5 ≤ 0.001* 

  NCR 13.2 0.3 12.5 13.8 1.0 0.02 

Shopping 
List Recall  

Low Distance (m) 37.0 1.6 33.8 40.2 -0.6 0.144 
 NCR† 98.2 0.8 96.7 99.8 1.8 0.03 

High Distance (m) 34.8 1.5 31.7 37.9 -2.8 ≤ 0.001* 

  NCR† 53.2 1.7 49.9 56.5 3.8 0.03 

Serial-
Subtraction  

Low Distance (m) 30.4 1.3 27.8 33.0 -7.2 ≤ 0.001* 
 NCR 13.1 0.7 11.7 14.4 -4.3 ≤ 0.001* 
High Distance (m) 29.9 1.3 27.4 32.3 -7.8 ≤ 0.001* 

  NCR 7.6 0.5 6.6 8.5 -1.8 ≤ 0.001* 
Auditory 
Clock Test 

Low Distance (m) 33.8 1.5 30.8 36.8 -3.8 ≤ 0.001* 
 NCR 14.0 0.4 13.2 14.7 -0.3 0.32 
High Distance (m) 32.8 1.5 29.9 35.6 -4.9 ≤ 0.001* 
 NCR 10.8 0.4 10.0 11.5 1.6 ≤ 0.001* 

 
Abbreviations: SE: Standard error; MD: Mean difference; NCR: Number of correct responses. 
a Mean difference: high-complexity single-task performance – low-complexity single-task performance. 
b p-value for comparison between single-task performances at high- and low-complexity levels. 
c Mean difference: dual-task performance – single-task performance. 
d p-value for comparison between single-task and dual-task performances. 
* Significant at p≤0.01. 
† NCR for shopping list recall= Number of items correctly recalled ÷ Number of items to be recalled × 100. 
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Abbreviations: DTC = Dual-task cost [(Dual-task performance-Single-task performance) × 100 ÷ Single-task performance]; NCR = Number of 
correct responses. 
 

Table 4.4 Dual-task interference on dual-task walking performances with different cognitive task types, and mobility and 
cognitive task complexities  

 
Mobility 
task 
complexity 

 Cognitive 
task 
complexity 

Mean 
mobility DTC 
(%) 

95% Confidence Interval Mean 
cognitive DTC 
(%) 

95% Confidence Interval 

Cognitive task type 
Lower 
Bound 

Upper 
Bound 

Lower 
Bound 

Upper 
Bound 

Low  
(Level-
ground 
Walking) 

Auditory discrimination Low -6.6 -9.0 -4.3 -3.1 -7.6 1.5 

 
High -9.4 -12.3 -6.6 6.9 1.9 12.0 

Category naming Low -21.6 -24.2 -19.0 21.5 8.9 34.2 

 
High -21.9 -24.5 -19.3 -14.8 -22.7 -7.0 

Shopping list recall Low -3.4 -5.6 -1.2 -0.4 -1.1 0.4 

 
High -8.7 -10.9 -6.6 7.0 -0.2 14.2 

Serial-subtraction Low -19.5 -22.1 -16.9 -14.0 -19.7 -8.2 

 
High -22.5 -25.7 -19.3 -0.2 -15.3 15.0 

Auditory clock test Low -10.2 -12.5 -8.0 0.6 -2.8 4.0 

 
High -14.7 -17.3 -12.1 28.8 14.4 43.2 

High 
(Obstacle-
crossing) 

Auditory discrimination Low -7.2 -9.6 -4.9 -5.2 -9.2 -1.1 

 High -6.3 -8.6 -4.0 3.7 -1.9 9.4 
Category naming Low -18.0 -20.8 -15.1 20.2 8.6 31.9 
 High -16.6 -19.0 -14.2 0.2 -8.3 8.8 

Shopping list recall Low -0.4 -3.3 2.5 -1.8 -3.3 -0.2 

 High -7.9 -10.5 -5.3 -3.2 -9.1 2.6 

Serial-subtraction Low -18.7 -21.2 -16.3 -21.5 -27.2 -15.9 
 High -19.1 -21.9 -16.3 -9.2 -21.6 3.2 

Auditory clock test Low -11.0 -13.4 -8.6 -1.2 -5.3 2.9 
 High -13.3 -15.9 -10.8 38.7 21.4 55.9 
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Table 4.5 Frequency (percentage) of dual-task interference patterns observed in different dual-task conditions (N = 93) 

 Cognitive 
task 

complexity  
No 

interference 
Mobility 

interference 
Cognitive 

interference 
Mutual 

interference 
Mobility 

facilitation 
Cognitive 

facilitation 

Mobility 
priority 

trade-off 

Cognitive 
priority 

trade-off 
Mutual 

facilitation 
Level ground walking (Low mobility task complexity) 

Auditory 
discrimination  

Low 33 (35) 20 (22) 11 (12) 10 (11) 2 (2) 7 (8) 2 (2) 6 (6) 2 (2) 
High 27 (29) 18 (19) 6 (6) 10 (11) 2 (2) 18 (19) 0 (0) 10 (11) 2 (2) 

Category 
naming 

Low 4 (4) 16 (17) 3 (3) 28 (30) 0 (0) 6 (6) 0 (0) 35 (38)  1 (1) 
High 2 (2) 23 (25) 4 (4) 47 (51) 0 (0) 3 (3) 1 (1) 13 (14) 0 (0) 

Shopping list 
recall 

Low 72 (77) 15 (16) 1 (1) 0 (0) 5 (5) 0 (0) 0 (0) 0 (0) 0 (0) 
High 14 (15) 5 (5) 16 (17) 17 (18) 1 (1) 25 (27) 1 (1) 13 (14) 1 (1) 

Serial-
subtraction 

Low 3 (3) 15 (16) 12 (13) 50 (54) 1 (1) 1 (1) 0 (0) 11 (12) 0 (0) 
High 3 (3) 13 (14) 9 (10) 39 (42) 0 (0) 5 (5) 1 (1) 23 (25) 0 (0) 

Auditory clock 
test 

Low 20 (22) 18 (19) 13 (14)  13 (14) 1 (1) 8 (9) 1 (1) 18 (19) 1 (1) 
High 15 (16) 21 (23) 3 (3) 10 (11) 0 (0) 13 (14) 1 (1) 30 (32) 0 (0) 

Obstacle crossing (High mobility task complexity) 
Auditory 
discrimination  

Low 30 (32) 16 (17) 13 (14) 17 (18) 2 (2) 11 (12) 0 (0) 3 (3) 1 (1) 
High 27 (29) 11 12) 14 (15) 10 (11) 1 (1) 20 (22) 1 (1) 7 (8) 2 (2) 

Category 
naming 

Low 4 (4) 16 (17) 3 (3) 28 (30) 0 (0) 6 (6) 0 (0) 35 (38) 1 (1) 
High 2 (2) 23 (25) 4 (4) 47 (51) 0 (0) 3 (3) 1 (1) 13 (14) 0 (0) 

Shopping list 
recall 

Low 72 (77) 13 (14) 0 (0) 0 (0) 8 (9) 0 (0) 0 (0) 0 (0) 0 (0) 
High 15 (16) 9 (10) 19 (20) 20 (22) 1 (1) 14 (15) 4 (4) 10 (11) 1 (1) 

Serial-
subtraction 

Low 3 (3) 16 (17) 15 (16) 50 (54) 0 (0) 1 (1) 0 (0) 8 (9) 0 (0) 
High 3 (3) 15 (16) 8 (9) 45 (48) 0 (0) 2 (2) 1 (1) 18 (19) 1 (1) 

Auditory clock 
test 

Low 24 (26) 20 (22) 12 (13) 13 (14)  1 (1) 11 (12) 0 (0) 11 (12) 1 (1) 
High 7 (8) 17 (18) 5 (5) 7 (8) 0 (0) 22 (24) 1 (1) 34 (37) 0 (0) 

 
Note: The most common pattern for a given dual-task condition is bolded. 
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CHAPTER 5   

 

ASSOCIATION OF SUBSEQUENT FALLS WITH 

EVIDENCE OF DUAL TASK INTERFERENCE 

WHILST WALKING IN COMMUNITY DWELLING 

INDIVIDUALS AFTER STROKE 

 

 

The study presented in this chapter was published in a peer-reviewed journal:  

 

Tsang CSL and Pang MYC, Association of subsequent falls with evidence of dual-task 

interference while walking in community-dwelling individuals after stroke. Clin Rehabil, 2020. 

Copyright © The Author(s) 2020. Doi: 10.1177/0269215520923700. 
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5.1 Abstract 

Objective: To examine fall predictive value of single-task walking tests and extent of 

interference observed in dual-task walking tests in ambulatory individuals post-stroke. 

Design: Observational study with prospective cohort. 

Setting: University laboratory. 

Participants: Ninty-one community-dwelling individuals with chronic stroke.  

Interventions: Not applicable. 

Main outcome measures: Time required to complete 10-meter walk test with and without 

obstacle negotiation was measured in isolation and in conjunction with performance of a verbal 

fluency task (category naming). Fall incidence, circumstances and related injuries were 

recorded by monthly telephone calls for 12 months. 

Results: Ninety-one individuals [mean (SD) age: 62.7 (8.3) years; mean post-stroke duration: 

8.8 (5.3) years] participated. Twenty-nine (32%) of them reported at least one fall during the 

follow-up period, with a total of 71 fall episodes. There was a significant difference in obstacle-

crossing time under single-task (mean difference: 8.3 sec) and dual-task conditions (mean 

difference: 7.4 sec), and also the degree of interference in mobility performance (increased 

dual-task obstacle-crossing time relative to the single-task obstacle-crossing time) (mean 

difference: 3.3%) between the fallers and non-fallers (p<0.05). After adjusting for the effects of 

other relevant factors, a greater degree of interference in mobility performance remained 

significantly associated with a decreased risk of falling (adjusted odds ratio=0.951, 

95%CI=0.907-0.997, p=0.037).  

Conclusions: The degree of mobility interference during dual-task obstacle-crossing was the 

most effective in predicting falls amongst all the single-task and dual-task walking measure 

parameters tested. This simple dual-task walking assessment has potential clinical utility in 

identifying people post-stroke at high risk of future falls.  
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5.2 INTRODUCTION 

Falling is a great concern in individuals post-stroke. Besides possible physical injuries 1, falling 

may also lead to psychosocial consequences, including depressive mood 2,3 and reduced social 

activities 3. These consequences may result in reduced independence and a poorer quality of 

life in people post-stroke 1.  

 

Many falls occurred during dual-task walking in older adults 4. Dual-task interference, a 

decrement in either or both of the walking and the secondary task performances compared with 

the single-task performances, has been proposed to adversely affect postural stability during 

walking in older adults and may merit more attention in geriatric rehabilitation 5-7. Dual-task gait 

parameters have also been reported to be more sensitive in identifying healthy elderly fallers 

than the single-task walking parameters 8. Dual-task walking performance was thus suggested 

to predict falls better than the single-task walking performance in older adults 4,9. Given the more 

pronounced dual-task interference in people post-stroke compared with their able-bodied peers 

10, dual-task walking performance may be an even more important contributing factor to falling 

post-stroke. Within the population of stroke, those who are ambulatory and community-dwelling 

may be more physically active and more likely to venture out. This may predispose them to 

situations where dual-tasking is required, thereby increasing the fall risk 11.  

 

However, to date, only two studies 10,12 have explored the relationship between dual-task 

walking and falling in the population of chronic stroke. In Hyndman et al 10, reduced stride length 

during dual-task forward walking with a seven-item shopping list remembering task was found to 

distinguish fallers from non-fallers. However, the sample size was small (36 individuals with 

chronic stroke) and the falls were reported retrospectively. In another study by the same group 

of researchers, the usefulness of “Stops walking while talking” test in predicting future falls was 

reported to be questionable, with only a specificity of 70% and sensitivity of 53% 12. The fall 
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predictive validity of interference seen during dual-task walking in individuals with chronic stroke 

remains uncertain.  

 

This study was undertaken to address the above knowledge gaps. We examined and compared 

the predictive validity of different single-task and dual-task walking tests in ambulatory 

community-dwelling people with chronic stroke. We hypothesized that dual-task walking tests 

would be more effective than single-task walking tests in predicting falls in individuals with 

chronic stroke. The results may provide clinicians with important insights on formulating fall 

prevention strategies for people with chronic stroke. 

 

 

5.3 METHODS 

This was a prospective cohort study. All procedures were conducted in accordance with the 

Declaration of Helsinki (1964). The Human Research Ethics Subcommittee of the University 

granted ethical approval (reference number: HSEARS20130209002-01). We recruited 

participants from local community self-help groups between April 2013 and September 2014. All 

participants provided written informed consent prior to data collection. 

 

We included individuals that were: 1) aged ≥ 50 years; 2) having a diagnosis of hemispheric 

stroke for ≥ 6 months; 3) medically stable; 4) community-dwelling; 5) cognitively intact with 

Montreal Cognitive Assessment ≥ 22 13; 6) able to walk 10m with or without use of an assistive 

device; and 7) able to follow given instructions. We excluded individuals: 1) having a 

neurological condition other than stroke, 2) having pain or any other condition that may affect 

walking. 
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Apart from demographic information, Montreal Cognitive Assessment, color-word Stroop test 14, 

Activity-specific Balance Confidence Scale 15, short form Geriatric Depression Scale 13, and 

Chedoke McMaster Stroke Assessment (leg and foot) 16 were also assessed.  

 

The component mobility tasks included: 1) forward walking 17; and 2) obstacle-crossing: forward 

walking while crossing a series of seven obstacles (length 80cm, width 5cm, height 4cm) placed 

at every 1.5m along the middle 10m section of a 14m walkway 18. Only the middle 10m walk 

was timed with a stopwatch.  

 

A verbal fluency task (category naming) was used as the cognitive component task. Different 

categories with similar difficulties were used for each single and dual-task conditions to 

minimize any learning or practice effect. Participants were asked to name as many words as 

possible in a time matched with the dual-task walking time. To avoid mental preparation or 

rehearsal, the specific word category was given when the participants approached start of the 

middle 10m walking path during dual-task walking. Correct responses were recorded. Correct 

response rate (number of correct responses divided by the assessment time period) 19 was then 

calculated. Good to excellent validity and reliability of these single- and dual-task walking tests 

have been previously reported 20.   

 

To ease interpretation and comparison of the predictive value, the extent of interference was 

calculated to give a more positive value for a more severe dual-task interference for both the 

component task measures. Degree of dual-task interference on walking time (mobility 

interference) was then calculated as:  

 

(dual-task walking time -single-task walking time)/ single-task walking time × 100 21; 
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while interference on the correct response rate (cognitive interference) was calculated as: 

 

 (single-task correct response rate − dual-task correct response rate)/ single-task correct 

response rate × 100. 

 

The calculations take into account the level of single-task performance when quantifying the 

impact of adding a secondary task, and is the preferred indictor of dual-task interference 

severity in many previous studies 21. 

 

Participants were followed up via telephone interviews for information on fall incidence once a 

month for 12 consecutive months. A fall was defined as “any unexpected resting of the body 

onto a lower surface without an overwhelming hazard like earthquake or a major intrinsic event 

like having a stroke, seizure or heart attack” 12. The participants were categorized as either 

fallers or non-fallers according to prospective fall follow-up findings.  

 

A priori sample size estimation was performed using G*Power 3.1.9.2 (Universität Düsseldorf, 

Germany). Based on the number of fallers and non-fallers correctly identified by the dual-task 

assessments reported in two previous studies 12,22, odds ratios estimated were 5.549 22 and 

2.629 12. With use of the more conservative odds ratio (2.629), a power of 0.8, an alpha of 0.05, 

a fall rate of 48% 3,12, and an attrition rate of 20%, a minimum of 89 participants was required.   

 

SPSS for Windows (version 23.0; IBM Corporation, Armonk, NY, USA) was used for statistical 

analyses. A pseudo intention-to-treat analysis was employed. If a subject was lost to contact 

during the follow-up period, the fall status up to the point of losing contact were used for data 

analysis. First, the participants were classified into fallers and non-fallers according to the 

prospective fall follow-up results. Second, each parameter derived from the single-task and 
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dual-task walking tests was compared between fallers and non-fallers using independent 

sample t-test. Third, demographic variables and health information that demonstrated a 

significant between-group difference and those reported to affect fall risk and mobility or 

cognitive performances (age 23, sex 23, depression 24, fall history 23, visual deficit 25, cognitive 

deficit 23, motor deficit 23,26, and stroke duration 26) were entered as covariates in the multivariate 

binary logistic regression for fall prediction. Multi-collinearity between the resultant variables was 

assessed 27. Finally, separate multivariate logistic regression analysis was conducted for each 

walking test variable that differentiated fallers and non-fallers. A p-value <0.05 was considered 

as statistically significant.  

 

 

5.4 RESULTS 

Figure 5.1 shows the flow of our participants. Ninety-one participants were included in our data 

analyses. Twenty-nine of them fell in the one-year follow-up. Fallers showed greater lower limb 

impairments (p= 0.032) and lower balance self-efficacy (p= 0.010) than non-fallers. (Table 5.1) 

Table 5.2 shows the number of fall incidents, related circumstances and injuries. 

 

Table 5.3 shows the single-task and dual-task walking performances. Mobility interference 

during dual-task obstacle-crossing was smaller (3.3%, 95% CI 0.8, 13.7, p= 0.028) in fallers 

than non-fallers. Walking times of the single-task (8.3 sec, 95% CI 0.9, 15.6, p= 0.029) and the 

dual-task (7.4 sec, 95% CI 0.3, 14.6, p= 0.043) obstacle-crossing were significantly longer 

among fallers than non-fallers. These three measures that discriminated fallers from non-fallers 

were further analyzed for the fall prediction (Table 5.4). 

 

After adjusting for effects of the covariates, the mobility interference during dual-task obstacle-

crossing was the only significant fall predictor among all the aforementioned measures that 
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discriminated fallers from non-fallers (OR= 0.951, 95%CI= 0.907-0.997, p= 0.037). For every 

1% increase in the mobility interference on obstacle-crossing task, one was 4.9% less likely to 

sustain a fall (Table 5.5). This model explained 43% (Nagelkerke R2= 0.425) of the variance 

(2= 32.942 (10), p< 0.001). The overall correct classification from the model was 80%. It 

correctly classified 89% of the non-fallers and 62% of the fallers.  

 

 

5.5 DISCUSSION 

Amongst the single- and dual-task mobility tests, the degree of mobility interference during dual-

task obstacle-crossing was the most effective in predicting falls among individuals with stroke.  

 

Fall rate, circumstances and subsequent injury rate were all comparable to previous studies in 

older adults with or without stroke 1-3,23,26,28. Our sample is quite representative of all stroke 

patients as previous studies were. 

 

In line with our hypothesis, dual-task walking parameters was more effective than the single-

task walking measures in fall prediction. This is consistent with findings from a recent systematic 

review among older adults 29. Odds ratio herein obtained for the mobility interference on 

obstacle-crossing whilst category naming (4.9%) is similar to that observed in forward walking 

while counting back (3%) by Yamada et al 30 in 258 high functioning community-dwelling older 

people.  

 

However, forward walking while category naming did not significantly predict falls in our study. 

In addition, while Yamada et al 30 reported a 3% increase in fall risk with every 1% increase in 

interference on forward walking, our results suggested a 4.9% decrease of fall risk with every 

1% increase of interference on obstacle-crossing.  
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The results of this study also differed from those reported in people with other neurological 

disorders. For instance, Smulders et al. 31 found no clinical value of the dual-task assessment in 

fall prediction among people with Parkinson’s disease. In individuals with multiple sclerosis, 

Etemadi 32 found an increased fall risk with an increased dual-task cost of the gait speed and 

cognitive performance.  

 

The discordance in results could be related to, first, the different characteristics of the 

participants. The participants in the Yamada et al 30 had an intact nervous system. All our 

participants had certain degree of neurological injury from stroke, and hereby had less optimal 

mobility functions. Despite being more than ten years older than our participants were, 

participants of Yamada et al 30 walked at a faster walking speed. In addition to the different 

pathologies of the various neurological conditions that result in distinct clinical manifestations, 

similar to participants in Yamada et al 30, the participants of both Etemadi 32 and Smulders et al. 

31 had better mobility function than our participants. This was reflected by the higher walking 

speed (≥0.93m/s) demonstrated by their participants than ours (0.79m/s). Second, the 

differences in research methodology may also contribute to the discrepancies in results. In both 

Smulders et al. 31 and Etemadi 32, the fallers were defined as those who had at least 2 falls 

during the data collection period, while those who experienced one fall during the follow-up 

period were also considered as fallers in our study.  

 

The different choices of the component tasks may also explain the disparities in findings. This 

was clearly demonstrated in a study by Nordin et al. involving community-dwelling able-bodied 

older adults 33. The association between the risk of falling and dual-task cost in gait 

characteristics was found to differ across the various dual-task conditions involving different 

combinations of the component tasks. Dual-task cost in gait parameters during the performance 
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of a serial subtraction task was associated with an increased risk of falling, whereas the dual-

task cost for carrying a cup and saucer was associated with a decreased risk of falling. It was 

suggested that dual-task cost might indicate either an increased risk of falling or a protective 

strategy to prevent oneself from falling 33. In addition, as pointed out by Kahneman 34, the 

allocation of attention during dual-tasking is complex and highly flexible. Many factors including 

the given instruction on task prioritization, the individual’s hazard estimation and the component 

task nature and complexity may affect the dual-tasking performance 35, and hence the fall 

prediction validity.  

  

The significant multivariate fall prediction of the mobility interference during dual-task obstacle-

crossing, but not during dual-task forward walking in the current study, might also be explained 

by the greater attention load 21 and a substantial challenge to the dynamic balance with 

obstacle-crossing. Successful execution of the obstacle-crossing task, in fact, requires finer 

motor control, more information processing and poses greater challenge to the participants than 

forward walking 36. This is supported by our findings of a longer time to complete the obstacle-

crossing task than the forward walking task in both the single- and dual-task contexts (Table 

5.3). 

 

Our results are also in line with previous work in younger and older adults 6 in that non-fallers 

show a larger mobility interference (slower dual-task walking speed relative to the single-task 

speed) than the fallers (Table 5.3). This suggests the non-fallers tended to be more prudent. 

They would rather decrease their walking speed for optimizing their postural stability under the 

attention competing contexts of dual-task walking. Although the fallers also showed some 

decrease in the dual-task walking speed, the magnitude might not be sufficient to maintain their 

stability 6.  
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It is also possible that the single-task walking was already quite demanding for the fallers, as 

suggested by the longer single-task walking time taken by them (Table 5.3). This might also 

partially contribute to the smaller mobility interference calculated in the fallers than the non-

fallers. Nevertheless, this study showed that the obstacle-crossing whilst performing the 

category naming task (dual-task walking) has added value in identifying fall risk in people with 

chronic stroke and should be incorporated in their overall gait assessment.  

 

Consistent with previous studies, fall history remains to be a very strong fall predictor 23. 

However, it is not a modifiable factor. In addition, none of the single- or dual-task cognitive task 

parameters significantly differentiates fallers from the non-fallers. This might be related to the 

relatively short dual-task walking time employed. Such short walking time may not allow the 

effect of dual-tasking on the cognitive component to be adequately revealed 37.  

 

This study has several limitations. We included only community-dwelling independent walkers 

with intact cognition. The results may only be generalized to community-dwelling individuals with 

stroke with intact cognition and independent ambulation. Furthermore, only category naming, 

which tests the semantic verbal fluency, was used in the current study. Fall prediction of 

interference on walking with other cognitive domains like visuospatial cognition and mental 

tracking may worth further exploration. Moreover, although monthly telephone follow-up was 

done, distribution of fall dairies to the participants may further minimize any recall bias, 

especially on those falls without injuries or major concerns. The relatively small study sample, 

and also the relatively small number of fallers (n= 29) compared to non-fallers (n= 62) might 

affect precision of the effect estimation.  

 

The study has implications for clinical practice and research. First, the dual-task obstacle-

crossing test examined in this study should be incorporated in the overall clinical assessment of 
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individuals post-stroke in order to identify those with higher risk of falling. Second, the results of 

this study indicated that an increased risk of falling is associated with a lower degree of mobility 

interference. Further study should examine the relationship between the actual circumstances of 

falls and the performance of the dual-task walking tests. Third, self-perceived challenge of the 

tasks may covertly influence task prioritization, dual-task performance and thus the fall 

prediction. Future research studies may investigate the effect of subjective and objective self-

perceived task challenges on the fall prediction 34,37. Finally, as noted previously, precision of 

the effect estimation may be improved by increasing the sample size. Thus, a future study with 

a larger sample size is warranted to identify the optimal cutoff score for differentiating between 

fallers and non-fallers. Having a larger sample would also allow for sub-group analysis based on 

the important demographic characteristics and health conditions. 

 

 

5.6 CLINICAL MESSAGE 

 Mobility interference during dual-task obstacle-crossing predicts future falling better than the 

standalone walking or category naming tests in ambulatory, cognitively intact and 

community dwelling individuals post-stroke.  
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Figure 5.1 Flow of participants of the study 
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Table 5.1 Participant characteristicsa 
 

Variable 
Total 

(N= 91) 
Non-fallers 

(n= 62) 
Fallers 
(n= 29) 

p-value 

(2 
tailed) Mean SD Mean SD Mean SD 

Age (years) 62.7 8.3 61.9 7.4 64.6 9.9 0.218 

Sex (male/ female) 64/27 - 46/16 - 18/11 - 0.238 

Body mass index (kg/m2) 24.2 3.6 24.4 3.7 23.8 3.4 0.693 

Having cataract (no/yes; n) 67/24 - 47/15 - 20/9 - 0.490 

Stroke duration (years) 8.8 5.3 8.0 4.3 10.6 6.7 0.092 

Education years 9.4 4.3 9.1 4.0 10.0 4.9 0.330 

Total number of medication 2.6 1.4 2.5 1.4 2.9 1.5 0.160 

MoCA score (0-30) 24.2 3.8 24.2 3.7 24.4 3.9 0.771 

ABC-16 score (0-100) 72.6 14.7 75.2 14.2 67.0 14.3 0.010* 

GDS-SF score (0-15) 4.5 3.5 4.4 3.3 4.6 3.9 0.905 

Stroop interference index 1.3 0.8 1.3 0.8 1.4 0.8 0.466 

CMSA (leg and foot) total score 

(2-14) 9.5 2.6 9.9 2.6 8.7 2.4 0.032* 

Walking aid (no/yes; n) 83/8 - 57/5 - 26/3 - 0.720 

Experienced at least one fall 

within a 1-year period before 

baseline assessment (no/yes; n) 

67/24 - 53/9 - 14/15 - 0.000* 

 
Notes:  

1. a Mean ± SD presented unless indicated otherwise. 
2. * Statistical significance (p< 0.05). 
3. Abbreviations: SD, standard deviation; MoCA, Montreal Cognitive Assessment; ABC, 

Activity-Specific Balance Confidence Scale; GDS-SF, Short Form Geriatric 
Depression Scale; CMSA (leg and foot), Chedoke McMaster Stroke Assessment of 
leg and foot. 
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Table 5.2 Frequency of injuries and circumstances of falls (Single-faller, n= 14; Multiple-faller, n= 15) 
 

Total number of injuries= 40 Fall circumstances (Total number of falls= 71)  

Injury sustained  (n) Location Fall (n) Activity Fall (n) Reason Fall (n) 

Fractures  1 At home 27 Forwards walking 33 Muscle weakness 18 

Bruising  32 Other indoors 6 Walking while 
turning 

2 Motor coordination 
deficit 

9 

Strain / sprain   2 Outdoors 32 Backwards walking 1 Inattention 12 

Headache  2 Unspecified* 6 Walking stairs 10 Misjudgment 7 

Unspecified* 3   Transferring 6 Slipped 9 

  Walking aids Fall (n) Standing 1 Tripped 5 

  No walking aids 45 Dual-task 
transferringa 

3 Ankle pain 1 

  Cane 24 Dual-task standingb 7 Headache 1 

  Handrail 1 Dual-task sittingc 1 Unspecified*  9 

  Unspecified* 1 Unspecified* 7   

 
Notes:  

1. * Participants could not tell.  
2. a standing up from squatting for picking up something (n= 1); get up from bed and finding slippers (n= 1); standing and 

bending down to get the shower gel (n= 1). 
3. b standing and packing stuff (n= 1); standing and twisting towel (n= 1); standing for a shower (n= 2); standing while washing 

(n= 2); standing and wearing a slipper for the affected side (n= 1). 
4. c sitting and getting clothes in a distance. 
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Table 5.3  Single- and dual-task walking and cognitive task performances at baseline assessment  
 

 
Notes:  

1. * Statistical significance (p< 0.05). 
2. † Mobility interference = (DT walking time - ST walking time)/ ST walking time x 100. 
3. ‡ Cognitive interference = (ST CRR -DT CRR)/ ST CRR x 100. 
4. Abbreviations: SD, standard deviation; ST, single-task; FW, forwards walking; DT, dual-task; VF, verbal fluency task (category 

naming); CRR, correct response rate; OBS, obstacle-crossing.  

 All participants (n= 91) Non-fallers (n= 62) Fallers (n= 29) p-value 

(2 tailed) Mean SD Mean SD Mean SD 

ST walking time in seconds (FW) 12.7  7.1  11.7  6.2  14.8  8.5  0.055 

DT walking time in seconds (FW+VF) 16.8  10.0  15.8  9.4  18.9  11.0  0.166 

Mobility interference† (FW+VF) 33.0  30.2  34.6  34.3  29.7  19.0  0.479 

ST CRR (VF) 0.6  0.3  0.6  0.3  0.5  0.2  0.198 

DT CRR (FW+VF) 0.5  0.2  0.5  0.3  0.5  0.2  0.321 

Cognitive interference‡ (FW+VF) -3.7  41.6  -3.2  37.3  -4.7  50.3  0.887 

ST walking time in seconds (OBS) 18.6  12.9  16.0  8.0  24.2  18.7  0.029* 

DT walking time in seconds (OBS+VF) 21.2  13.0  18.8  9.2  26.2  17.9  0.043* 

Mobility interference† (OBS+VF) 16.9  14.8  19.2  15.3  12.0  12.6  0.028* 

ST CRR (VF) 0.5  0.2  0.5  0.2  0.4  0.2  0.559 

DT CRR (OBS+VF) 0.4  0.2  0.4  0.2  0.3  0.1  0.275 

Cognitive interference‡ (OBS+VF) 14.9  41.8  12.1  45.0  21.0  33.9  0.346 
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Table 5.4 Adjusted predictive ability of the measures that can differentiate fallers from non-fallersa 
 

Walking tasks that differentiated fallers 
from non-fallers B SE Wald df p-value Adjusted OR 

95% CI 

Lower Upper 

ST walking time in seconds (OBS) 0.040 0.025 2.553 1 0.110 1.041 0.991 1.094 

DT walking time in seconds (OBS+VF) 0.029 0.023 1.589 1 0.208 1.029 0.984 1.076 

Mobility interference† (OBS+VF) -0.050 0.024 4.352 1 0.037* 0.951 0.907 0.997 
 
Notes:  

1. a Results from multivariable logistic regression analyses with covariates including sex, age, stroke duration, presence of 
cataract, fall history in the past year, total score of Montreal Cognitive Assessment, total score of Activity-Specific Balance 
Confidence Scale, total score of Short Form Geriatric Depression Scale, and total score of Chedoke McMaster Stroke 
Assessment of leg and foot. 

2. † Mobility interference = (DT walking time - ST walking time)/ ST walking time x 100. 
3. Abbreviations: SE, standard error; OR, odds ratio; CI, confidence interval; ST, single-task; OBS, obstacle-crossing; DT, dual-

task; VF, verbal fluency task (category naming).  
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Table 5.5  The final fall prediction model 
 

     
Adjusted OR 

95% CI 
B SE Wald df p-value Lower Upper 

Sex -0.391 0.632 0.382 1 0.536 0.676 0.196 2.335 
Age 0.024 0.044 0.296 1 0.586 1.024 0.939 1.118 
Stroke duration 0.079 0.054 2.151 1 0.142 1.082 0.974 1.202 

Having cataract 0.651 0.820 0.631 1 0.427 1.918 0.385 9.565 
Fall history in the previous year 2.086 0.640 10.627 1 0.001* 8.053 2.298 28.227 
MoCA total score 0.100 0.090 1.237 1 0.266 1.106 0.926 1.320 
ABC total score -0.040 0.022 3.207 1 0.073 0.961 0.920 1.004 
GDS-SF total score -0.052 0.086 0.360 1 0.548 0.950 0.802 1.124 
CMSA (LL) total score -0.155 0.121 1.652 1 0.199 0.856 0.676 1.085 
Mobility interference† (OBS+VF) -0.050 0.024 4.352 1 0.037* 0.951 0.907 0.997 
 
Notes: 

1. * Statistical significance (p< 0.05). 
2. † Mobility interference = (DT walking time - ST walking time)/ ST walking time x 100. 
3. Abbreviations: OR, Odds Ratio; SE, Standard Error; CI, confidence interval; MoCA: Montreal Cognitive Assessment; ABC, 

Activity-specific Balance Confidence Scale; GDS-SF, Short Form Geriatric Depression Scale; CMSA (LL), Chedoke McMaster 
Stroke Assessment of leg and foot; OBS+VF, dual-task walking with obstacle-crossing while category naming. 
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CHAPTER 6   

 

ASSOCIATION OF SINGLE-TASK AND DUAL-

TASK WALKING PERFORMANCES WITH FALLS 

IN COMMUNITY-DWELLING INDIVIDUALS WITH 

CHRONIC STROKE: A PROSPECTIVE COHORT 
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6.1 Abstract  

Objectives: Falling is common among individuals with chronic stroke and often occurs during 

dual-tasking. This study compared the ability of dual-task walking tests and the corresponding 

single-task tests in predicting falls in individuals with chronic stroke. 

Methods: Ninety-three individuals post-stroke (mean age: 62.4 ± 6.7 years; mean post-stroke 

years: 5.6 ± 4.5) participated in this prospective cohort study. Each of the two mobility tasks 

(level-ground walking and obstacle-crossing) was performed in isolation and in conjunction with 

five individual cognitive tasks (category naming, serial-subtraction, shopping list recall, auditory 

clock task, and auditory Stroop task). Participants were asked not to prioritize either component 

task while dual-tasking. Data on demographics and other clinical characteristics including 

depressive symptoms and functional abilities were also collected. Monthly telephone interviews 

were conducted to collect data on fall incidence, and the related circumstances and injuries 

during a 12-month follow-up period. Multivariate logistic regression analysis was performed to 

identify factors that predicted future fall status.  

Results: Thirty-six participants (39%) reported one or more falls during the follow-up period. 

The regression model including reaction time (milliseconds) during performance of the auditory 

clock task while walking over obstacles correctly classified the fall status of 80% participants 

(72% future fallers and 84% non-fallers, adjusted OR = 0.999, 95% CI = 0.998, 1.000, p = 

0.044). Performance did not differ between fallers and non-fallers on any of the other measures. 

Conclusions: The dual-task obstacle-crossing test has potential clinical utility for identifying 

people with chronic stroke who have a high risk of future falls.  

 

 

6.2 INTRODUCTION 

Falling is a major concern among individuals post-stroke. Besides physical injuries 1, 2, falling 

may have psychosocial consequences, including depressive mood 3, 4 and reduced social 
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activity 1, 3. These consequences may result in reduced independence and a poor quality of life 

in people post-stroke 1, 2. An effective fall prediction model is necessary in this population.  

 

Many falls in older adults occur during dual-task walking 5. Dual-task interference, which is a 

deterioration of either or both task performances when two tasks are done simultaneously, may 

be an important contributing factor to falling among older adults 6, 7. Dual-task walking 

assessments may thus be useful for predicting falls 5. Given the more pronounced dual-task 

interference observed in people post-stroke 8, 9, dual-task walking performance could be an 

important fall predictor in this population. Moreover, as dual-task walking performances 

involving different cognitive domains do not correlate well with one another 10, the predictive 

validity of dual-task walking tests would likely vary with the cognitive domain tested.    

 

To date, only one study 8 has explored the use of dual-task walking measures for predicting falls 

among people with chronic stroke. However, it reported only the walking performance and not 

the cognitive performance during the dual-task condition. To address this gap, the current study 

examined the predictive validity of a range of single-task tests and dual-task walking tests of 

different cognitive domains. Predictive ability of the component cognitive performances was also 

examined. We hypothesized that for individuals with chronic stroke, the dual-task walking test 

measures would be more effective in predicting falls than those single-task test measures. We 

also hypothesized that dual-task walking tests that included component tasks that were more 

related to daily navigation would be more effective in predicting falls.  

 

 

6.3 METHODS 

This was a prospective cohort study. All procedures followed the Declaration of Helsinki (2013) 

11. Human Research Ethics Subcommittee of the University granted ethical approval. The 
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participants were recruited from local community self-help groups between May 2017 and 

August 2018. All participants provided prior written informed consent. 

 

All participants met the following criteria: 1) ≥50 years old; 2) community-dwelling; 3) ≥6 months 

post-stroke for; 4) medically stable; 5) ≥22 on the Montreal Cognitive Assessment (MoCA) 12; 6) 

2-3 on the Modified Rankin Scale 13; 7) ≥1 minute independent ambulation with or without 

orthosis and/or walking aids; and 8) following instructions and giving clear verbal responses. We 

excluded individuals who had: 1) a recurrent stroke; 2) a neurological condition other than a 

stroke; 3) any other condition that might affect balance or walking; and/or 4) any active cognitive 

or mobility rehabilitation that might affect cognitive, mobility or dual-task ability.  

 

The testing took place in a university research laboratory. Demographic information was 

collected by interviewing the participants. We also assessed depressive symptoms with 

Geriatric Depression Scale (short form) (GDS-15) 14, walking speed with 10-Meter Walk Test 15, 

lower limb motor function with lower extremity scale of the Fugl-Meyer Assessment (FMA-LE) 16, 

balance confidence with Activity-specific Balance Confidence Scale (ABC) 17 and balance ability 

with mini-Balance Evaluation Systems Test (mini-BESTest) 18. Supplementary Table 6.1 shows 

further details of these assessment scales.   

 

The current study included two walking tasks and five cognitive tasks, each covering a distinct 

cognitive domain. Each walking and cognitive task was tested once in isolation, (i.e., 7 single-

task tests), and once in conjunction (i.e., 10 dual-task walking tests). Each test lasted one 

minute. To minimize potential order effect, each test was administered in a randomized order. 

Participants were instructed to perform both tasks equally well while dual tasking. Prior practice 

trials were given to familiarize participants with the tasks. Distractions were minimized with 

mobile phones muted and doors of the laboratory closed during assessments. To minimize any 
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physical or mental fatigue, intermittent rests were provided. Each session typically lasted 2 

hours. 

  

Table 6.1 shows details of the single-task and dual-task tests. The walking tasks used were 

level-ground walking in a forward direction with and without obstacle-crossing along a 

rectangular track 19, 20. The distance covered in meters was measured. These tasks were 

chosen as most falls happened during walking in people post-stroke 21-23. Forward walking is the 

most common direction of walking involved in daily tasks as opposed to sideway or backward 

walking. Meanwhile, obstacle-crossing is essential for functional ambulation in the community 

setting, where obstacles are frequently encountered. It is also highly relevant to falls, as 

presence of indoor tripping hazards was associated with falls post-stroke 24. As the one-minute 

walking tests involved turning, all participants were arranged to turn towards their hemiplegic 

side to minimize the confounding effect of the side of paresis on the result. We did not use the 

10-meter walk test, which does not involve turning, because the target population had generally 

good mobility function and the time taken to complete the 10-meter walk test would be quite 

brief. The number of responses generated in the dual-task cognitive tests would be very limited 

given the short walking time, and thus may not be able to provide a good discrimination among 

different performance levels. Meanwhile, the reliability of the current dual-task walking test 

protocol was shown to be substantially stronger than that of the 10-meter walk test 10. The 2-

minute or longer walk test was not used either, as the physical/mental endurance required might 

confound the results. 

 

The five cognitive tasks used were: (1) auditory Stroop test for testing discrimination and 

decision making 25; (2) serial subtractions for mental tracking 26; (3) shopping list recall for short-

term memory 8; (4) category naming for semantic verbal fluency 27; and (5) auditory clock test 

(ACT) for visuospatial cognition 28. To minimize the effect of random guessing, number of 
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correct responses (NCR), rather than number of responses, was measured. Reaction time (RT) 

in milliseconds (ms) was additionally recorded for correct responses of the auditory Stroop test 

and ACT with a LabVIEW 8.6 program (National Instruments, Austin, TX). Test-retest reliability 

of the single-task and dual-task ACT parameters were tested to be strong to very strong (ICC(2,1) 

of (i) walking distance 0.936-0.938, p<0.001; (ii) NCR 0.714-0.905, p < 0.05; and (iii) RT 0.629-

0.783, p<0.01) among the first 34 participants. Reliability and validity of the other single- and 

dual-task walking test parameters have been reported elsewhere 10.  

 

After assessment, participants received a factsheet about the fall-related details they should 

note if any falls occurred. Monthly telephone interviews for information about fall incidences and 

the related injuries and circumstances were conducted for 12 consecutive months. To further 

minimize recall bias, participants were encouraged to contact the researchers soon after any fall. 

A fall was defined as “any unexpected resting of the body onto a lower surface without an 

overwhelming hazard like earthquake or a major intrinsic event like having a stroke, seizure, or 

heart attack” 29. Participants were then classified as fallers if they experienced one or more falls 

over the follow-up period.  

 

A-priori sample size calculation is shown in the supplementary information. SPSS for Windows 

(version 25.0; IBM Corporation, Armonk, NY, USA) was used for the statistical analyses. First, 

the participants were categorized as fallers or non-fallers according to the follow-up results. 

Second, baseline between-group differences in participant characteristics and each single-task 

test and dual-task walking test measure was assessed using the Mann-Whitney U 

test/independent t-test and chi-square test/Fisher’s exact test/likelihood ratio test, as appropriate. 

Finally, for each single-task and dual-task walking test variable that showed a between-group 

difference at p≤0.1 30, a separate multivariate binary logistic regression analysis was conducted 

to predict the future fall status. Purposeful selection process was adopted for choosing variables 
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that gave the best model fit to the data 31. The initial model included covariates including age 32-

34, sex 32-34, depression symptoms 32, 34, 35, fall history 22, 33-35, time post-stroke 22, living status 22, 

use of walking aids 36, balance confidence 34, 37, and deficits in balance 33, motor ability 22, 33, and 

cognitive ability 33, 35 that were identified as fall risk predictors in previous studies. Variables that 

showed a between-group difference at p≤0.1 in the current study were also entered as potential 

predictors in the initial model 30. We then applied the backward stepwise (Wald) method for 

minimizing the model size at a cut value of 0.5 for binary classification. Next, to identify 

variables that were not significantly related to the outcome but showed important contribution to 

the prediction in the presence of other variables, variables that were eliminated from the initial 

model were added back one at a time with the enter method 31.  

 

Assumptions of multivariate logistic regression analysis including absence of multicollinearity 

and influential outliners were assessed before the model-building 38. The goodness of fit of the 

logistic regression model was assessed with the Hosmer and Lemeshow test. The most 

parsimonious model with the best overall prediction performance was chosen. An alpha level of 

≤0.05 was considered statistically significant.  

 

 

6.4 RESULTS 

Figure 6.1 shows the flow of participants. Thirty-six participants (39%), including one who was 

lost to contact at the 10th month, fell during the follow-up period. The proportion of people with a 

fall history within a one-year period before joining the study was greater among the fallers than 

the non-fallers (p<0.001). No significant between-group difference in any of the other participant 

characteristics was found. (Table 6.2) 
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Among the 90 fall incidents, 47% involved injuries. Most injuries (88%) were minor. Most falls 

occurred at home (44%) and while walking (52%). The most common self-perceived reasons for 

falling were tripping (18%) and muscle weakness (18%)(Table 3). 

 

The fallers had a shorter RT recorded in performance of ACT while obstacle-crossing (ACT-

OBS) than the non-fallers. Performance did not differ between fallers and non-fallers on any of 

the other measures. Table 6.4 and Supplementary Table 6.1 show the baseline performances in 

the single-task and dual-task walking conditions for ACT-OBS and all the dual-task 

combinations tested, respectively.  

 

As the mini-BESTest score showed a moderate correlation with the use of walking aids (rs=-0.47, 

p<0.001), ABC (rs=0.44, p <0.001) and the FMA-LE (rs=0.57, p<0.001) scores, it was excluded 

to avoid multicollinearity. Eleven potential predictors, including age, sex, time post-stroke, living 

status, fall history, use of walking aids, RT of ACT-OBS, and scores of MoCA, FMA-LE, ABC 

and GDS-15 were then entered for the initial regression model (overall correct classification 

from the initial model: 79%, correct classification of fallers, i.e. sensitivity: 67%, correct 

classification of non-fallers, i.e. specificity: 86%) (Supplementary Table 2). The backward 

stepwise method eliminated sex, living status, use of walking aids and scores of MoCA, FMA 

(LE) and ABC (overall correct classification: 77%, sensitivity: 67%, specificity: 84%). Only 

reentering the ABC score improved the prediction performance of the model. There, the final 

model included a total of 6 predictors (Table 6.5). It explained 40% of the variance in fall 

prediction. The overall correct classification was 80%. It correctly classified 48 (84%) non-fallers 

and 26 (72%) fallers. Age, fall history in the previous year, and RT of the ACT-OBS remained 

significant fall predictors after adjusting for the effects of the covariates in this model.  
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6.5 DISCUSSION 

Among the assessed single-task and dual-task walking measures, RT of ACT-OBS, was the 

only significant fall predictor in our sample of individuals with chronic stroke. 

 

The fall rate 35, 39, circumstances of falls 2, 21, 23, 33, 40, injury rate and severity 21, 23, 33 were all 

similar to findings from previous studies.  

 

Consistent with previous studies of people post-stroke, certain dual-task walking measures 

distinguished fallers from non-fallers better than the single-task measures 8, 29, 36, 41, 42. However, 

the prediction model including ACT-OBS reported here yields the highest predictive validity 

(80% overall accuracy) among those reported previously (62-63% overall accuracy by the Stop 

Walking While Walking Test (SWWT) 29, 41). The better accuracy of our model may be because 

RT of ACT-OBS is a continuous measure rather than a dichotomous measure in SWWT. We 

also included a more challenging obstacle-crossing task in our testing protocol, rather than 

walking on level-ground only in SWWT.  

 

Previous studies found difference between fallers and non-fallers in single-task cognitive 

performance 8, motor impairment 36, ambulation independence 36, balance performance 8, and 

the use of walking aids 36. However, none of these differed between our fallers and non-fallers in 

our study. As shown in Table 2 and our participant selection criteria, the single-task cognitive 

and physical abilities of our participants were quite homogeneous (i.e., independent ambulation, 

high MoCA score, etc.), making the single-task tests less useful in predicting falls. A more 

demanding dual-task may be necessary to challenge the participants’ attention limits and 

differentiate the fall status 43.  
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Among the five secondary tasks included, only ACT, which assesses visuospatial cognition, 

differentiated future fallers from non-fallers while obstacle-crossing. Visuospatial processing 

plays a vital role in navigation, walking stability, and obstacle avoidance in daily ambulation 44. 

Execution of obstacle-crossing requires greater visuomotor control than level-ground walking. 

Concurrently completing the obstacle-crossing and ACT might have overwhelmed the neural 

substrates/circuitries involved in the visuospatial cognition 28, 45. This may have sufficiently 

challenged the participants’ attention limits and partly explained its ability in differentiating future 

fall status 28, 45. Consistent with this, tripping was the most commonly reported reason for falling 

among our participants (Table 6.3).  

 

It is interesting that a “better” performance in RT (i.e. a faster/shorter RT) of ACT-OBS 

increased the odds of falling (Table 6.5). There was indeed a tradeoff for the faster RT with a 

shorter walking distance and lower NCR in both groups, when ACT was added to obstacle-

crossing (Table 6.4). However, the improvement in RT was substantially less in the non-fallers 

than that in the fallers. Future neuroimaging and behavioral studies on the effects of subliminal 

task prioritization and the resource allocation during ACT-OBS on falls may help elucidate the 

underlying mechanisms.   

 

In line with previous studies of older adults with or without stroke, age 22, 32-34, depressive 

symptoms 32, 34, 35 and fall history 34, 35 were also shown to be significant fall predictors in our 

multivariate model. Consistent with previous studies, risk of falling was shown to increase with 

depressive symptoms 32, 34, 35 and presence of fall history 33-35. While the magnitude of 

association between fall status and depressive symptoms found here (1.17) was similar to 

previous work in older adults (OR=1.44-1.64) 32, 34, and people post-stroke (OR=2.11) 35, the 

adjusted OR found here (7.58) for fall history was substantially higher than what was previously 

reported (older adults: OR=2.92; post-stroke: OR=1.67) 34. In addition, a higher risk of falling 
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was associated with older age in previous studies of older adults with 22 and without stroke 32-34, 

whereas a higher risk of falling was associated with younger age in the current study.   

 

Besides the differences in the study population and the co-variates included, disparities in the 

study design may explain the difference in findings when compared with the previous literature. 

Xu et al. 35 and Deandrea et al. 34 were meta-analyses pooling prospective studies with follow-

up periods ranging from 4-24 and 1-36 months, respectively. Both Tinetti et al. 33 and Gale et al. 

32 used a 24-month follow-up period, while we used a 12-month period. In all the previous 

studies 32, 34, 35, depression was measured as a dichotomous variable (i.e., yes/no), whereas, the 

actual GDS-15 scores were used here. Age was a continuous variable in our regression model 

whereas the participants were stratified into different age groups in previous work 32, 34. 

Discrepancy in the mean age of the participants may also account for the discordance in results. 

The mean age of our participants (62.4±6.7 years, 85% were <70 years) was more than 10 

years younger than those of the previous studies 22, 33. Our participants, being younger, might 

have been more socially active and willing to take risks. They might have exposed themselves 

to more fall-inducing situations, resulting in an association between a younger age and an 

increased risk of falling. Taken together, it seems that the relationship between age and risk of 

falling may differ as age increases. Our results may be more applicable to younger older adults 

post-stroke (i.e., <70 years). 

 

Nevertheless, among the significant predictors, age and fall history are not modifiable. Clinicians 

may monitor and target the modifiable factors, namely depressive symptoms and the dual-task 

walking performance, in their fall prevention program.  

 

6.5.1 Study Limitations and Implications 
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Results of this study may only be generalizable to community-dwelling people with chronic 

stroke. As 1-minute walk was chosen in our testing paradigm, turning was involved in the 

walking assessments. However, its effect was somewhat controlled by standardizing the 

direction of turn. The multiple comparisons performed in comparing the baseline characteristics 

between the fallers and non-fallers might have inflated the type I error. However, to avoid 

missing potentially important predictors, no corresponding adjustment of the significance level 

was made 46.  

 

This study had a rather low outcome events per predictor variable (EPV) of 6, which might have 

affected the precision of effect estimation. Nevertheless, in a large simulation study 47, models 

with an EPV of 5-9 were demonstrated to have comparable model performance to models with 

an EPV of 10-16. With the EPV of 6, potential over-fitting problem of the current model should 

be minimal 47. Nonetheless, falling is a multifactorial issue. Other variables not captured in our 

study could have contributed to the subsequent fall status. Future study with a larger sample 

size is warranted to verify the findings and identify the optimal cutoff score for differentiating 

future fall status. A larger sample would also enable sensitivity analyses for identifying the 

association of falling with dual-task performances in subgroups of people with different stroke 

characteristics (e.g., location of stroke).  

 

 

6.6 CONCLUSIONS 

The fall rate and fall-related injuries are high among community-dwelling individuals with chronic 

stroke. Accurate fall prediction is critical for formulating effective fall prevention strategies. Our 

results suggest that RT in ACT-OBS is a better fall predictor than the single-task walking and 

cognitive measures among individuals with chronic stroke. This short and simple dual-task 
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walking assessment should be incorporated into the overall gait assessment in people post-

stroke for identifying individuals at high fall risk.  

 

 

6.7 HIGHLIGHTS 

 Incidence of falls and related injuries are high in people with chronic stroke. 

 Selected dual-task test was more useful than single-task tests in fall prediction. 

 Reaction time of auditory clock test while obstacle-crossing predicted fall status. 

 Depressive symptoms, age, and fall history were other significant fall predictors. 
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6.9 Supplementary information on sample size calculation 
 
A priori sample size estimation was conducted using G*Power 3.1.9.2 (Universität Düsseldorf, 

Germany). Odds ratios estimated from the reported number of fallers and non-fallers identified 

in previous dual-task assessments in people post-stroke were 5.549 1 and 2.629 2. Assuming 

the more conservative odds ratio (2.629), a 48% fall rate 2, and a 20% attrition rate, 89 

participants was required for a power of 0.8 and an alpha level of 0.05. 
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Figure 6.1 Flow of participants in the study. 
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Table 6.1 Testing protocol of the dual-task walking assessments and the 
corresponding single-task tests. 
 
Task Description Outcome 

variable  
Walking task: Each for one minute. The tasks were performed in isolation in the single-
task conditions and in conjunction with each cognitive task in the dual-task conditions.   

Task 1: Level-ground walking along a 6x4 meter rectangular 
walkway. Participants were asked to cover as much distance as 
possible. 

Distance (meters) 

Task 2: Obstacle-crossing along a 6x4 meter rectangular 
walkway with five obstacles (9cm high × 4cm thick × 1m long) 
placed at every four-meter interval. Participants were asked to 
cover as much distance as possible while avoid hitting the 
obstacles.  

Distance (meters) 

Cognitive task: Each for one minute. The tasks were performed in isolation in sitting in the 
single-task conditions and in conjunction with each walking task in the dual-task conditions. 

Task 1: Auditory Stroop test (Domain: Discrimination and 
Decision Making). Participants were asked to discriminate the 
pitch (high or low) of words “High” and “Low” produced by a male 
voice randomly delivered by a LabVIEW 8.6 program. 

1. Number of 
correct 
responses 

2. Reaction Time 
(milliseconds) 

Task 2: Category naming (Domain: Semantic verbal fluency). 
Participants were given a confined category name, e.g. “fruits, 
and were asked to give as many examples as possible. To 
minimize any learning effects, a new category was given at every 
test. To best match challenge levels of the different categories 
given between tests, the categories were chosen as providing 
the best match for number of exemplars given in single-task 
conditions in a pilot study with a group of healthy younger adults.   

Number of correct 
responses 

Task 3: Shopping list recall (Domain: Short-term memory). 
Participants were asked to listen to and memorize a 10-item 
shopping list that was repeated three times. They were asked to 
recall the list once right before and once right after the one-
minute sitting (in single-task condition) or walking (in dual-task 
condition). To minimize any learning effects, a new shopping list 
was given at every tests. To best match challenge levels of the 
different lists given between tests, each list was combined with a 
fixed number of items in a number of categories, e.g. drinks, 
fruits, flowers, sports and stationaries.  

Number of items 
recalled after one 
minute of sitting or 
walking. 

Task 4: Serial-7-subtraction (Domain: Mental Tracking). 
Participants were asked to repeatedly subtract seven from a 
random number between 390 and 399. To minimize any learning 
effects, a new random number was given at every test. 

Number of correct 
responses 
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Task 5: Auditory clock task (Domain: Visuospatial cognition). 
Participants were asked to discriminate the location (upper-left, 
lower-left, upper-right or the lower-right quarter) of the minute-
hand on a clock at a specific time point, e.g. 10:12, produced by 
a male voice randomly delivered by a LabVIEW 8.6 program. 
Time points involving 00, 15, 30, and 45 minutes at which the 
minute hand was in-between two quarters were excluded.    

1. Number of 
correct 
responses  

2. Reaction Time 
(milliseconds) 
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Table 6.2  Demographic and clinical characteristics of participants collected 
at baseline assessment (N = 93) 
 
 Mean (SD)/Median (IQR) 2-tailed 

p-value  All Fallers Non-fallers 
Number of Subjects (n) 93 36 57 - 
Age (years) a 62.4 (6.7) 60.7 (6.7) 63.4 (6.6) 0.057 
Sex (Female/Male, n) b  37/56 14/22 23/34 0.888 
Education (years) c  10.0 (5.0) 10.0 (5.0) 9.0 (4.0) 0.860 
Living alone (yes/no, n) d 11/82 3/33 8/49 0.520 
MoCA (out of 30) a 26.8 (2.2) 27.1 (2.0) 26.6 (2.2) 0.298 
GDS-15 (out of 15) c 4.0 (5.0) 6.0 (7.0) 4.0 (5.5) 0.064 
ABC (out of 100) a 70.3 (16.6) 70.6 (16.5) 70.2 (16.8) 0.900 
FMA-LE (out of 34) a 24.8 (4.6) 24.8 (4.7) 24.8 (4.5) 0.993 
10-Meter Walk Test (seconds) c 12.5 (20) 12.5 (20) 14.3 (25) 0.282 
Mini-BESTest (out of 28) c 20.0 (5.0) 20.0 (5.0) 21.0 (5.0) 0.239 
Modified Rankin Scale (2/3, n) b  80/13 33/3 47/10 0.212 
Use of orthosis and/or walking aids 
(yes/no, n) b 

20/73 6/30 14/43 0.367 

Fall history in a year (yes/no, n) b 24/69 17/19 7/50 <0.001* 
Time post-stroke (months) c 46.0 (72) 60.0 (88) 43.0 (66) 0.192 
Hemiplegic Side (left/right, n) b  52/41 21/15 31/26 0.709 
Stroke type 
(ischaemic/haemorrhagic, n) b 

65/28 22/14 43/14 0.142 

Stroke Location (cortical/ 
subcortical/both/unknown, n) e 

10/57/18/8 3/22/8/3 7/35/10/5 0.901 

 

* Significance at p ≤ 0.05. 
a Assumption of normality fulfilled, mean, standard deviation and p-value of independent t-test 
was reported. 
b Assumptions for chi square test fulfilled, p-value of Pearson chi-square was reported. 
c Assumption of normality not fulfilled, median, interquartile range and p-value of Mann-Whitney 
U test was reported. 
d Assumptions for chi square test not fulfilled, p-value of Fisher’s exact test was reported. 
e Assumptions for chi square test not fulfilled, p-value of Likelihood Ratio test was reported. 
 
Abbreviations: IQR = Interquartile Range; MoCA = Montreal Cognitive Assessment; GDS-15 = 
Geriatrics Depression Scale (Short Form); ABC = Activities-specific Balance Confidence Scale; 
Mini-BESTest = Mini-Balance Evaluation Systems Test; FMA-LE = Fugl-Meyer Motor 
Assessment (lower-extremity). 
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Table 6.3     Fall-related injuries and circumstances of falls among the 36 fallers.  

Injury sustained (Total number of injuries = 42) Injury (n) 

Bruising  21 

Abrasion 16 

Fractures  3 

Sprain   2 

Fall circumstances (Total number of falls = 90)  

Location Fall (n) Activity Fall (n) Reasons given Fall (n) 

Home 40 Walking 47 Muscle weakness 16 

Outdoors 34 Transferring 15 Tripped 16 

Other indoors 16 Negotiating stairs 9 Lost balance 13 

  Standing 8 Slipped 13 

  Bending 6 Misjudged 11 

  Turning 4 Muscle incoordination  7 

  Sitting 1 Dizziness 3 

    Did not know 3 

    Walked too fast 2 

    Lack of attention 2 

    Being pushed 1 

    Dark environment 1 

    Being distracted 1 

    Avoidance of obstacle 1 
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Table 6.4     Performance of the auditory clock task while obstacle-crossing and the 

corresponding single-tasks at baseline assessment (N = 93). 

Task Measures Fallers Non-fallers 2-tailed  

p-value   Median IQR Median IQR 

Single-task condition       

Obstacle-crossing Distance (m) 39.3 23.5 35.7 22.4 0.330 

Auditory clock test NCR 10.0 5.0 9.0 5.0 0.529 

 RT (ms) 1706.5 959.6 1870.0 1338.0 0.132 

Dual-task walking with obstacle-crossing 

Auditory clock test Distance (m) 32.9 21.5 29.5 22.1 0.291 

 NCR 12.0 6.0 11.0 6.0 0.192 

 RT (ms) 1265.0 526.1 1569.5 1071.8 0.019 * 

 

* Significant difference between fallers and non-fallers at p ≤ 0.05. 

Abbreviations: IQR = Interquartile range; NCR = Number of correct responses; RT = Reaction 
time. 
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Table 6.5 Odds ratios from final logistic regression model estimating future fall 

status among individuals with chronic stroke. 

  95% CI   

OR Lower Upper SE p-value 

Age  0.905 0.831 0.985 0.043 0.021 * 

Time post-stroke (months) 1.010 1.000 1.021 0.006 0.061 

ABC score 1.021 0.987 1.053 0.017 0.240 

GDS-15 score 1.170 1.015 1.350 0.073 0.031 * 

Fall history in previous year (with 

reference to no fall history) 7.578 2.307 24.893 0.607 0.001 * 

RT of ACT-OBS (milliseconds) 0.999 0.998 1.000 <0.001 0.044 * 

* Significant at p ≤ 0.05. 

Note: The probability of f falling can be calculated as ez/(1 + ez) or 1/(1 + ez). 

The corresponding logistic regression equation (logit, Z) is as follows: 

 

Z = 3.486 - 0.100(Age) + 0.010(Time post-stroke in months) + 0.019(ABC score) + 0.157(GDS-

15 score) + 2.025(Fall history in previous year) - 0.008(RT of ACT+OBS in milliseconds). 

 

Abbreviations: CI = Confidence interval; OR = Odds ratio; SE = Standard error; ABC = 

Activities-specific Balance Confidence Scale; GDS-15 = Geriatrics Depression Scale (Short 

Form); RT = Reaction time. 
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Supplementary Table 6.1 Descriptions and interpretations of the clinical measures   

 

Measures Descriptions and Interpretations 
Geriatric 
Depression 
Scale (short 
form) 1 

GDS-15 is a self-rating questionnaire for assessing depressive 
symptoms and screening depression in elderly. The possible score 
range is 0-15. Higher score indicates more depressive symptoms. A 
score of 0-6 indicates normal and a score of ≥7 suggests depression 
for the Chinese version.  

10-Meter Walk 
Test 2 

10MWT assesses gait speed over a relatively short distance to avoid 
the endurance factor. Participants were asked to walk at their fastest 
safe speed along a 15 meters level ground distance. Time taken to 
finish the middle 10 meters walk was measured in seconds with a 
stopwatch. Shorter time indicates better speed. The mean of 3 trials 
was used for statistical analysis. 

Lower 
extremity scale 
of the Fugl-
Meyer 
Assessment 
(FMA-LE) 3 

FMA is an extensively evaluated stoke specific performance based 
impairment index. It is divided into 5 domains: motor function, sensory 
function, balance, joint pain and joint range of motion for people with 
stroke. Each domain includes multiple items to be scored on a 3-point 
ordinal scale with 0= cannot perform, 2= performs fully. Motor domain 
measures movement, coordination, and reflex action about the upper 
extremity including the shoulder, elbow, forearm, wrist and hand, and 
the lower extremity including the hip, knee, and ankle, based on the 
well-defined stages of motor recovery. The possible score range is 0-
34. Higher score indicates less impairment. 

Activity-specific 
Balance 
Confidence 
Scale (ABC) 4 

ABC is a self-rated questionnaire on balance confidence based on the 
cue question of “How confident are you that you will not lose your 
balance or become unsteady when you [list of items]?”. Respondents 
have to rate their confidence in their balance associated with 
performing 16 listed daily living tasks from 0% to 100%. The average 
score of the 16 items was calculated. The possible score range is 0-
100. Higher score indicates better confidence or less fear of fall.  

Mini-Balance 
Evaluation 
Systems Test 
(mini-BESTest) 
5 

Mini-BESTest is a performance-based measure of balance disorders 
developed for all populations. 14 items ranging from sit to stand and 
more challenging Timed Up and Go test while serial-3-subtracting are 
included. Each task is rated from 0 to 2. Only the worse performances 
in items 3 (Stand on One Leg) and 6 (Compensatory Stepping 
Correction - Lateral) that assess both left and right sides have to be 
taken into account for the total score. Dual task is considered to affect 
walking if speed slows by more than 10% from TUG or new signs of 
imbalance is found in item 14 (TUG and TUG with Dual Task). The 
possible score range is 0-28. Higher score indicates better balance. 
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Supplementary Table 6.2          Mobility and cognitive performances of all dual-task 
walking tests and the corresponding single-task tests at baseline assessment (N = 93) 
 
Task Measures Fallers Non-fallers U-

value 
2-tailed 
p-value   Median IQR Median IQR 

Single-task 
Level-ground walking Distance (m) 44.0 24.4 37.8 25.3 1139 0.373 
Obstacle-crossing Distance (m) 39.3 23.5 35.7 22.4 1150 0.330 
Auditory Stroop test NCR 17.0 9.0 18.0 7.0 968 0.646 
 RT (sec) 0.3 0.4 0.5 0.3 915 0.379 
Category naming  NCR 13.5 6.0 13.0 6.0 1118 0.466 
Shopping list recall NCR 5.5 2.0 6.0 2.0 1097 0.569 
Serial-7-subtraction  NCR 10.0 9.0 8.0 6.0 1222 0.121 
Auditory clock test NCR 10.0 5.0 9.0 5.0 1106 0.529 
 RT (sec) 1.7 1.0 1.9 1.3 835 0.132 

Dual-task walking without obstacle crossing 
Auditory Stroop test Distance (m) 38.7 24.6 33.6 23.4 1195 0.183 
 NCR 19.0 8.0 19.0 7.0 1020 0.962 
 RT (sec) 0.4 0.3 0.4 0.3 926 0.428 
Category naming Distance (m) 33.8 17.2 29.3 20.6 1219 0.129 
 NCR 12.0 4.0 11.0 6.0 1213 0.139 
Shopping list recall Distance (m) 38.9 19.2 35.5 20.2 1132 0.405 
 NCR 6.0 2.0 6.0 3.0 1066 0.749 
Serial-subtraction Distance (m) 31.4 16.5 30.5 23.2 1074 0.705 
 NCR 8.0 6.0 7.0 5.0 1194 0.184 
Auditory clock test Distance (m) 35.6 21.7 33.0 25.8 1200 0.171 
 NCR 11.0 6.0 11.0 5.0 1192 0.190 
 RT (sec) 1.4 0.9 1.5 1.2 847 0.157 

Dual-task walking with obstacle crossing 
Auditory Stroop test Distance (m) 36.9 22.0 33.1 20.7 1163 0.280 
 NCR 17.5 8.0 18.0 7.0 1074 0.707 
 RT (sec) 0.4 0.3 0.5 0.3 900 0.320 
Category naming Distance (m) 31.9 17.1 29.5 17.8 1188 0.201 
 NCR 14.0 4.0 13.0 4.0 1149 0.329 
Shopping list recall Distance (m) 35.6 19.1 32.0 21.2 1131 0.410 
 NCR 5.0 2.0 5.0 3.0 958 0.580 
Serial-subtraction Distance (m) 30.4 17.1 26.6 19.5 1163 0.280 
 NCR 8.0 7.0 7.0 6.0 1103 0.542 
Auditory clock test Distance (m) 32.9 21.5 29.5 22.1 1160 0.291 
 NCR 12.0 6.0 11.0 6.0 1191 0.192 
 RT (sec) 1.3 0.5 1.6 1.1 728 0.019 * 
* Significant at p ≤ 0.05.  

Abbreviations: IQR = Interquartile range; NCR = Number of correct responses; RT = Reaction 

time. 
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Supplementary Table 6.3 Odds ratios from initial logistic regression model estimating 

future fall status among individuals with chronic stroke. 

  95% CI   

OR Lower Upper SE p-value 

Age  0.889 0.806 0.980 0.050 0.037 * 

Time post-stroke (months) 1.015 1.003 1.028 0.015 0.018 * 

ABC score 1.017 0.979 1.056 0.019 0.382 

GDS-15 score 1.187 1.016 1.387 0.080 0.031 * 

Fall history in previous year (with 

reference to no fall history) 8.833 2.512 31.065 0.642 0.001 * 

RT of ACT-OBS (milliseconds) 0.999 0.998 1.000 <0.001 0.037 * 

Sex (with reference to female) 0.562 0.171 1.848 0.607 0.343 

Living status (with reference to living 

alone) 4.192 0.478 36.783 1.108 0.196 

MoCA score 0.962 0.729 1.269 0.141 0.786 

FMA-LE score 1.099 0.948 1.275 0.076 0.212 

Use of walking aids (with reference to 

no walking aids used) 2.311 0.526 10.165 0.756 0.268 

 

* Significant at p ≤ 0.05. 

 

Abbreviations: CI = Confidence interval; OR = Odds ratio; SE = Standard error; ABC = 

Activities-specific Balance Confidence Scale; GDS-15 = Geriatrics Depression Scale (Short 

Form); RT = Reaction time; MoCA = Montreal Cognitive Assessment; FMA-LE = Lower 

extremity scale of the Fugl-Meyer Assessment. 
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CHAPTER 7  

 

COGNITIVE-MOTOR INTERFERENCE DURING 

WALKING IN INIDIVIDUALS WITH STROKE - A 

FUNCTIONAL NEAR INFRARED 

SPECTROSCOPY STUDY 
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7.1 ABSTRACT  

Objectives: To compare the brain activity during single-task and dual-task walking between 

ambulatory community-dwelling individuals with cortical stroke, those with subcortical (basal 

ganglia) stroke and those with no stroke, and between people who showed dual-task 

interference and those did not among these three groups with use of functional near infrared 

spectroscopy (fNIRS). 

Methods: An observational study with repeated measures in 25 non-demented community-

dwelling right-handed individuals (9 able-bodied individuals, 8 individuals with cortical stroke 

and 8 individuals with subcortical stroke) was conducted in a university laboratory. Participants 

walked on a motorized treadmill for 1 minute at 75% of their fastest level ground speed while 

counting back by 7s. Brain activation at bilateral dorsolateral prefrontal cortices (DLPFC), 

primary motor cortices (M1), supplementary motor areas (SMA), primary somatosensory 

cortices (SS1) and posterior parietal cortices (PPC) was deduced with fNIRS measures. 

Between- and within-group differences of brain activation level during single and dual-task 

conditions were compared. For between-group comparisons, the ipsilesional hemisphere of 

stroke patients was compared with the non-dominant (right) hemisphere of the controls whereas 

the contralesional hemisphere of the stroke group was compared with the dominant (left) 

hemisphere of the controls. 

Results: The ipsilesional/non-dominant DLPFC demonstrated a higher level of activation during 

dual-task walking (MD=0.203 μmol/L, 95%CI=0.119-0.395, p=0.038) than during single-task 

walking. The control group showed an overall higher activation level in the ipsilesional/non-

dominant DLPFC than the cortical stroke (MD=0.376 μmol/L, 95%CI=0.142-611, p=0.001) and 

the subcortical stroke groups (MD=0.275 μmol/L, 95%CI=0.407-0.510, p=0.018). In the control 

group, people who showed dual-task interference (i.e., decrement in performance of the serial-

7-subtraction task during walking) showed a lower activation in the dominant SMA during serial-

subtraction under single-task condition than those who did not (MD=0.882 μmol/L, 95% 
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CI=0.396-1.367, p=0.004). In the cortical stroke group, people who showed dual-task 

interference showed a lower activation in the contralesional M1 during single-task walking than 

those who did not (MD=0.326 μmol/L, 95% CI=0.263-1.861, p=0.017). In the subcortical stroke 

group, people who showed dual-task interference showed a lower activation in the 

contralesional DLPFC (MD=1.010, 95% CI=0.310-1.710, p=0.012) during single-task walking 

than those who did not. 

Conclusion: Activation in the ipsilesional/non-dominant DLPFC is higher during dual-task 

walking than during single-task walking. The control group has an overall higher activation level 

in the ipsilesional/non-dominant DLPFC than people with cortical stroke and those with 

subcortical stroke. The presence of dual-task interference is associated with lower activation of 

the contralesional/dominant motor cortex and DLPFC when performing the cognitive (for control 

group) and mobility component task (for participants with stroke) under single-task condition. 

 

 

7.2 INTRODUCTION 

Dual-task walking is essential in community ambulation and participation in daily activities 1,2. 

However, a wealth of literature has shown a more pronounced dual-task interference (a 

deterioration of performance when two tasks are done simultaneously compared to when they 

are done separately) during dual-task walking in individuals with stroke 3-9. Among people with 

stroke, the gait-related dual-task interference has also been correlated with functional 

independence 6, fall and safety 5,10,11, and community ambulation and participation 2, leading to 

inactivity 12,13.  All these issues may ultimately affect an individual’s quality of life 14,15, his/her 

self-autonomy and efficacy, and incur an increase in burden to the care-givers and the society.  

 

Stroke is a heterogeneous condition with differences in location and size of lesion across 

individuals, leading to different clinical manifestations. Different neural circuitries in the central 
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nervous system, including those involved in information processing, attention allocation, walking 

or other task automaticity and implementation, may be damaged to various extents 3,16. These 

damages also incur heavier attentional demands on the remaining intact neural circuitries16-18, 

explaining for the more pronounced gait-related dual-task interference in this population. 

 

However, research in understanding the relationship between stroke characteristics and dual-

task interference is somewhat scarce. Haggard et al 6 attempted to examine the effect of the 

side of hemiplegia on dual-task function by comparing the degree of dual-task interference on 

both the cognitive and mobility component task performances between people with left (n= 8) 

and right (n= 22) sided lesions. No significant differences were reported between the two groups, 

regardless of the cognitive component tasks used (a word generation task, a mental arithmetic 

task, a visuospatial decision task and a verbal paired associate monitoring task).  

 

The cerebral cortex is responsible for attention, thought, perception, awareness and executive 

functioning.19 As it is a major site of neural integration in the central nervous system 19, 

resources at the cortical regions are thought to be crucial to the management of dual-tasking 

situations, where the attentional demands are increased. More recently, two studies used the 

functional near infrared spectroscopy (fNIRS) – a non-invasive imaging technology that allows 

for neural analyses of mobility with a reasonable spatial resolution and signal-to-noise ratio at 

the cortical levels 20, to investigate the gait-related dual-task interference in the people with 

stroke 7,21. An association between prefrontal cortex (PFC) activation and dual-task cost (a 

change of performance under the dual-task condition relative to that under the single-task 

condition) was identified 21. Higher haemodynamic changes at the PFC during dual-task walking 

were also identified in the able-bodied controls, relative to the people with stroke 7,21. Previous 

functional magnetic resonance imaging (fMRI) studies have either suggested an increased brain 

activation at the regions that are activated in the performance of the component tasks 22-25 or a 
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“dual-task specific activation” at the dorsolateral PFC (DLPFC) during performance of dual-

tasks26. Taken together, the cortical regions seem to be highly involved in dual-tasking, although 

the subcortical regions, which relay and modify information passing to the different brain regions, 

may also have some influence on dual-task performance 27. Therefore, damage to different 

brain regions may result in different degrees of dual-task interference and related brain 

activation patterns. To date, the difference in brain activation patterns during dual-tasking 

between those with cortical stroke and those with subcortical stroke is largely unknown. 

 

The objective of this study was to compare the dual-task interference and the cortical brain 

activation levels between people with cortical stroke, people with subcortical stroke and their 

age- and sex-matched peers. We hypothesized that (1) the able-bodied older adults showed the 

highest brain activation level during dual-task walking, followed by the subcortical stroke group, 

and then the cortical stroke group, and (2) people who showed dual-task interference would 

have a lower brain activation level at the DLPFC than those who did not during dual-tasking.  

 

 

7.3 METHODS   

7.3.1 Participants 

This was an observational exploratory study with repeated measures at a local university 

laboratory. Participants were recruited by convenience sampling from local community between 

January and August 2019. The inclusion criteria were: community-dwelling, being right-handed, 

people aged 55-70 years, capable of following instructions, having Montreal Cognitive 

Assessment score ≥ 22, capable of giving ≥ 7 correct responses within one minute when asked 

to perform the serial-7-subtraction task, and capable of walking at 75% of their level ground 

maximum speed on a treadmill for a minute without walking aids or holding onto the handrail(s) 

for all participants. To reduce the heterogeneity of our sample of chronic stroke, we included 
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only people with unilateral stroke in the cortex for the cortical stroke group and only those with 

lesion in the basal ganglia for the subcortical stroke group. The location of brain lesion was 

confirmed by a magnetic resonance imaging or computed tomography report. The basal ganglia 

was chosen because it is a subcortical region that is predominantly involved in performance of 

the adopted mobility task in the testing protocol, but not in the adopted cognitive task (serial 

subtractions) 27-29. Presumably, the brain activation during dual-task walking for those with basal 

ganglia stroke may be less affected than those with stroke in the cortex, which is involved in 

both the walking and serial subtraction tasks, leading to a more substantial competition for the 

same neural resources 27,28. Orthoses (e.g., angle-foot orthosis) were allowed during walking as 

necessary for people with stroke. The exclusion criteria were:  neurological condition other than 

a stroke, cerebellar stroke, recurrent stroke, or gait-precluding pain or comorbidity. Prior ethics 

approval and written informed consent were obtained. All procedures followed the Declaration 

of Helsinki. 

 

7.3.2 Procedures 

For each control and stroke participant, demographics and other health factors including the 

Montreal Cognitive Assessment score 30,31, Trail Marking Test part A and B 32,33, Geriatric 

Depression Scale- Short Form 34, Activities-specific Balance Confidence Scale 35, Ten Meter 

Walk Test 36 and mini-Balance Evaluation Systems Test 37 were assessed in addition to the 

single-task and dual-task walking assessments (see below). Lower limb motor impairment was 

also assessed with Fugl-Meyer Assessment (Lower Extremity) 38 for all participants with stroke.  

 

The mobility task used was walking on a motorized treadmill (AC5000, SCIFIT Systems 

Incorporation, Tulsa, USA) for one minute at 75% of the maximum level ground walking speed, 

which was determined by the Ten Meter Walk Test. A relatively fast walking speed, rather the 

comfortable level ground walking speed, was used here because the former posed a greater 
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challenge and thus increased the chance of inducing a dual-task interference 4. The cognitive 

component task was a 1-minute serial-7-subtraction task, which involved mental tracking 

function 39,40. These component tasks demonstrate good test-retest reliability under both single- 

and dual-task conditions 41, and are frequently encountered in daily living, and were also 

commonly used in previous research studies 42. To minimize potential effect from random 

guessing, the number of correct responses, rather than the number of total responses, was 

recorded.  

 

As the treadmill belt speed was kept constant during the 1-minute testing period, interference 

was indicated by a decline in cognitive performance (i.e., a decrease in the number of correct 

responses for the serial subtraction task) during dual-task walking. To minimize potential order 

and learning effects, testing sequence of the single-tasks and dual-task walking was 

randomized. The participants were also familiarized with the tasks through prior practice trials. 

Participants were instructed to maintain walking at the preset treadmill speed without holding on 

the handrail while giving as many correct answers as possible during the dual-task walking 

(mobility prioritized design). The whole series of tasks were completed thrice 43. For a safety 

precaution, each participant wore a suspended harness and was connected to the safety clip of 

the treadmill before the device was switched on. One of the researchers stood in an arm’s 

distance behind the participant to observe the mobility performance and ensure safety. A trial 

would be terminated and redone after the scheduled sequence if the participant lost balance or 

could not keep up with the treadmill speed. Intermittent rests were provided to minimize physical 

or mental fatigue. A session usually lasted around two hours.  

 

7.3.3 Data Acquisition 

Activation of bilateral primary motor (M1), primary somatosensory (SS1), supplementary motor 

area (SMA), DLPFC, and posterior parietal cortices (PPC) were measured with 46 channels of a 
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continuous-wave fNIRS system (ETG-4000, Hitachi Medical Corporation, Tokyo, Japan). fNIRS 

is a non-invasive imaging technology that provides a reasonable spatial resolution and signal-

noise ratio at the cortical levels 20,44,45. Corresponding emitters and detectors were placed 3cm 

apart from each other in one 3x5 and two 3x3 rectangular lattice accessary, covering the 

bilateral M1, SMA, SS1 and PPC; and the left and right DLPFC, respectively, according to the 

international 10-20 system for electroencephalography 46. These regions were chosen for their 

major involvement in the chosen mobility and cognitive component tasks 27,28,47. Anatomical 

landmarks (nasion, bilateral pre-auricles, inion and vertex) and surface locations of the fNIRS 

optodes were recorded with a 3-dimensional digitizer for co-registering the optode locations to 

the Montreal Neurological Institute (MNI) standard brain template. Optical signals were sampled 

at two wavelengths (695 and 830 nm) for each channel at 10 Hz. Relative changes in 

concentration of oxygenated hemoglobin to baseline standing (ΔHbO) based on the modified 

Beer-Lambert law were measured for its higher sensitivity in indicating hemodynamics changes 

20,48. To minimize movement artifacts, leads from each probe were secured onto the shoulders 

with sufficient slack for movement without pulling the probes 49. 

 

7.3.4 Data Processing 

fNIRS data processing was performed using HomER2, a fNIRS analysis package 50, on 

MATLAB R2013b (MathWorks, Natick, MA, USA). To remove low-frequency instrumental noise 

and high-frequency noise such as respiration and cardiac pulsation, high- and low-pass filtered 

at a 0.01 and 0.2Hz cutoff frequency was applied, respectively 45. Movement artifacts were 

corrected with spline interpolation 51. Concentration changes during the whole task period of 60 

seconds was baseline-corrected and averaged over the three repetitions to optimize signal-to-

noise ratio for further analysis 45.  

 

7.3.5 Sample Size Estimation 
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A priori sample size estimation was performed using G*Power 3.1.9.4 (Universität Düsseldorf, 

Germany) 52. Effect sizes of dual-task walking compared with single-task walking on PFC 

activation reported in previous studies were f= 0.82 7 and 0.29 49. With an average of the effect 

sizes (f= 0.56), a power of 0.8, an alpha of 0.05, and an attrition rate of 80%, a minimum of 8 

participants per group was required for a 3 (groups) × 2 (hemispheres) × 5 (brain regions) × 3 

(tasks: single-task serial-7-subtractions, single-task walking, and dual-task walking with serial-7-

subtractions) × 2 (performance: presence of dual-task interference versus absence of dual-task 

interference) mixed analysis of variance (ANOVA) model. 

 

7.3.6 Data Analysis 

A change in the component task performances under the dual-task condition relative to that 

under the single-task condition (dual-task cost) was calculated as  

(Dual-task performance-Single-task performance)/ Single-task performance *100 53,54.  

A negative dual-task cost value indicates that a dual-task interference occurred (a decline in 

component task performance under the dual-task condition relative to that under the single-task 

condition). The participants were then classified as having dual-task interference (i.e. showing a 

negative dual-task cost value) or not (i.e. showing zero or a positive dual-task cost value).   

 

A five-way mixed ANOVA was conducted to compare the hemodynamic changes [between-

subject factors: diagnosis (controls, cortical stroke, and subcortical stroke groups), performance 

(dual-task interference present versus dual-task interference absent), within-subject factors: 

brain region (DLPFC, M1, SMA, SS1 and PPC), hemisphere (ipsilesional/non-dominant side vs 

contralesional/dominant side), task (single mobility task, single cognitive task and dual-task 

walking)]. Criterion of sphericity was assessed with Mauchly’s test of sphericity. If it was not 

fulfilled, the degrees of freedom for the averaged tests of significance was adjusted by the 

Greenhouse-Geisser correction. Post-hoc analyses with Bonferroni adjustment were followed 
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for the significant findings. p values less than 0.05 was considered as statistically significant. 

Effect size from the ANOVA analyses was represented by partial eta squared (ηp2) with values 

≥0.01, 0.06 and 0.14 represent small, medium and large effect size, respectively 55,56. Statistical 

Package for Social Sciences version 23 was used for all the data analyses (SPSS Inc., Chicago, 

IL, USA).  

 

 

7.4 RESULTS 

7.4.1 Demographic and clinical characteristics 

Ten community-dwelling able-bodied people (controls) and 16 people with stroke (8 with cortical 

stroke, 8 with subcortical stroke) participated in this study. One of the control participants was 

excluded from the data analysis due to an incomplete fNIRS data set. The analysis was hence 

based on 25 participants (controls=9, cortical stroke=8, subcortical stroke=8). 

 

Table 7.1 summarizes the characteristics of the participants. Among all the participants who 

showed dual-task interference, the control group had better performance in the serial-7-

subtraction task under both the single-task and the dual-task conditions than the cortical stroke 

group (single-task condition: MD=9.5, 95%CI=3.6-15.4, p=0.003; dual-task condition: MD=10.9, 

95%CI=5.0-16.8, p=0.001) and the subcortical stroke group (single-task condition: MD=12.0, 

95%CI=5.5-18.5, p=0.001; dual-task condition: MD=12.6, 95%CI=6.1-19.0, p=0.001). The 

cortical stroke group showed lower balance confidence (MD in Activities-specific Balance 

Confidence Scale score=25.8, 95%CI=5.4-46.1, p=0.015) 35 and balance ability (MD in mini-

Balance Evaluation Systems Test score=7.9, 95%CI=0.01-15.8, p=0.050) 37 than the controls. 

Those with subcortical stroke showed slower visual scanning and motor processing speed than 

the controls (MD in Trail Marking Test part A  finishing time=26.8 seconds, 95%CI=9.1-44.5, 
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p=0.005) 32,33. On the other hand, among all the participants who showed no dual-task 

interference, there was a significant difference in fall history among the three diagnostic groups 

(Likelihood ratio=8.392, p=0.015).  

 

Within the control group, those who showed dual-task interference showed faster visual 

scanning and motor processing speed than those who showed no interference (MD in Trail 

Marking Test part A finishing time=7.5 seconds, 95%CI=2.7-12.4, p=0.008) 32,33. They also had 

better performance in the serial-7-subtraction task under the single-task condition than those 

who showed no interference (MD=8.9, 95%CI=0.6-17.2, p=0.040).  

 

In the cortical stroke group, people who showed dual-task interference had better performance 

in the serial-7-subtraction task in both the single-task and dual-task conditions (single-task 

condition: MD=6.3, 95%CI=0.4-12.3, p=0.040; dual-task condition: MD=3.6, 95%CI=0.1-0.7, 

p=0.045). However, they showed a more severe cerebral impairment than those who did not 

show dual-task interference [Delta Trail Marking Test (Trail Marking Test Part B completion 

time – Trail Marking Test Part A completion time) MD=19.2 seconds, 95%CI=3.7-34.7, p=0.023] 

32,33.  

 

In the subcortical stroke group, people who showed dual-task interference showed a slightly 

lower score of the Montreal Cognitive Assessment (MD=1.5, 95%CI=0.3-2.7, p=0.024) and a 

lower number of correct responses of the serial-7-subtraction under the dual-task walking 

condition (MD=5.0, 95%CI=1.6-8.4, p=0.012) (Table 7.1).  

 

7.4.2 Comparisons of hemodynamic changes between participants who showed dual-

task interference and those who did not 
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Table 7.2 shows the ΔHbO in the stratified groups of participants who showed dual-task 

interference and those who did not. Significant 4-way interaction (hemisphere × diagnosis × task 

× performance (F=3.768, p=0.011, ηp2=0.284, observed power=84.7%) and main effect of 

performance (F=4.878, p=0.040, ηp2=0.204, observed power=55.4%) were found. Post hoc 3-

way mixed ANOVA analyses [between-subject factors: diagnosis (controls, cortical stroke, and 

subcortical stroke groups), performance (dual-task interference present vs dual-task 

interference absent), within-subject factors: task (single mobility task, single cognitive task and 

dual-task walking)] were then conducted to examine the hemodynamic changes in each of the 

brain region of interest on both sides. Details of the results are shown in Figures 7.1-2, Tables 

7.2-3, and as follows. 

 

DLPFC 

At the ipsilesional/non-dominant DLPFC, no interaction effects, but two main effects were 

identified. Post-hoc analysis for the main effect of diagnosis (F=8.132, p=0.003, ηp2=0.461) 

showed a higher ΔHbO in the ipsilesional/non-dominant DLPFC in the control group than in the 

cortical stroke (MD=0.376 μmol/L, 95%CI=0.142-611, p=0.001) and subcortical stroke group 

(MD=0.275 μmol/L, 95%CI=0.407-0.510, p=0.018) (Figure 7.1A-B). Post-hoc analysis for the 

main effect of task (F=4.724, p=0.015, ηp2=0.199) revealed that the ΔHbO during dual-task 

walking (MD=0.203 μmol/L, 95%CI=0.119-0.395, p=0.038) was higher than that during the 

single-task walking. The lack of a significant main effect of the performance indicated that the 

ΔHbO in the ipsilesional/non-dominant DLPFC did not significantly differ between those who 

demonstrated dual-task interference and those who did not. 

 

At the contralesional/dominant DLPFC, significant interaction effects of task × diagnosis × 

performance (F=3.042, p=0.029, ηp2=0.243) effect was found. Post hoc analysis found a 
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significant task × diagnosis interaction effect (F=7.139, p=0.004, ηp2=0.373) among people who 

showed dual-task interference, but not among those who did not show dual-task interference. A 

significant task × performance (F=4.586, p=0.033, ηp2=0.433) effect in the subcortical stroke 

group, but not in the other two groups, was also identified. In the subcortical stroke group, those 

who showed dual-task interference demonstrated a lower ΔHbO in the contralesional DLPFC 

during single-task walking than those who did not (MD=1.010, 95% CI=0.310-1.710, p=0.012) 

(Table 7.2 and Figure 7.2).  

 

M1 

At the ipsilesional/non-dominant M1, a significant interaction effect of tasks × performance was 

found (F=4.532, p=0.033, ηp2=0.193).  People who showed dual-task interference showed a 

lower ΔHbO in the ipsilesional/non-dominant M1 during single-task walking (MD=0.203 μmol/L, 

95%CI=0.073-0.913, p=0.024) and during dual-task walking (MD=0.565 μmol/L, 95%CI=0.024-

1.106, p=0.041) than those who did not (Table 7.2).  

 

At the contralesional/dominant M1, significant interaction effects of task × diagnosis × 

performance (F=2.827, p=0.038, ηp2=0.229) was shown. Post-hoc analysis showed a 

significant task × diagnosis interaction (F=4.293, p=0.025, ηp2=0.264) among people who 

showed dual-task interference only. Participants who showed dual-task interference showed a 

lower ΔHbO in the contralesional M1 than those who did not during the performance of single-

task walking in the cortical stroke group (MD=1.062 μmol/L, 95%CI=0.263-1.861, p=0.017) 

(Table 7.2 and Figure 7.2).  

 

SMA 
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At the ipsilesional/non-dominant SMA, a significant interaction effect of task × performance was 

found (F=4.564, p=0.030, ηp2=0.194). Among people who showed dual-task interference, a 

lower ΔHbO was found during dual-task walking (MD=0.501 μmol/L, 95% CI=0.015-0.986, 

p=0.044) than during single-task walking (Figure 7.I-J). No significant findings were found 

among people who showed no dual-task interference (p>0.05).  

 

At the contralesional/dominant SMA, significant interaction effects of task × diagnosis × 

performance was also found (F=2.991, p=0.031, ηp2=0.239). Post hoc analysis showed a 

significant task × diagnosis interaction among people who showed no dual-task interference 

(F=3.940, p=0.021, ηp2=0.496). However, pairwise comparisons revealed no significant results. 

A significant task × performance interaction in the control group (F=5.128, p=0.021, ηp2=0.423) 

was also found. Control participants who showed dual-task interference showed a lower 

activation in the dominant SMA during serial-7-subtraction than their counterparts who did not 

(MD=0.882 μmol/L, 95% CI=0.396-1.367, p=0.004). (Figure 7.1K-L). 

 

PPC 

At the contralesional/dominant PPC, significant interaction effect of diagnosis × performance 

(F=4.318, p=0.028, ηp2=0.312) was identified. In people who had no dual-task interference, the 

control group showed greater activation than the cortical stroke group (MD=0.925μmol/L, 

95%CI=0.249-1.601, p=0.006). (Figure 7.1S-T). No significant interaction or main effects were 

shown at the ipsilesional/non-dominant PPC and (Figure 7.1 and Table 7.3) thus no post-hoc 

analysis was done. 

 

SS1 
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No significant results were identified in bilateral SS1 (Figure 7.1 and Table 7.3), and thus no 

post-hoc analysis was required. 

 

 

7.5 DISCUSSION 

This study compared the brain activation levels during the performance of single-tasks and dual-

task walking between the people who showed dual-task interference and those did not among 

the cortical stroke, subcortical stroke and control groups. Different phenomena were observed 

across the different subgroups (Table 7.2).  

 

7.5.1 Lower DLPFC activation level during dual-tasking in people post-stroke 

Our first hypothesis (i.e., highest brain activation level during dual-task walking among the 

control group participants, followed by the subcortical stroke group and then the cortical stroke 

group) was partly supported. A higher activation in the ipsilesional/non-dominant DLPFC was 

found in the control participants when compared with the two stroke groups. A higher activation 

in the same brain region during dual-task walking than during single-task walking was also 

found. These are consistent with findings of the previous fNIRS studies in people with chronic 

stroke in which activation of the PFC were compared between single-task and dual-task walking 

conditions in people with and without stroke 7,21. Both studies reported a higher activation in the 

PFC during dual-task walking than during single-task walking. However, these studies did not 

identify any significant effects of other factors (healthy group versus stroke group; left versus 

right PFC/left versus middle versus right PFC) or interactions of these factors on the PFC 

activation 7,21. We found both main effects of task and diagnosis (healthy versus cortical stroke 

versus subcortical stroke group), and interaction effects between the task, diagnosis, and the 

performance on the activation of DLPFC, and some other cortical regions, including the M1, 

SMA, and PPC (Table 3). Several reasons may account for the discordance in results. First, we 
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used the mobility-prioritized approach whereas previous studies involved no specific 

instructions/constrains on the task prioritization. As task prioritization / attention resource 

allocation during dual-tasking may vary flexibly according to an individual’s arousal levels, 

momentary intentions, hazard estimation, postural and cognitive reserve, as well as the mood 

and personality, participants of the previous studies might have changed their task prioritization 

during testing, both within trials, and across trials. This may result in a more variable 

hemodynamic change in the PFC and thus the less conclusive results in the previous studies. 

Second, we made comparisons between ipsilesional/non-dominant and contralesional/dominant 

hemispheres, which is more appropriate than simply comparing between the left and right 

hemispheres, as in previous studies. Third, we stratified the stroke participants into subgroups 

according to the location of the brain lesion (cortical vs subcortical) and also the 

presence/absence of dual-task interference. In contrast, previous studies pooled all stroke 

participants in the analysis.  As the brain activation patterns may be different depending on the 

lesion site and whether dual-task interference occurs, it would be more appropriate to conduct 

the analysis after stratifying the participants. Such approach may help us decipher how the brain 

activation varied with the dual-task performance and stroke location. 

 

We found no significant differences in the degree of activation in any of the investigated brain 

regions in performance of any of the tasks between the cortical stroke and the subcortical stroke 

group. This may be due to the interconnectivity of human brain regions 27. Although the initial 

damage occurs in distinct brain regions between people with cortical and those with subcortical 

stroke, leading to differences in the mobility and the cognitive deficits (Table 7.1); there are 

different pathways to compensate for the decreased ability in performance of the component 

tasks and the dual-tasking 57. This factor may be particularly relevant because all our 

participants were in the chronic stage of their stroke recovery. Considerable neuroplastic 

changes may have occurred in the brain. This may have accounted for the lack of differences in 
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the degree of activation of many brain regions between the cortical and subcortical stroke 

groups during dual-tasking.  

 

7.5.2 Comparisons of those who showed dual-task interference and those who did not 

Our second hypothesis (people who showed dual-task interference would have a lower brain 

activation level at the DLPFC than those who did not during dual-tasking) was not supported. 

We did not find a higher activation at either DLPFC in people who showed dual-task 

interference than those who did not during the dual-task walking. However, a significant 

interaction effect involving the “performance” factor was found in the contralesional/dominant 

DLPFC during single-task walking in the subcortical group. We also found a more severe 

cerebral impairment and a slightly lower generic cognitive performance in people who showed 

dual-task interference than those who did not in the cortical stroke group and the subcortical 

stroke group, respectively. These suggested the importance of the overall cortical/cognitive 

resource capacity in dual-task performance. Nevertheless, our results do not seem to support 

the notion of the “dual-task specific activation” at the PFC during performance of dual-tasks 26. 

Consistent with some previous studies 22-25 , there appeared to be an increased brain activation 

at the regions that are activated in the performance of the component tasks 22-25. We identified a 

higher activation of the ipsilesional/non-dominant DLPFC during dual-task walking than during 

single task walking. However, changes in activation of the DLPFC during the performance of 

dual-task walking did not discriminate the presence of dual-task interference. A lower activation 

of the ipsilesional/non-dominant M1 during dual-task and single-task walking in the people who 

showed dual-task interference than those who did not was identified instead (Tables 7.2-3).  

 

For the five brain regions we included (DLPFC, M1, SMA, SS1 and PPC), significant 

interactions involving the “performance” factor were found not only in the 

contralesional/dominant DLPFC, but also in the M1, the SMA and the PPC (Table 7.3). These 
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findings may provide some insights into what brain activation patterns are associated with the 

dual-task interference phenomenon in different subgroups of participants. 

 

In the control group, the activation level of the dominant SMA was lower in people who showed 

dual-task interference than in those who did not during the performance of serial-7-subtractions, 

rather than during the single-task or dual-task walking. It was noted that the former had faster 

visual scanning and motor processing speed, and better performance in the serial-7-subtraction 

task in the single-task condition than the latter (Table 7.1). So why these individuals had dual-

task interference, despite the seemingly more proficiency in the serial subtraction task? The 

exact reason is uncertain, but we postulate that the control participants who showed dual-task 

interference might have exhausted their effort/cognitive resources in excelling the cognitive task 

in the single-task condition. The mobility component task we adopted (motorized treadmill 

walking) had limited the dual-tasking to be mobility prioritized. When this was added to the 

serial-7-subtraction task, according to the capacity sharing model, some of the attention 

resources was shared and reallocated to the walking task, leaving insufficient resources for 

maintaining the serial-subtraction performance in the dual-task walking condition. In addition, 

performance of the walking and the serial-7-subtractions, a mental tracking task, both involve 

the SMA 27,28. When an additional demand was imposed by adding the treadmill walking to the 

serial-subtraction, there may come a bottleneck in processing the tasks concurrently at the SMA 

according to the bottleneck theory of attention 58. This bottleneck may also make the limited 

resources in managing the serial-subtraction and the walking task at the dominant SMA a 

discriminating factor for the dual-task performance among the able-bodied older adults. On the 

other hand, those control participants who showed no dual-task interference could be more 

prudent in personality, as suggested by the slightly lower scores in the Trail Marking Test part A 

and the single-task serial-subtraction tests. They might have rather slowed down in giving fewer 

answers for a higher accuracy in performing the Trail Marking Tests and the serial-7-
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subtractions. This attitude might in turn reserve more resources to be freely allocated between 

the component tasks when the treadmill walking was added to the serial-subtraction in the dual-

task condition.   

 

In the cortical stroke group, the dual-task performance was also related to a lower activation of 

the contralesional M1 27. In the subcortical stroke group, a lower activation in the contralesional 

DLPFC was demonstrated in those who showed dual-task interference than those who did not. 

However, the discriminating task involved in both stroke groups was the single-task walking (the 

mobility component task), rather than the serial-7-subtractions (the cognitive component task). 

These results might be explained by the impaired balance performance in the people with stroke 

(Table 7.1). With an impaired balance, more neural resources would be necessary in executing 

the single walking task. Stroke patients who showed dual-task interference might have 

exhausted their effort/resources in maintaining the walking performance in the single-task 

condition. As the participants had to keep up with the motorized treadmill walking speed, limited 

resources was shared with the added serial-7-subtraction task during dual-task walking. This 

may result in a deteriorated performance of the serial-subtraction task under the dual-task 

condition compared with the single-task condition. The findings are thus also consistent with the 

capacity sharing model of attention, which assumes a finite attention capacity exists in humans 

58. When two or more tasks are done simultaneously, the finite capacity is shared among the 

tasks. If demands from the executing tasks exceed the supplies of the attention resources, the 

task performance(s) either deteriorate or fail completely 58.  

 

The distinct “discriminating brain regions” involved in the cortical and subcortical stroke groups 

might be explained by the neuropathology. We included people with unilateral basal ganglion 

stroke exclusively for the subcortical group. Basal ganglion is a vital substrate for the initiation 

and maintenance of mobility 27. Its striatal region has also been suggested to be optimized in the 
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parallel processing mode in the response selection processes, while the lateral PFC was 

suggested to be optimized in the serial processing mode 57. It also interconnects extensively 

with the cortical, including the motor cortex and the DLPFC, and other subcortical regions 27. 

People with a unilateral basal ganglion stroke might compensate the lesion by recruiting these 

brain regions, particularly the DLPFC that also plays a vital role in the response selection 

processes as mentioned above, through the cortico-basal ganglion loop and the basal ganglia-

brainstem system on the contralesional side 27. On the other hand, people with a unilateral 

cortical stroke might have compensated by directly recruiting the contralesional M1 and perhaps 

some other subcortical regions that were not examined in this experiment.    

 

The findings are indeed consistent with the studies of Goh et al. 59,60. They compared the effects 

of repetitive transcranial magnetic stimulation (rTMS) on M1, SMA and DLPFC in improving 

dual-task walking speed 59,60. rTMS on SMA and DLPFC were shown to exclusively improve 

dual-task walking speed in healthy younger adults (80% right-handed) 60 and people with 

chronic stroke (80% had stroke involving the subcortical region) 59, respectively. rTMS on M1 of 

the unaffected hemisphere combined with task-oriented training has also been shown to 

improve the symmetry of the gait performance and the interhemispheric corticomotor excitability. 

An association of the PFC activation during dual-task walking with the dual-task cost on the 

cognitive performance in the able-bodied older adults, but with the dual-task cost on the mobility 

performance in the people with stroke was also shown 21.  

 

Taken together, findings of this study suggest specific brain activation during performance of the 

mobility component task to be associated with the presence of dual-task interference in people 

with stroke, while that during performance of the cognitive component task to be associated in 

able-bodied older adults. These findings have important implications for tailoring treatments and 

studies for improving dual-task walking performance in older adults with and without stroke. 
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Limitations of study 

The results may only be generalized to community-dwelling individuals with intact cognition and 

independent ambulation.  We adopted a mobility prioritized approach, the results might not be 

generalized to the real-life situations in which the allocation of brain resources is highly pliable 

and affected by the task prioritization according to an individual’s hazard estimation, postural 

reserve, level of arousal and the mood and personality 58.  

 

While we attempted to reduce the heterogeneity of participants by applying many other inclusion 

and exclusion criteria (such as the right-handedness, a single unilateral stroke, and basal 

ganglion stroke for the subcortical stroke group), the two groups of stroke participants did 

contain a mix of people with left-sided and right-sided hemiparesis, and individuals with 

hemorrhagic and ischemic stroke. To further reduce the sample heterogeneity, additional 

eligibility criteria related to the type of stroke, laterality of stroke location and specific cortical 

brain region affected may be required in future studies. Although we have co-registered the 

optode locations to the Montreal Neurological Institute (MNI) standard brain template, variations 

in head size and shape of the participants may influence the results derived. Our small sample 

might have been underpowered for a significant interaction of region × hemisphere × diagnosis 

× task × performance (F=1.094, p=0.011, ηp2=0.103, p=0.376, observed power=50.7%). Future 

research with a larger sample size and a longitudinal study design is required to investigate the 

changes in dual-task interference and the corresponding brain activation patterns as stroke 

recovery progresses. Randomized controlled trials investigating the effects of specific brain 

stimulation intervention and single component task and dual-task exercise training on the dual-

task walking performance and the corresponding brain activation patterns may also help verify 

our findings. 
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CONCLUSIONS 

Able-bodied older adults generally showed a higher DLPFC activation than their counterparts 

with stroke during single and dual-task walking. No significant differences in the DLPFC 

activation between people with cortical stroke and those with subcortical stroke, or between 

people who showed dual-task interference and those who did not was identified. In able-bodied 

older adults, the presence of dual-task interference is associated with a lower level of activation 

of the dominant SMA during performance of the cognitive component task. On the other hand, 

in people post-stroke, a lower level of activation in the contralesional M1 (for cortical stroke 

group) and in the contralesional DLPFC (for subcortical stroke group) during performance of the 

mobility component task are more associated with the presence of interference during dual-task 

walking.  
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* Significant main effects of task and of diagnosis with p < 0.05. 

* Significant interaction effect of task × diagnosis × performance with p < 0.05. 

* Significant interaction effect of task × diagnosis × performance with p < 0.05. 

* Significant interaction effect of task × performance with p < 0.05. 
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* Significant interaction effect of task × diagnosis × performance with p < 0.05. 

* Significant interaction effect of task × performance with p < 0.05. 
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                 Older adults with subcortical stroke 

                 Older adults with cortical stroke 

                 Older adults with no stroke 

 
            
 
Figure 7.1 Comparisons between effect of component task and stroke diagnosis on 

ΔHbO (μmol/L) in people who showed dual-task interference and those did not. Interaction 

effect between component task and stroke diagnosis in (A) people who showed dual-task 

interference on the ipsilesional/non-dominant DLPFC, (B) people who showed no dual-task 

interference on the ipsilesional/non-dominant DLPFC, (C) people who showed dual-task 

interference on the contralesional/dominant DLPFC, (D) people who showed no dual-task 

* Significant interaction effect of diagnosis × performance and significant main effect of diagnosis with p < 0.05. 
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interference on the contralesional/dominant DLPFC, and (E) people who showed dual-task 

interference on the ipsilesional/non-dominant M1, (F) people who showed no dual-task 

interference on the ipsilesional/non-dominant M1, (G) people who showed dual-task 

interference on the contralesional/dominant M1, (H) people who showed no dual-task 

interference on the contralesional/dominant M1, (I) people who showed dual-task interference 

on the ipsilesional/non-dominant SMA, (J) people who showed no dual-task interference on the 

ipsilesional/non-dominant SMA, (K) people who showed dual-task interference on the 

contralesional/dominant SMA, (L) people who showed no dual-task interference on the 

contralesional/dominant SMA, (M) people who showed dual-task interference on the 

ipsilesional/non-dominant SS1, (N) people who showed no dual-task interference on the 

ipsilesional/non-dominant SS1, (O) people who showed dual-task interference on the 

contralesional/dominant SS1, (P) people who showed no dual-task interference on the 

contralesional/dominant SS1, (Q) people who showed dual-task interference on the 

ipsilesional/non-dominant PPC, (R) people who showed no dual-task interference on the 

ipsilesional/non-dominant PPC, (S) people who showed dual-task interference on the 

contralesional/dominant PPC, and (T) people who showed no dual-task interference on the 

contralesional/dominant PPC were shown. Relative changes in concentration of oxygenated 

hemoglobin to baseline standing in μmol/L were shown. The solid line represents the 

performance of people with subcortical stroke, the long dotted line represents the performance 

of people with cortical stroke, and the short dotter line represents the performance of people 

with no stroke (i.e. the healthy controls). Abbreviations: ΔHbO, relative changes in concentration 

of oxygenated hemoglobin to baseline standing; DLPFC, dorsolateral prefrontal cortex; M1, 

primary motor cortex; SMA, supplementary motor area; SS1, primary somatosensory cortex; 

PPC, posterior parietal cortex. 
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Figure 7.2. Topographs showing the mean levels of brain activation between people who 

showed dual-task interference and those did not. Topographs showing less active brain 

activation in people who showed dual-task interference than those who did not at (A-B) the 

dominant (i.e. left) SMA during the performance of serial-subtraction in able-bodied older adults, 

(C-D) the contralesional M1 during single-task walking in older adults with cortical stroke, (E-F) 

the contralesional DLPFC during single-task walking in older adults with subcortical stroke. The 

region showing significant differences between people who showed dual-task inference and 

those who did not during the performance of the specific tasks is encircled. The left column 

(Figure A, C, E) showed the activation in people who showed dual-task interference; the right 

column (Figure B, D, F) showed the activation in people who showed no dual-task interference. 

The more red in colour represents a higher activation, while the more blue in colour represents 

a lower activation.  
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Table 7.1 Demographics and health factors of the participants (N= 25) 
 No stroke (n=9)   Cortical stroke (n=8)   Subcortical stroke (n=8)  

p  Mean SD Mean SD p Mean SD Mean SD p Mean SD Mean SD 
 DTI (n=4) No DTI (n=5)  DTI (n=6) No DTI (n=2)  DTI (n=4) No DTI (n=4) 0.398a 

Sex, Female/Male 1/3 - 3/2  0.357 3/3  0/2  0.357 1/3  1/3  0.786 
Age, year 62.3 3.5 62.2 5.1 0.987 61.2 3.1 59.5 0.7 0.495 63.8 3.9 60.8 5.7 0.419 
BMI, Kg/m2 22.4 1.0 24.8 4.0 0.274 25.0 1.9 26.3 5.1 0.791 25.1 2.4 22.6 2.2 0.172 
Living status, living 
alone/living with family  

1/3 - 5/3/0/0 - 0.444 0/6 - 1/1/0/0 - 0.250 1/3 - 0/4/0/0 - 0.500 

Fall history, Yes/No§ 0/4  - 0/5 - - 2/4  - 1/0 - 0.075 1/3  - 1/3 - 0.250 
Occupation, 0-10b 0/3/0/1/0/0/0/0/0

/0/0 
2/1/0/0/1/0/0/0/0
/0/1 

0.097 0/1/1/1/0/0/0/1/0/
1/1 

0/1/1/0/0/0/0/0/0/
0/0 

0.631 0/0/0/2/0/0/0/0/0
/2/0 

0/0/0/3/0/1/0/0/1
/0/1 

0.122 

Education, year 12.5 3.0 12.0 2.2 0.782 10.3 4.1 10.5 6.4 0.966 7.8 2.1 9.8 2.5 0.263 
MoCA Score, 0-30 29.8 0.5 28.8 0.8 0.087 28.0 1.7 30.5 0.7 0.096 28.0 0.8 29.5 0.6 0.024* 
GDS-SF, 0-16 1.0 1.2 0.6 0.9 0.575 6.2 5.5 6.0 7.1 0.973 4.0 4.3 4.0 6.7 1.000 
TMT Part A, second‡ 25.5 3.9 33.0 2.3 0.008* 39.7 11.8 62.8 39.6 0.559 52.3 8.1 55.8 12.1 0.646 
TMT Part B, second 39.4 9.7 55.6 11.1 0.056 62.6 23.1 66.5 35.7 0.859 112.0 71.2 71.7 9.2 0.306 
TMT Delta, secondc 13.9 7.1 22.6 10.7 0.208 22.9 13.9 3.7 3.9 0.023* 59.6 66.7 15.9 9.3 0.242 
ABC Score, 0-100† 94.4 7.1 96.3 3.2 0.600 68.6 14.6 83.9 22.3 0.290 79.2 9.6 83.8 15.5 0.638 
Mini-BESTest, 0-28† 26.8 0.5 26.6 0.5 0.685 18.8 6.3 18.5 7.8 0.953 22.8 2.9 23.0 4.8 0.931 
TMWT, second 4.8 0.4 5.0 0.2 0.260 18.4 13.5 16.2 13.6 0.868 9.5 2.3 9.4 6.3 0.970 
Post-stroke year - - - - - 8.3 4.3 9.5 12.0 0.914 7.8 4.3 3.5 2.4 0.133 
Lesion hemisphere, Left/ 
Right 

- - - - - 1/5  0/2  0.750 2/2  1/3  1.000 

Stroke type, 
Ischaemia/Haemorrhage 

- - - - - 2/4 - 0/2 - 0.067 1/3 - 4/0 - 0.667 

FMA (LL), 0-34  - - - - - 24.3 4.2 25.0 2.8 0.846 29.3 4.8 26.5 3.1 0.372 
Single-task NCR†‡ 22.0 4.7 13.1 5.6 0.040* 12.5 3.2 6.2 0.7 0.040* 10.0 1.8 12.2 2.0 0.162 
Dual-task NCR†‡ 20.8 4.6 14.7 5.2 0.190 9.9 3.3 6.3 0.5 0.045* 8.2 1.7 13.2 2.2 0.012* 
Dual-task costd -5.7 4.7 15.4 15.2 0.033* -21.7 12.5 2.9 4.2 0.040* -18.5 5.2 8.2 4.0 <0.001* 
a p-value for comparisons of the ratio of people who showed DTI and those who showed no DTI between the groups with no stroke, cortical stroke and subcortical stroke. 
b Occupation refers to pre-stroke occupation for those with stroke. It was categorized with reference to the International Standard Classification of Occupations (ISCO-08): 0. 
Retired/Housewife 1. Managers 2. Professional 3. Technicians and associate professionals 4. Clerical support workers 5. Service and sales workers 6. Skilled agricultural, 
forestry and fishery workers 7. Craft and related trades workers 8. Plant and machine operators and assemblers 9. Elementary occupations 10. Armed forces occupations. 
c Delta TMT=Time to complete TMT Part B-Time to complete TMT Part A 
d Dual-task cost=Dual-task NCR-Single-task NCR/Single-task NCR×100. 
* Significant difference between people who showed DTI and those did not with p<0.05. 
† Significant difference between people with no stroke and those with cortical stroke in people who showed dual-task interference with p<0.05. 
‡ Significant difference between people with no stroke and those with subcortical stroke in people who showed dual-task interference with p<0.05. 
§ Significant difference between people with no stroke and those with cortical stroke in people who showed no dual-task interference with p<0.05. 
Abbreviations: DTI, dual-task interference; SD, standard deviation; BMI, body mass index; MoCA: Montreal Cognitive Assessment; GDS-SF, Geriatric Depression Scale- Short 
Form; TMT, Trail marking test; ABC, Activities-specific Balance Confidence Scale; Mini-BESTest, Mini-Balance Evaluation Systems Test; TMWT, Ten Metre Walk Test; FMA, 
Fugl-Meyer Assessment (Lower extremity); NCR number of correct responses. 
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Table 7.2  ΔHbO (μmol/L) during single-task and dual-task walking in people showed dual-task interference and those did not 
 
 People with no stroke (N=9)* People with cortical stroke (N=8) † People with subcortical stroke (N=8) ‡ 
 DTI (n=4) No DTI (n=5) DTI (n=6) No DTI (n=2) DTI (n=4) No DTI (n=4) 
 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
Dorsolateral prefrontal cortex         
Lesion/non-dominant hemisphere         
Serial-7-subtraction -0.117 0.139 0.206 0.060 0.167 0.275 -0.073 0.063 0.168 0.451 0.132 0.163 
Single-task walking -0.061 0.154 -0.049 0.088 0.078 0.486 -0.779 0.563 -0.577 0.522 -0.175 0.727 
Dual-task walking -0.043 0.468 0.234 0.242 -0.488 0.986 0.638 0.471 -0.592 0.802 -0.133 0.294 
Contralesional/dominant hemisphere          
Serial-7-subtraction -0.075 0.235 -0.064 0.668 -0.011 0.363 0.131 0.490 0.492 0.579 0.118 0.312 
Single-task walking 0.245 0.309 -0.105 0.322 -0.037 0.395 0.289 0.143 -0.822 0.495 0.188 0.287 
Dual-task walking 0.055 0.335 0.144 0.549 0.143 0.552 0.197 0.639 -0.724 0.758 0.047 0.506 
Primary motor cortex            
Ipsilesional/non-dominant hemisphere         
Serial-7-subtraction -0.117 0.139 0.206 0.060 0.167 0.275 -0.073 0.063 0.168 0.451 0.132 0.163 
Single-task walking -0.061 0.154 -0.049 0.088 0.078 0.486 -0.779 0.563 -0.577 0.522 -0.175 0.727 
Dual-task walking -0.043 0.468 0.234 0.242 -0.488 0.986 0.638 0.471 -0.592 0.802 -0.133 0.294 
Contralesional/dominant hemisphere         
Serial-7-subtraction -0.129 0.178 0.252 0.620 0.303 0.206 -0.092 0.300 0.404 0.394 -0.129 0.212 
Single-task walking -0.184 0.564 0.006 0.415 -0.180 0.438 0.882 0.037 -0.400 0.649 0.237 0.500 
Dual-task walking -0.159 0.415 0.125 0.559 0.106 0.445 -0.018 0.654 -1.153 1.267 -0.215 0.341 
Supplementary motor area          
Ipsilesional/non-dominant hemisphere         
Serial-7-subtraction -0.183 0.122 0.152 0.198 0.150 0.230 -0.088 0.127 0.162 0.415 0.307 0.427 
Single-task walking -0.154 0.228 0.058 0.298 0.188 0.507 -0.670 0.710 -0.059 0.390 -0.196 0.466 
Dual-task walking -0.137 0.463 0.290 0.317 -0.259 0.775 0.524 0.725 -0.302 1.302 0.084 0.236 
Contralesional/dominant hemisphere          
Serial-7-subtraction -0.309 0.230 0.573 0.352 0.247 0.392 0.044 0.280 -0.166 0.730 -0.120 0.348 
Single-task walking 0.030 0.234 -0.271 0.282 0.053 0.351 0.323 0.467 -0.352 0.143 0.177 0.360 
Dual-task walking 0.158 0.727 0.431 0.399 0.224 0.295 0.190 0.274 -0.395 0.764 0.005 0.381 
Primary somatosensory cortex         
Ipsilesional/non-dominant hemisphere         
Serial-7-subtraction 0.034 0.129 0.228 0.234 0.068 0.203 0.117 0.095 0.536 0.328 0.123 0.548 
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Single-task walking 0.046 0.205 0.014 0.180 -0.174 0.276 -0.374 0.088 -0.455 0.667 -0.135 0.427 
Dual-task walking -0.042 0.347 0.270 0.228 -0.208 0.635 0.039 0.119 -0.625 1.380 0.285 0.290 
Contralesional/dominant hemisphere         
Serial-7-subtraction 0.062 0.097 0.126 0.697 0.249 0.204 0.184 0.238 0.477 0.408 0.447 1.025 
Single-task walking -0.287 0.840 -0.030 0.151 -0.029 0.486 0.242 0.126 -0.246 0.307 -0.139 0.811 
Dual-task walking -0.392 1.142 0.182 1.260 0.323 0.290 -0.291 0.165 -0.194 0.650 0.581 0.797 
Posterior parietal cortex         
Ipsilesional/non-dominant hemisphere         
Serial-7-subtraction -0.010 0.194 0.106 0.459 -0.141 0.440 -0.217 0.277 -0.143 0.850 0.008 0.908 
Single-task walking 0.275 0.160 0.133 0.289 0.036 0.438 0.159 0.039 -0.469 0.437 0.246 0.616 
Dual-task walking 0.367 0.181 0.353 0.410 -0.099 0.844 -0.685 0.128 -0.396 0.535 0.331 0.577 
Contralesional/dominant hemisphere         
Serial-7-subtraction -0.002 0.241 0.675 0.862 0.040 0.258 -0.309 0.586 0.210 0.225 0.132 0.760 
Single-task walking 0.231 0.103 0.000 0.248 -0.032 0.343 -0.245 0.246 -0.372 0.232 0.310 0.588 
Dual-task walking 0.133 0.363 0.679 0.439 0.055 0.518 -0.866 1.680 -0.470 0.545 0.123 0.646 
             
* In older adults with no stroke, people who showed dual-task interference showed a lower ΔHbO in the dominant supplementary motor area 
during the performance of serial-7-subtraction (MD=0.844 μmol/L, 95% CI=0.427-1.261, p=0.005) than those did not. 
† In older adults with cortical stroke, people who showed dual-task interference showed a lower ΔHbO in the contralesional primary motor 
cortex during single-task walking (MD=0.326 μmol/L, 95% CI=0.263-1.861, p=0.017) than those did not. 
‡ In older adults with subcortical stroke, people who showed dual-task interference showed lower ΔHbO in the contralesional dorsolateral 
prefrontal cortex during single-task walking (MD=1.010 μmol/L, 95% CI=0.310-1.710, p=0.012) than those did not. 
Data showing significant differences between people who showed dual-task interference and those who did not within each group are marked 
with cell borders in the table. 
 
Abbreviations: ΔHbO, relative changes in concentration of oxygenated hemoglobin to baseline standing; DTI, dual-task interference; SD, 
standard deviation. 
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Table 7.3 Summary of results on comparisons of hemodynamic changes between participants who showed dual-task 
interference and those who did not 
 
 DLPFC M1 SMA SS1 PPC 
Effect Ipsilesional 

/Non-
dominant 
hemisphere 

Contralesional 
/Dominant 
hemisphere 

Ipsilesional 
/Non-
dominant 
hemisphere 

Contralesional 
/Dominant 
hemisphere 

Ipsilesional 
/Non-
dominant 
hemisphere 

Contralesional 
/Dominant 
hemisphere 

Ipsilesional 
/Non-
dominant 
hemisphere 

Contralesional 
/Dominant 
hemisphere 

Ipsilesional 
/Non-
dominant 
hemisphere 

Contralesional 
/Dominant 
hemisphere 

3-way 
interaction: 
task × 
diagnosis × 
performance 

  (lower in 
subcortical 
group who 

showed DTI 
during STW) 

  (lower in 
cortical group 
who showed 
DTI during 

STW) 

  (lower in 
control group 
who showed 
DTI during 
serial-7-

subtraction)  

    

2-way 
interaction: 
task × 
diagnosis  

          

2-way 
interaction: 
task × 
performance 

   (lower in 
people who 

showed 
DTI during 

STW & 
DTW) 

  (in 
people who 

showed 
DTI, DTW 
< STW) 

     

2-way 
interaction: 
diagnosis ×  
performance 

          (in people who 
showed DTI, 

control > cortical > 
subcortical; in people 

who did not show 
DTI, control > 
subcortical > 

cortical) 
Main effect: 
task 

 
(DTW>STW) 

         

Main effect: 
diagnosis 

 (control > 
cortical & 

subcortical) 

          

Main effect: 
performance 

          

Abbreviations: DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex; SMA, supplementary motor area; SS1, primary somatosensory 
cortex; PPC, posterior parietal cortex; DTI, dual-task interference; STW, single-task walking; DTW, dual-task walking.  
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CLINICAL IMPLICATIONS AND CONCLUSION OF 
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This thesis was designed to systematically evaluate the effects of DTI in individuals with stroke. 

In the first study, we systematically reviewed the effect of different component task type and 

complexity on the degree and pattern of DTI, how these varied with disease chronicity, and how 

the DTI differed between people who had and who had not experienced a stroke (Chapter 2). 

The review showed that the degree and pattern of DTI was dependent on the choice of the 

component-task type and complexity level. Individuals with stroke had more substantial DTI 

than their counterparts without stroke in some, but not all, dual-task conditions. The findings 

highlighted the need to assess different dual-task combinations with a standardized paradigm 

for a more comprehensive picture of the dual-task mobility function within and between 

individuals, groups, and across time.  

 

We therefore conducted an observational study with repeated measures in assessing the 

validity and the test-retest reliability of a battery of gait-related dual-task assessments in our 

study 2 (Chapter 3). The findings suggested the dual-task walking assessments are reliable and 

valid for evaluating DTI in community-dwelling individuals post-stroke. The generally lack of 

associations between the dual-task assessments among the different cognitive domains 

indicates the need of using different cognitive domains in the dual-task walking assessment 

post-stroke.  

 

The third study investigated the pattern and degree of DTI with different combinations of 

component cognitive and mobility tasks (chapter 4). In accordance with the findings from our 

systematic review and meta-analysis in Chapter 2, the DTI degree and DTI pattern varied with 

the use of different component-task types and complexity levels (Chapter 4). In ambulatory, 

community dwelling individuals with chronic stroke and intact cognition, interference on mobility 

performance was shown across all dual-task combinations regardless of the cognitive task type 

used, whereas the interference effect on the cognitive task performance was more variable, and 
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dependent upon the component task complexity and the cognitive task type used in the testing 

protocol.  

 

As falling is common among people with stroke, and many balance and walking assessment 

tools available have failed to predict falls in this population. We thought that dual-task 

assessments might have additional value in predicting future falls among people with stroke. 

Two prospective studies that involved a one-year follow-up period were undertaken to compare 

the validity of different single-task and dual-task walking assessments in fall prediction among 

individuals with chronic stroke (Chapter 5 and 6). In both studies, selected dual-task walking 

measures were shown to be more effective than the single-task measures in fall prediction in 

both studies. In Chapter 5, the motor interference (a longer walking time in the dual-task 

condition relative to that in the single-task condition) in obstacle crossing whilst category naming 

was found to be the only significant fall predictor. In Chapter 6, obstacle crossing combined with 

an auditory clock test was the significant predictor of future falls in individuals with stroke. 

Clinicians may consider incorporating these relatively simple dual-task walking assessments in 

the overall stroke assessment to identify those with high fall risk.  

 

We further investigated the underlying neural mechanisms of dual-task interference with use of 

function near infrared spectroscopy (Chapter 7). The differences in brain activation levels during 

single-task and dual-task walking among ambulatory community dwelling individuals with 

cortical stroke, those with subcortical (basal ganglia) stroke and their age-matched able-bodied 

peers were investigated. Our findings suggested that a decreased activation in the motor cortex 

and dorsolateral prefrontal cortex during performance of the component tasks was associated 

with the presence of dual-task interference. In able-bodied older adults, the presence of 

interference was associated with a decreased brain activation during performance of the 

cognitive component task. In older adults with stroke, a decreased activation during 
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performance of the mobility component task was more associated with the presence of 

interference during dual tasking.  

 

Taken together, the series of studies contained in this thesis highlighted the need to assess 

different dual-task combinations among people with stroke for obtaining a more comprehensive 

picture of the dual-task mobility function. Results of the assessments may help identify the 

specific aspect(s) of deficit in dual-task walking function, and the risk of falling. Clinicians and 

Researchers are encouraged to use the battery of standardized dual-task walking assessments 

developed here that were shown to be reliable and valid in their clinical practice and future 

research studies. Findings from our last study may also provide insights into future studies in 

investigating the effect of specific exercise training of the component tasks on reducing dual-

task interference and the associated neuroplastic changes in people with stroke. Table 8.1 

summarizes the major findings, conclusions and recommendations for clinicians, researchers 

and general public arising from chapter 2-7 (study 1-6).
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Table 8.1        Summary of major findings, conclusions and recommendations for clinicians, researchers and general public 
arising from chapter 2-7 (study 1-6). 
 
Chapter Major findings and conclusions Recommendations for clinicians, researchers and general public 
2 1. The degree and pattern of DTI depended on the choice 

of the component-task type and complexity level.  
2. A simpler cognitive task of the same cognitive task 

type/domain could cause greater DTI on the walking 
performance than a more complex one.  

3. Individuals with stroke tended to have more substantial 
DTI than their counterparts without stroke in some, but 
not all, dual-task conditions.  

4. The findings highlighted the need to assess different 
dual-task combinations with a standardized paradigm for 
a more comprehensive picture of the dual-task mobility 
function within and between individuals, groups, and 
across time.  

 

1. Clinicians are advised to assess different dual-task 
combinations among people with stroke for obtaining a more 
comprehensive picture of the dual-task mobility function. 

2. Clinicians and researchers need to standardize the dual-task 
mobility assessments for evaluating treatment effects on the 
dual-task function, and comparing the function within and 
between individuals and groups, and across time.   

3. People, with or without stroke, are advised to pay extra 
attention in walking while engaging in different secondary tasks, 
as performance of either walking or the secondary task might 
be deteriorated when the tasks are done simultaneously. A 
simpler secondary task not necessarily induce a smaller 
deterioration on the walking performance than a more complex 
one. 

3 1. The battery of dual-task walking assessments involving 
distinct cognitive domains are reliable and valid for 
evaluating DTI in community-dwelling individuals post-
stroke.  

2. The generally lack of associations between the dual-task 
assessments among the different cognitive domains 
indicates the need of using different cognitive domains in 
the dual-task walking assessment post-stroke.  

1. Clinicians and researchers are encouraged to use the battery of 
standardized dual-task walking assessments developed here 
that were shown to be reliable and valid in their clinical practice 
and future research studies. Results of the assessments may 
help identify the specific aspect(s) of deficit in dual-task walking 
function, and the risk of falling. 
 

4 1. The degree of interference on the mobility and cognitive 
performances tend to be the greatest when a cognitive 
task type involving internal inferring factors, e.g. serial-
subtraction, is used in the testing protocol.  

2. The degree of interference on the mobility performance 
increased as the cognitive task complexity increased. 
Other factors, such as subliminal task prioritization, may 
also have important impact on the dual-task interference 
manifestations. 

3. In ambulatory, community dwelling individuals with 

1. Clinicians are advised to assess different dual-task 
combinations among people with stroke for obtaining a more 
comprehensive picture of the dual-task mobility function. 
Results of the assessments may help identify the specific 
aspect(s) of deficit in dual-task walking function, and the risk of 
falling. 

2. Researchers may investigate the effects of different participant 
characteristics, e.g. stroke location and cognitive flexibility, on 
the dual-task walking performances with a larger sample size. 
Generalizability of dual-tasking ability from dual-task training on 
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chronic stroke and intact cognition, interference on 
mobility performance was shown across all dual-task 
combinations regardless of the cognitive task type used, 
whereas the interference effect on the cognitive task 
performance was more variable, and dependent upon 
the component task complexity and the cognitive task 
type used in the testing protocol.  

one cognitive domain to another may also be investigated.   
3. People with stroke are advised to note their possible variation in 

their cognitive and mobility performances during walking while 
engaging in different secondary tasks. 

5 Motor interference (a longer walking time in the dual-task 
condition relative to that in the single-task condition) in 
obstacle-crossing whilst category naming was found to be 
the only significant fall predictor among the 10-meter dual-
task walking tests and the corresponding single-task tests. 

1. Clinicians may consider incorporating these relatively simple 
dual-task walking assessments in the overall stroke assessment 
to identify those with high fall risk.  

2. Researchers may investigate the effects of different participant 
characteristics on dual-task walking performances and the 
corresponding fall prediction validities with a larger sample size. 
They may also investigate the effect of specific dual-task 
training of the particular cognitive domains, language and 
visuospatial cognition, in reducing future falls.  

3. People with stroke might have to pay extra attentions in walking 
over obstacles while engaging in a secondary task for safety. 

 

6 Reaction time of the auditory clock test while obstacle-
crossing was the only significant predictor of future falls in 
individuals with stroke among the 1-minute dual-task walking 
tests and the corresponding single-task tests to identify 
those with high fall risk.  

7 1. Able-bodied older adults generally showed a higher 
DLPFC activation than their counterparts with stroke 
during single and dual-task walking.  

2. No significant differences in the DLPFC activation 
between people with cortical stroke and those with 
subcortical stroke, or between people who showed dual-
task interference and those who did not was identified. 

3. In able-bodied older adults, the presence of dual-task 
interference is associated with a lower level of activation 
of the dominant SMA during performance of the 
cognitive component task. On the other hand, in people 
post-stroke, a lower level of activation in the 
contralesional M1 (for cortical stroke group) and in the 
contralesional DLPFC (for subcortical stroke group) 
during performance of the mobility component task are 
more associated with the presence of interference during 
dual-task walking. 

Researchers may consider investigating the effect of specific dual-
task exercise training and that of the component task exercise 
training on DTI manifestations, risk of falling and the associated 
neuro-plastic changes in people with and without stroke by 
randomized controlled trial cohort studies. There might be three 
different dual-task walking training protocols: one with mobility 
prioritization, one with cognitive prioritization and one with the 
instruction of equal prioritization.  
 
The effect of training on dual-task per se and that on the 
component task automaticity/inhibition may help further elucidate 
the mechanism of DTI. Investigation on the different “DTI 
discriminating factors” in brain activation between level-ground and 
motorized treadmill walking among people with and without stroke 
might also be warranted. Disparity in the training effects on dual-
tasking on level-ground and treadmill walking might also be 
compared. 



 

 

345

 

 

 

 

 

APPENDICES 

 

 





 

 

347

APPENDIX 2        Sample of the Consent Form in English 

 
Department of Rehabilitation Sciences 

 

Research Project Informed Consent Form 

 
 
Project Title: Cognitive-motor interference during walking after stroke: relationship to 
type and complexity of cognitive and mobility tasks, and underlying neural mechanisms. 
 
Investigator(s):  

Prof. Marco YC Pang (PhD), Professor, Department of Rehabilitation Sciences 
Prof. Chetwyn Chan (PhD), Chair Professor, Department of Rehabilitation Sciences  
Ms. Charlotte SL Tsang (MSc), PhD student, Department of Rehabilitation Sciences 
 

 
Project information: Cognitive-motor interference (CMI) is defined as the deterioration 
of performance of one motor or cognitive task or both tasks under dual-task condition as 
compared to single-task condition. This study aims to investigate how the cognitive and 
gait performances are affected at different difficulty levels of walking and cognitive task, 
and the mechanisms behind. In addition, we would like to investigate on the reliability 
and validity of a kit of dual-task assessments among people with chronic stroke. 
 
Participants will receive a series of questionnaires on their physical and mental 
conditions and clinical examinations on cognitive, motor, balance and mobility tasks. 
They may wear a set of probes for evaluating the brain activation levels while 
performing the motor, cognitive and mobility tasks for evaluating factors related to 
cognitive-motor interference. Participants will visit the Hong Kong Polytechnic University 
two to three times for the assessments. The assessment session will last 2 to 3 hours 
each. Intermittent rest between assessments will be provided to avoid fatigue. 
Participants will receive a monthly telephone follow-up for twelve months for any fall 
incidences during the month.  
 
 
Benefits and risks of undertaking this study: Participants can understand their 
cognitive and motor performance better. The results of this study will provide important 
information for formulation of clinical guidelines on assessments and exercise 



 

 

348

prescriptions. Participants may experience muscle fatigue during or after testing, but 
these should subside after a rest period. Intermittent rests will be given throughout the 
assessments. If you do feel unwell during the assessment, the testing will be terminated. 
No known health hazards have been identified in the whole set of assessments.  
 
 
Confidentiality: All information and data collected will be treated with strict 
confidentiality. Your name and personal data will not be disclosed to anyone except the 
project investigators.  
 
 

 
 

Consent 
 

 
I, ___________________________, have been explained the details of this study. I 
voluntarily consent to participate in this study. I understand that I can withdraw from this 
study at any time without giving reasons, and my withdrawal will not lead to any 
punishment or prejudice against me. I am aware of any potential risks in joining this 
study. I also understand that my personal information will not be disclosed to people 
who are not related to this study and my name will not appear on any publications 
resulted from this study. I also understand that the video taken on me will be edited and 
used for educational purposes and conference presentations. 
 
 
I can contact the chief investigator, Prof. Marco Pang at telephone 2766-7156 for any 
questions about this study. If I have complaints related to the investigator(s), I can 
contact Ms. Vangie Chung, secretary of Departmental Research Committee, at 2766-
4329. I know I will be given a signed copy of this consent form. 
 
 
 
 
Signature (subject):      Date:     
 
 
 
 
Signature (witness):      Date:      
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APPENDIX 3         Sample of the Consent Form in Chinese 
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APPENDIX 4         Sample of the Assessment Form 
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12. Trail Marking Test (Part A) 
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13.  Trail Marking Test (Part B) 
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14. Clock Drawing Test 

 

 

 

 


