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ABSTRACT 

Introduction: The prefrontal cortex (PFC) is highly susceptible to age-related deterioration. As 

such, executive function deficits are commonly observed when older adults process two attention-

demanding tasks simultaneously. Everyday tasks such as walking and talking on the phone involve 

executive functions and the integration of cognitive-motor pathways. However, less is known 

about this relationship as cognitive demands increase. 

Methods: Twenty healthy older adults (M = 71.8 years, SD = 6.4) performed four auditory 

cognitive tasks of increasing demand, including a simple reaction time (SRT), go/no-go (GNG), 

n-back (NBK), and double number sequence (DNS) task with or without self-paced walking (i.e., 

single- versus dual-task). Using a blocked design, prefrontal hemodynamic changes (i.e., oxy- 

[¨HbO2] and deoxyhemoglobin [¨HbR]) were measured using functional near-infrared 

spectroscopy (fNIRS) and performance was assessed using measures of response time (s), 

accuracy (% correct) and gait speed (m/s).  

Results: Prefrontal activation decreased between the single- and dual-tasks across all task 

demands. Behaviourally, the SRT response times were significantly faster than GNG and NBK. 

Accuracy decreased between single- and dual-tasks and with increasing demand, but the NBK and 

DNS tasks were not significantly different. An interaction between task and demand was observed 

for gait speed such that the DNS dual-task was significantly slower than the single-task.  

Conclusion: Neural findings support an automatic locomotor control strategy in that cerebral 

oxygenation decreased between single- and dual-tasks and gait speed was maintained up until the 

most demanding cognitive task. However, decreased prefrontal activation was inefficient at 

supporting response time and accuracy performance which may indicate that cognitive 

performance is differentially affected by cognitive demand and deficits in executive functioning. 
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RÉSUMÉ 

Contexte : Le cortex préfrontal est particulièrement susceptible à la détérioration au cours du 

vieillissement normal. Ainsi, un déclin des fonctions exécutives est souvent observé lorsque les 

personnes âgées effectuent deux tâches concurrentes qui font partager leur attention. Les activités 

quotidiennes telles que marcher et parler au téléphone impliquent les fonctions exécutives et 

l’intégration de processus cognitives et motrices. Cependant, il existe un manque de consensus 

concernant ces processus lors de l’augmentation de la demande cognitive des tâches. 

Méthodes : Vingt personnes âgées en bonne santé (M = 71,8 ans, ET = 6,4) ont effectué quatre 

tâches cognitives auditives de demandes croissantes composées G¶XQH� WkFKH� ©ௗVLPSOH� UHDFWLRQ 

WLPHௗª� �657��� ©ௗJR�QR-JRௗª� �*1*��� ©ௗQ-EDFNௗª� �1%.�� HW� ©ௗGRXEOH� QXPEHU� VHTXHQFHௗª� �'16��

exécutée séparément ou avec la marche à son propre rythme (c.-à-d. une tâche simple ou une 

double tâche). Les changements hémodynamiques préfrontaux (c.-à-d. l’oxy- >¨+bO2] et la 

GpVR[\KpPRJORELQH�>¨+E5@��RQW�pWp�PHVXUpV�SDU�O¶LPDJHULH�VSHFWURVFRSLTXH�SURFKH�LQIUDURXJH�

fonctionnelle (fNIRS) et la performance a été évaluée à l’aide des mesures de temps de réaction 

vocaux (s), de la précision des réponses (% correcte) et de la vitesse de marche (m/s). 

Résultats : L’activation cérébrale a diminué entre les tâches simples et les doubles tâches. Selon 

les résultats de performance, les temps de réaction vocaux de la SRT étaient plus rapides que ceux 

du GNG et du NBK. La précision des réponses a diminué entre les tâches simples et les doubles 

tâches et avec l’augmentation de la demande, mais les tâches NBK et DNS n’étaient pas 

significativement différentes. Une interaction entre la tâche et la demande a été observée pour la 

vitesse de marche, de sorte que la double tâche DNS était significativement plus lente que la tâche 

simple. 
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Conclusions : Les résultats neuronaux confirment une stratégie de contrôle locomoteur 

automatique telle que la vitesse de marche a été maintenue chez les personnes âgées jusqu’à la 

tâche cognitive la plus difficile. Cependant, la diminution de l’activation cérébrale dans la région 

préfrontale était liée au déclin de performances cognitives par rapport aux temps de réaction 

vocaux et de la précision des réponses. Cela peut indiquer que la performance cognitive est 

différemment affectée par la demande cognitive et les déclins des fonctions exécutives. 
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

Normal aging may lead to changes in brain structure and function. Consequently, 

neuroimaging studies have demonstrated that the prefrontal cortex (PFC) is highly susceptible to 

deterioration (Cabeza & Dennis, 2013). The PFC is responsible for mediating executive functions 

that are involved in everyday tasks such as walking or multitasking (Agbangla et al., 2017). More 

specifically, executive functions encompass higher order cognitive processes such as processing 

speed, neural inhibition and working memory which are essential components of attention, 

coordination and planning (Diamond, 2013; Miyake et al., 2000). Executive function deficits have 

been identified in older adults such that a redistribution of prefrontal resources may be necessary 

to mitigate the demands of a complex task. Reports in the literature have identified two main 

processes, neural efficiency (Causse et al., 2017; Grady, 2012) and neural compensation (Cabeza 

et al., 2018; Reuter-Lorenz & Park, 2014), which may account for the differences in brain 

activation between older and younger adults. Neural efficiency has been demonstrated when task-

related performance is maintained or improved without the need for increased brain activation 

(Causse et al., 2017). In comparison, compensation mechanisms typically involve increasing brain 

activation but do not guarantee improved performance (Cabeza et al., 2018).  

Performance and brain activity have been assessed using the dual-task paradigm (Pashler, 

1994). When examining mobility, it can be used to assess the costs of walking and performing a 

cognitive task simultaneously (Fraser et al., 2016; Woollacott & Shumway-Cook, 2002; Yogev et 

al., 2008). Since both tasks compete for executive control, performance deficits in one or both 

tasks are commonly observed. Functional near-infrared spectroscopy (fNIRS) has been used to 

measure prefrontal hemodynamic changes since it can tolerate motion and participant mobility 

(Pinti et al., 2018). Findings from several reports revealed that older adults demonstrated a 
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compensatory upregulation of metabolic resources in PFC compared to younger adults and, 

therefore, greater recruitment of executive processes with advancing age (Fraser et al., 2016; 

Holtzer et al., 2011; Mirelman et al., 2017). However, performance measures such as response 

time (Deary & Der, 2005; Vaportzis et al., 2013), accuracy (Srygley et al., 2009; Vermeij et al., 

2012a), and gait speed (Smith et al., 2016; Yogev et al., 2008) prove to be more variable despite 

the increase in brain activation.  

Alternatively, older adults may preserve neural efficiency processes from younger 

adulthood and adapt to increasing cognitive demands by automatizing gait (Clark, 2015). Dual-

tasks facilitate an automatic locomotor control strategy when the secondary task can draw 

conscious attention away from walking (Wulf et al., 2001). This strategy is efficient in that it 

allows gait to be processed using minimal conscious control (Bernstein, 1967). Therefore, when 

dual-task demands exceed cognitive processing capacity, shifting from controlled (i.e., 

compensation) to automatic processing (i.e., greater efficiency) diminishes the demand placed on 

the PFC (Clark, 2015). Compensatory resources may, instead, be used to supplement motor control 

when there is a loss of automaticity.  

The neural correlates of dual-task walking during complex cognitive tasks remains poorly 

understood. There is no consensus in the literature as to how older adults balance controlled and 

automatic processing to maintain task performance. The variability in hemodynamic response and 

performance seen in dual-task walk studies may be driven by an unjust comparison between dual-

tasks of unequal demand (Patel et al., 2014). As such, examining processing speed, neural 

inhibition, and working memory cognitive tasks may help reveal how the cognitive demands of 

each one contributes to dual-task walking. This will equally provide a better understanding of the 
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shared pathways between cognitive and motor control including the balance between controlled 

and automatic processing during dual-task walking.  

1.2 Purpose 

This study is part of a larger project that examined static and dynamic measurements of 

balance and gait in older and younger adults. The goal of this component was to collect and 

examine the dynamic data including the neural and behavioural measures of dual-task walking in 

older adults. More specifically, the purpose was to gain a better understanding of how older adults 

mitigate simultaneous cognitive and motor demands during dual-tasks of increasing difficulty. 

Based on the work of Reuter-Lorenz and Park (2014), older adults may exhibit a compensatory 

redistribution of prefrontal metabolic resources when task demands approach cognitive capacity. 

Compared to younger adults, prefrontal activation is more widespread and bilaterally distributed 

during cognitively demanding tasks (Reuter-Lorenz & Park, 2014). However, to avoid exceeding 

processing capacity, older adults may revert to automatizing gait to free up controlled processing 

resources in the PFC (Clark, 2015). Therefore, the aims of this study are two-fold. Firstly, to 

independently analyze the hemodynamic response changes (¨HbO2 and ¨HbR) and behaviour 

(response time, accuracy and gait speed) of older adults across processing speed, neural inhibition 

and working memory tasks. The second aim was to determine whether neural and behavioural 

measures were correlated with one another such that changes in brain activation were associated 

with changes in performance outcomes during the dual-tasks.  

1.3 Hypotheses 

1) Neural: In line with the neuroimaging literature, an interaction is expected between task 

(single-, dual-tasks) and cognitive demand (processing speed, neural inhibition, two 

working memory tasks), such that older adults will exhibit increased ¨HbO2 and ¨HbR 
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across dual-task cognitive difficulty levels in comparison to single-task due to PFC 

recruitment for greater processing control.  

2) Behaviour: At the lowest level of cognitive difficulty (i.e., processing speed), performance 

will be maintained between single- and dual-tasks. However, an interaction between task 

and cognitive difficulty is expected for each successive level of demand including slower 

response times and gait speed, and declines in accuracy performance. 

3) Correlation between neural and behaviour: Older adults will demonstrate a relationship 

between cerebral oxygenation and behaviour such that increased prefrontal activation may 

be associated with decreased performance during the dual-tasks. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Executive functions and aging 

The PFC plays a fundamental role in executive functioning by integrating information from 

various brain regions to produce a goal-oriented behaviour. More specifically, executive functions 

encompass higher order cognitive processes that control more basic ones to help an individual 

adapt to new or complex environments (Diamond, 2013). For example, everyday tasks such as 

walking involve attention, motor planning and the integration of sensorimotor information (Yogev 

et al., 2008). Therefore, the cumulative demands of walking involve executively controlled 

processes that implicate prefrontal brain regions. It has been suggested that executive functions 

decline with advancing age due to the generalized slowing of processing speed (Salthouse, 1996). 

However, alternate interpretations propose the examination of inhibition and working memory, as 

deficits in these domains are equally reported with age (Baddeley, 1986; West, 1996). The 

mechanisms by which executive functions operate to maintain cognitive abilities remain relatively 

unknown but examining the interactions between them may provide a more comprehensive 

overview of cognitive decline. 

Processing speed accounts for the time it takes to execute a cognitive operation (Salthouse, 

1996). Therefore, when processing speed is too slow, it minimizes the cognitive resources that are 

available to process information (Albinet et al., 2012; West, 1996). There are different ways to 

evaluate processing speed including paper and pencil tests such as the Trail Making Test Part A 

(Wechsler, 1981) and response time tasks (Vaportzis et al., 2013). These cognitive tests are 

designed to examine the speed in which older adults can react to a stimulus and formulate an 

appropriate response. However, processing speed deficits have been attributed to changes in brain 

structure and function. In particular, frontal regions such as the PFC are highly susceptible to 

deterioration through the reduction of grey matter volume and white matter integrity (Cabeza & 
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Dennis, 2013; Raz & Rodrigue, 2006). Reports in the neuroimaging literature suggest that these 

age-associated changes may lead to a reduced availability of prefrontal cerebral blood flow (CBF) 

and, therefore, differences in brain activation and performance between older and younger adults 

(Agbangla et al., 2017; Bertsch et al., 2009). Brain activation can be inferred from CBF due to a 

process known as neurovascular coupling (Sorond et al., 2011). In theory, a neural stimulus drives 

a series of cellular processes that require an increased metabolic demand of oxygen. In turn, there 

is an increased amount of oxygen that is delivered to the activated region of the brain. Interestingly, 

Rosso et al., (2017) used a reaction time task which can be used to assess processing speed. The 

authors reported that older adults exhibited greater prefrontal brain activation and significantly 

slower response times than younger adults (Rosso et al., 2017). These findings demonstrate that 

there may be a reorganization of cognitive resources to compensate for changes in the PFC with 

age. 

Neural inhibition and processing speed are interrelated in that inhibition involves the ability 

to quickly distinguish between and then react to relevant versus irrelevant stimuli. In general, it is 

believed that older adults have trouble selectively inhibiting information which may affect the way 

that they allocate their attention towards task execution (Broadbent, 1958). For example, Hsieh et 

al., (2015) demonstrated that older adults were more prone to distractors compared to younger 

adults when differentiating between vowels and consonants in the alphabet. Similarly, the Stroop 

Test is frequently used measure to assess inhibition as it involves processing speed, attention and 

even elements of automaticity (Stroop, 1935). Briefly, this test requires participants to read aloud 

the name of a colour that is written in a different colour than the word itself. The colour of the 

word is said to be an irrelevant source of interference that must be ignored prior to responding with 

the Zritten Zord¶s name. Other inhibition tests, sXch as the go/no-go task, soon evolved from this 
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design whereby individuals are required to respond to a ³go´ stimXlXs and Zithhold their response 

from a ³no-go´ stimXlXs (Potvin-Desrochers et al., 2017).  

 Working memory proves to be even more complex than processing speed and inhibition 

as it involves storing and manipulating recently encoded information (Baddeley, 1986). Although 

it is known to be regulated under a limited processing capacity, holding onto specific information 

requires the selective inhibition of irrelevant stimuli, which may be more challenging for older 

adults (Diamond, 2013). Vermeij et al., (2012) demonstrated that older adults performed worse 

than younger adults during tasks of increasing working memory load. Working memory has 

equally been evaluated using paper and pencil tests such as the Trail Making Test Part B where 

participants have to connect alternating letters and numbers in ascending order (Wechsler, 1981). 

Other studies have incorporated an n-back task such that participants have to listen to a sequence 

of stimuli and then respond with the information they heard n stimuli back (Fraser et al., 2016).  

2.2 Attention and the dual-task paradigm 

The role of attention is to selectively inhibit irrelevant stimuli to allow for a greater focus 

on relevant information that helps to execute a task (Broadbent, 1958). Researchers have, 

therefore, employed the dual-task paradigm to assess the relative attention costs or attention 

priority dedicated to two simultaneous tasks (Pashler, 1994). Dual-tasks exacerbate attention 

capacity by forcing task switching and control over interference between two competing tasks. 

Similarly, overlapping processes may inhibit one another such that performance on one or both 

tasks may suffer (Pashler, 1994).  

In contrast, a secondary task may promote automatic processing (Kal et al., 2015; Wulf et 

al., 2001). As stipulated in the ³constrained action hypothesis,´ the allocation of attention between 

two simultaneous tasks may contribute to the automatic regulation of a motor task (Wulf, 2013; 
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Wulf et al., 2001). When a postural task is performed alone, attention may be directed towards an 

internal focus. In other words, it may lead to focusing on the movement itself, which interferes 

with automatic control processes. However, when a secondary task is introduced in addition to a 

postural control task, attention may be diverted towards an external point of focus (i.e., the 

secondary task). In turn, automatic processes remain unconstrained and can produce efficient 

movements with minimal interference. This may be applied to dual-task walking whereby the 

cognitive task acts as the external focus to promote walking automaticity. However, dual-tasks 

also involve more complex cognitive processes that contribute to diverting attention from the 

motor task.  

Early studies evaluating dual-task walking have compared performance during normal 

walking and walking while talking in older adults (Lundin-Olsson et al., 1997). Findings 

demonstrated that some older adults could not walk and talk simultaneously because of the 

competing demands of both tasks. The dual-task paradigm has continued to evolve over time and 

has now been employed across a variety of study protocols and task types (Pelicioni et al., 2019). 

Studies aiming to assess gait typically employ a cognitive-motor dual-task. However, there is no 

consensus on protocol design or task selection which may account for inconsistent findings across 

studies (Beurskens & Bock, 2012; Kahya et al., 2019; Pelicioni et al., 2019). The most commonly 

reported cognitive tasks in the literature include verbal fluency (Hawkins et al., 2018; Holtzer et 

al., 2015; Verghese et al., 2017) and counting backwards (Al-Yahya et al., 2011; Mirelman et al., 

2017). Although each one is meant to evaluate executive functioning, the results may not be 

directly comparable. For example, Holtzer et al., (2015) and Verghese et al., (2017) conducted 

studies that required participants to recite alternating letters of the alphabet beginning with the 

letters A or B. In comparison, Clark et al., (2014) and Hawkins et al., (2018) tasked participants 
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with listing words beginning with a predetermined letter of the alphabet. Both tasks involve similar 

cognitive processes yet the differences between reciting the alphabet and searching for words 

impact dual-task performance. 

2.3 Cognitive task difficulty manipulation 

Dual-task studies report inconsistent findings as to whether brain activation and 

performance should increase, decrease or stay the same between single- and dual-tasks in older 

adults (Kahya et al., 2019; Pelicioni et al., 2019; Smith et al., 2017). When comparing these studies, 

what is often overlooked is the relative difficulty of the different types of tasks (Patel et al., 2014). 

In other words, less is known about whether executive functioning declines because of a general 

slowing of processing speed or whether executive function domains differentially contribute to 

cognitive decline. Mirelman et al., (2017) compared brain activation in older and younger adults 

and demonstrated that greater executive control was primarily observed as task demands increased. 

In that study, normal walking elicited greater prefrontal activation than quiet standing in older 

adults. Similarly, normal walking while serially subtracting three resulted in even greater 

activation. However, compared to the younger adults who only exhibited increased brain activation 

during the serial subtraction task, the magnitude of prefrontal activation change during that task 

was approximately the same. These findings suggest that rather than interpreting the extent in 

which prefrontal activation changes, it may be equally meaningful to understand which cognitive 

task demand levels elicit a significant change in prefrontal activation (Mirelman et al., 2017). 

Gait performance may also be altered by increasing the difficulty of a cognitive task. 

Srygley et al., (2009) compared normal walking to walking while serially subtracting three or 

seven from a predetermined starting number. Findings from this study demonstrated that older 

adults slowed their gait speed between each successive level of cognitive demand. More 



 10 

specifically, there was a significant decrease in gait speed between the single- and dual-task 

walking conditions and a further decrease between serial subtraction difficulty levels. Cognitive 

performance equally declined during the dual-tasks and across difficulty such that the older adults 

made more mistakes and completed fewer subtractions during the seven versus three conditions. 

These findings suggest that manipulating cognitive demands may help reveal whether older adults 

alter their performance to accommodate for the increasing cognitive demands. However, it is 

unclear whether declines in brain activation and performance are specific to a single task type or 

whether older adults can adapt across different executive function domains. 

2.4 Automatic and executive control of walking 

Both the automatic and executive control of walking merit careful consideration when 

examining changes in brain activation and performance in older adults. In fact, it is unlikely that 

each process functions independently, rather, there may be a shift based on the task demands 

(Clark, 2015; Schneider & Shiffrin, 1977). Evidence from the neuroimaging literature suggests 

that gait is controlled by indirect and direct motor control pathways (Clark, 2015; Hamacher et al., 

2015). Direct motor control involves spinal reflex pathways that quickly and efficiently integrate 

sensorimotor information (Clark, 2015; Woollacott & Shumway-Cook, 2002). It can thus be 

considered more ³aXtomatic´ becaXse minimal conscioXs attention is reqXired to e[ecXte a motor 

movement. In comparison, the indirect pathway involves integrating information via the PFC and 

its executive control processes (Clark, 2015; Hamacher et al., 2015). Executive processes, or those 

controlled b\ the PFC, are limited b\ an indiYidXal¶s finite attention capacity (Broadbent, 1958). 

Therefore, e[ecXtiYe resoXrces are said to be more ³controlled´ as more oYert attention is reqXired 

to execute the task.  
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Two complementary theories, namely neural efficiency (Causse et al., 2017; Grady, 2012) 

and neural compensation (Cabeza et al., 2018; Reuter-Lorenz & Park, 2014), may be able to 

explain age-related changes in locomotor control strategies. Firstly, neural efficiency can be 

represented by a decrease in prefrontal activation and an increase in performance during a 

demanding task (Causse et al., 2017). In other words, performance may be facilitated by the 

effective allocation of processing resources. A common example of neural efficiency is the 

automatization of a motor task such that brain activation decreases but motor performance is 

maintained. Wu et al., (2004) used functional magnetic resonance imaging (fMRI) to help 

elucidate the neural correlates of automatic motor processes. By implementing the dual-task 

paradigm, participants were asked to concurrently perform a sequential finger tapping movement 

and a letter task to compare brain activation and performance before and after training. Following 

extensive training, when the participants were able to achieve a high degree of accuracy on the 

tapping sequence with minimal interference from the digit task, it was determined that they had 

reached automatic control. By simultaneously measuring brain activation, it was revealed that PFC 

activation decreased following training. In other words, the automatized finger tapping sequence 

freed attentional resources which could then be used to perform the digit task. This example may 

be applied to the automatic control of walking such that a decrease in brain activation is expected 

when automatic locomotor control is achieved.  

The extent in which a motor task is learnt lends itself well to automatic processing such 

that executing a leant task requires less overt attention (Schneider & Shiffrin, 1977; Yogev-

Seligmann et al., 2012). Most healthy older adults can achieve motor task automaticity with 

training or practice (Seidler et al., 2010; Wollesen & Voelcker-Rehage, 2014; Wu et al., 2004). 

The PFC is highly involved in effortful learning due to the attentional demands associated with 
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acquiring a new skill. When a skill is being learned, simultaneous brain regions such as the basal 

ganglia and associated motor circuitry begin to passively integrate new information based on the 

task¶s reqXirements (Dietrich & Audiffren, 2011). As such, once a task is well-learned, brain 

activation in the PFC will progressively decrease as less attention is required to perform the task 

(Poldrack, 2005; Wu et al., 2004). A shift to other brain regions that are responsible for more 

implicitly controlled processes can then be expected. Walking, in particular, is a well-learned task 

from childhood, therefore, when demands are not excessive, healthy older adults may use these 

automatic pathways to minimize the need for conscious attention while walking.  

In contrast, aging may be associated with a loss of automaticity and greater reliance on 

executive control (Clark, 2015; Seidler et al., 2010). As such, some older adults may demonstrate 

compensatory patterns of neural activation by over-activating the PFC. Neural compensation 

mechanisms can be defined as a necessary increase in brain activation in order to accomplish a 

task (Holtzer et al., 2015; Stern, 2009). However, compared to neural efficiency, greater activation 

does not always correspond with enhanced performance (Cabeza et al., 2002). The Scaffolding 

Theory of Aging and Cognition (STAC-r) describes a life-course model of cognition that accounts 

for changes in brain structure and function with age (Reuter-Lorenz & Park, 2014). More 

specifically, it describes compensatory mechanisms such as greater and more widespread neural 

recruitment in older adults to counteract neural degradation. This may account for greater brain 

activation in older compared to younger adults when there are no differences in performance.  

Neuroimaging studies examining neural compensation indicate that greater activation may 

(Cabeza et al., 2002; Mirelman et al., 2017) or may not (Holtzer et al., 2015; Stern, 2009) be 

associated with better gait performance in healthy older adults. For example, by comparing 

memory recall, Cabeza et al., (2002) revealed that older adults who demonstrated greater and more 
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widespread brain activation performed better on a memory task. In comparison, Holtzer et al., 

(2015) compared brain activation during normal walking and walking while reciting alternating 

letters of the alphabet (i.e., alpha condition). The older adults demonstrated greater and more 

widespread activation in the PFC during the alpha condition compared to normal walking. 

However, compared to Cabeza et al., (2002), greater prefrontal activation did not lead to any 

changes in gait speed in the study conducted by Holtzer et al. (2015). These findings demonstrate 

that neural compensation mechanisms may not be equally effective at maintaining cognitive as 

compared to motor performance.  

Neural efficiency or compensation and, therefore, automatic or executive control 

mechanisms, depend on many factors. Firstly, health status and cognition vary greatly across 

normal aging. When there is a known loss of automaticity, such as in the case of frail older adults 

or individuals with neurological disorders, greater executive control is expected during walking 

tasks (Holtzer et al., 2016; Maidan et al., 2016). Similarly, older adults at risk of decline who pass 

paper and pencil tests but demonstrate significant changes in brain activity and performance may 

be unable to process tasks automatically. Instead, they may invoke more top-down executive 

control processes (Verghese et al., 2014). However, high-functioning and cognitively healthy older 

adults may demonstrate intact neural networks that allow for gait to be automatically processed 

(Cabeza et al., 2002; Düzel et al., 2010; Vermeij et al., 2014). For example, Vermeij et al., (2014) 

examined a sample of high- and low-functioning older adults and found that compared to the high-

functioning group, low-functioning older adults demonstrated increased brain activation and worse 

performance on a working memory task. Neuropsychological tests may further be used to 

distinguish high- and low-functioning groups and may help justify neural resource allocation 

(Holtzer et al., 2006). This has been examined by Holtzer et al., (2006) who demonstrated that 
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neuropsychological performance on speed and executive attention, memory and verbal IQ tests 

may predict gait speed variability in older adults. 

Lastly, one factor that may delineate both automatic and executive control is the finite 

availability of prefrontal resources. Older adults may upregulate prefrontal resources up until they 

reach their maximum activation capacity. Once this limit is reached, there is an inevitable brain 

activation drop-off (Cabeza et al., 2018). To avoid experiencing a drop-off, there may be a 

redistribution of metabolic resources that prioritizes the brain regions that are most critical to task 

execution and away from the less essential regions (Bruya, 2010). For example, cognitive 

resources that help maintain gait are especially important for older adults to ensure walking 

stability. In comparison, dedicating processing resources to accomplish a simultaneous cognitive 

task may be less important (Woollacott & Shumway-Cook, 2002). Similarly, acute bouts of 

exercise such as walking may induce a reduction of prefrontal activation in favour of greater 

activation in motor regions. This has been outlined in the theory of hypofrontality which suggests 

that exercise can induce changes in metabolic resource allocation (Dietrich, 2003). The PFC, in 

particular, demonstrates decreased activity during exercise due to the reduced need for higher order 

cognitive processing and an increased need for motor performance (Dietrich & Audiffren, 2011). 

Therefore, walking may induce a similar pattern in older adults such that brain regions involved 

in walking stability are prioritized over cognitive performance (Yogev-Seligmann et al., 2012). 

2.5 Functional near-infrared spectroscopy (fNIRS) 

Dual-task walking studies have been restricted by neuroimaging techniques such as fMRI 

in that they are sensitive to motion and require participants to remain immobilized (Bürki et al., 

2017). More recently, functional near-infrared spectroscopy (fNIRS) has emerged as a better 

alternative to measure prefrontal activation during walking tasks because of its wearable nature, 
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cost and ability to measure brain activation when participants are in motion (Quaresima & Ferrari, 

2019). In addition, it is non-invasive and can be used on people of all ages allowing for a wide 

variety of study designs (Pinti et al., 2018). FNIRS measures changes in cerebral oxygenation 

(¨HbO2) and deo[\genation (¨HbR) based on neXroYascXlar coXpling. In response to a neXral 

stimulus, a series of vascular events are initiated to mitigate an increased metabolic demand of 

oxygen. This includes greater CBF and oxygenated hemoglobin (HbO2) delivery to the activated 

region of the brain and decreased deoxygenated hemoglobin (HbR). Therefore, the change in 

metabolic demand of oxygen and CBF can be coupled to generate a neurophysiological marker to 

detect changes in cerebral oxygenation (Al-Yahya et al., 2016; Sorond et al., 2011). 

Continuous wave fNIRS detects changes in hemodynamic response by emitting a constant 

stream of near-infrared light (NIR; 700-1000 nm) through pairs optodes that either emit or detect 

the NIR light. The optodes may be placed along the surface of the scalp based on pre-existing 

templates such as the modified International EEG 10-20 system (Herwig et al., 2003). This ensures 

that the device is placed consistently throughout all measurements and that the region of interest 

is being examined. NIR light can penetrate biological tissue, therefore, the distinct absorption 

spectra of HbO2 and HbR demonstrate different attenuation properties when they are measured at 

different wavelengths (Jöbsis, 1977). Following this, several pre-processing steps are required to 

convert light intensities to changes in cerebral oxygenation. This is outlined in the modified Beer-

Lambert law which accounts for the difference between the incident and transmitted light and is 

proportional to the changes in cerebral oxygenation concentration (Kocsis et al., 2006). Another 

aspect that is incorporated into the modified Beer-Lambert law is the differential pathlength factor 

(DPF) which accounts for any signal loss due to light scattering (Scholkmann & Wolf, 2013). This 
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is especially important when examining different population groups as it accounts for the variances 

in head thickness and vasculature that are associated with aging.  

Due to its portability and motion tolerance, fNIRS can be used to simultaneously examine 

the changes in brain activation and performance in older adults. Evidence from studies evaluating 

walking while reciting alternating letters of the alphabet (Holtzer et al., 2015; Verghese et al., 

2017) and n-back working memory tasks (Fraser et al., 2016; Lövdén et al., 2008; Vermeij et al., 

2012a) have demonstrated that older adults exhibit increased cerebral oxygenation between single- 

and dual-tasks. These findings have been attributed to the greater executive demands associated 

with dual-tasking in which older adults utilize greater controlled processes to mitigate the 

cognitive-motor demands. In comparison, Beurskens et al., (2014) demonstrated decreased 

cerebral oxygenation in older adults between single- and dual-tasks. This may be due to the 

complex visual dual-task in which the older adults had to check-off boxes while walking. 

Compared to cognitive-auditory dual-tasks, the older adults in this study were deprived of 

sensorimotor information which may have caused greater neural activation in regions outside the 

PFC. Certain fNIRS studies have identified activation in motor regions including the premotor (Lu 

et al., 2015) and supplemental motor area (Harada et al., 2009; Lu et al., 2015; Miyai et al., 2001) 

which may be more important during dual-task walking to maintain balance stability.  

2.6 Performance measures of behaviour 

Cognitive and motor performance measures can be used to track different behavioural 

outcomes following a neural stimulus (Al-Yahya et al., 2016). Further analyses may even 

determine whether a change in performance is correlated with a change in brain activation (Holtzer 

et al., 2015). Various measures of behaviour have been used in the literature including gait speed, 

response time and accuracy to examine whether older adults modify their performance in response 
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to dual-tasking. Gait speed is one of the most commonly reported performance measures as it 

offers a quantitative assessment of walking performance (Kahya et al., 2019; Smith et al., 2016). 

Older adults typically demonstrate a decrease in gait speed between single- and dual-tasks due to 

the competing demands of cognitive-motor tasks (Hausdorff et al., 2008; Holtzer et al., 2016; 

Verghese et al., 2017). However, it may also be a strategy for older adults to optimize postural 

control. As outlined in the ³posture first hypothesis,´ there may exist a hierarchy of attentional 

prioritization to ensure sufficient attention is allocated to postural control (Shumway-Cook et al., 

1997). Li et al., (2001) employed a cognitive-motor dual-task that required older adults to 

memorize a list of words while walking. Findings revealed that compared to younger adults, older 

adults performed better on the walking task as compared to word memorization. As such, older 

adults may have inadvertently chosen to prioritize gait over cognitive performance to ensure safe 

ambulation (Shumway-Cook et al., 1997; Yogev-Seligmann et al., 2010). In addition, Li et al., 

(2001) demonstrated that when given an external aid to improve dual-task performance, older 

adults used it to prioritize gait compared to younger adults who used it to prioritize cognitive 

performance. 

Instruction prioritization (i.e., focus on walking or focus on the cognitive task) may equally 

alter gait performance during dual-tasks. Studies examining prioritization compared the effects 

explicitly instructing older adults to focus on gait or the cognitive task compared to equally 

prioritizing both tasks (Verghese et al., 2007; Yogev-Seligmann et al., 2010). Verghese et al., 

(2007) and Yogev-Seligmann et al., (2010) offer converging evidence such that gait prioritization 

instructions led to increased gait speed while cognitive task prioritization resulted in decreased 

gait speed. However, when instructed to equally prioritize walking and the cognitive task, older 

adults did not demonstrate slower gait speed (Verghese et al., 2007). These findings suggest that 
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when older adults consciously prioritize gait, they can maintain their gait performance. However, 

in line with the posture first hypothesis, when given a choice between cognitive or motor task 

performance, older adults may innately prioritize gait performance (Shumway-Cook et al., 1997). 

Furthermore, response time measurements are commonly used to assess cognitive 

performance during dual-task studies. Studies have demonstrated that older adults respond slower 

during dual- versus single tasks and with increasing task demands (Lajoie et al., 1996; Tang & 

Wakayama, 2011). Lajoie et al., (1996) demonstrated that older adults exhibited slower responses 

during a wide versus narrow postural stance. These findings may be attributed to the increased 

attentional demands that are associated with the instability of a narrow postural stance. In addition, 

Tang et al., (2011) replicated these findings by examining response time during dual-task walking. 

Using an auditory processing speed task, older adults demonstrated prolonged response times 

during dual- versus single-tasks.  

A complementary measure of response time is the accuracy of the response. For example, 

Vaportzis et al., (2013) evaluated response time and accuracy during a choice reaction time task 

that was paired with an easy or hard digit recall task. As expected, findings revealed that older 

adults responded slower than younger adults during the harder digit task. Interestingly, however, 

accuracy remained similar between both groups across both levels of difficulty. The interaction 

between speed and accuracy are two concepts that are not always mutually exclusive. Studies have 

demonstrated that there may be a speed-accuracy trade-off in which older adults subconsciously 

prioritize responding more accurately than responding quickly (Forstmann et al., 2011; Rabbitt, 

1979). The first reason for this relates to the general slowing of processing speed that requires 

older adults to take more time to accumulate task-relevant information before reacting or 

responding (Salthouse, 1996). A second perspective is that a characteristic of older adults is to try 
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to avoid making mistakes at all costs (Rabbitt, 1979). Despite this, accuracy findings prove to be 

more variable than response time across studies in the literature. Numerous studies have reported 

that older adults may (Brustio et al., 2017; Fraser et al., 2016) or may not (Rosso et al., 2017; 

Vaportzis et al., 2013) make more errors with increasing cognitive demands.  

2.7 Summary 

The PFC plays an essential role in mediating executive functions including the attentional 

demands associated with dual-tasking (Fraser et al., 2016). However, older adults may experience 

executive function deficits due to the deterioration of the PFC with advancing age (Agbangla et 

al., 2017). The dual-task paradigm may, therefore, be used to assess executive functions by 

examining how older adults mitigate the demands of two simultaneous tasks. For example, 

excessively demanding tasks may result in different patterns of brain activation and performance 

as compared to minimally demanding tasks. Reuter-Lorenz and Park (2014) attribute these changes 

to compensation mechanisms such that greater brain activation is required by older adults to 

accomplish dual-tasks in a similar manner as younger adults. In contrast, some older adults may 

exhibit more efficient processing mechanisms when neural networks remain intact from younger 

adulthood (Causse et al., 2017). This would be represented by a decrease in prefrontal brain 

activation while performance is maintained during a complex task (Causse et al., 2017; Grady, 

2012). 

  Numerous studies have examined dual-task walking in older adults, however, there is no 

consensus as to whether brain activation as and performance should increase, decrease or stay the 

same between single- and dual-task walking (Pelicioni et al., 2019). In addition, many studies do 

not account for the effect of cognitive task difficulty on cognitive and motor performance (Patel 

et al., 2014). Therefore, manipulating cognitive task difficulty across different executive function 
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domains may reveal whether executive functions universally decline or whether differences arise 

with increasing cognitive demands. 
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ABSTRACT 

Introduction: Executive functions play a fundamental role in walking by integrating information 

from cognitive-motor pathways. Subtle changes in brain and behaviour may help identify older 

adults who are more susceptible to executive function deficits with advancing age due to prefrontal 

cortex deterioration. This study aims to examine how older adults mitigate executive demands 

while walking during cognitively demanding tasks.  

Methods: Twenty healthy older adults (M = 71.8 years, SD = 6.4) performed simple reaction time 

(SRT), go/no-go (GNG), n-back (NBK) and double number sequence (DNS) cognitive tasks of 

increasing difficulty while walking (i.e., dual-task). Functional near-infrared spectroscopy 

(fNIRS) was used to measure the hemodynamic response (i.e., oxy- [HbO2] and deoxyhemoglobin 

[HbR]) changes in the PFC during dual- and single-tasks (i.e., walking alone). In addition, 

performance was measured using gait speed (m/s), response time (s) and accuracy (% correct).  

Results: Using repeated measures ANOVAs, neural findings demonstrated a main effect of task 

sXch that ¨HbO2 (p = 0.047) and ¨HbR (p = 0.040) decreased between single- and dual-tasks. An 

interaction between task and cognitive difficulty (p = 0.014) revealed that gait speed decreased in 

the DNS between single- and dual-tasks. A main effect of task in response time indicated that the 

SRT response time was faster than all other difficulty levels (p < 0.001). Accuracy performance 

declined between single- and dual-tasks (p = 0.028) and across difficulty (p < 0.001) but were not 

significantly different between the NBK and DNS levels. 

Conclusion: Findings suggest that a healthy older adult sample might mitigate executive demands 

using an automatic locomotor control strategy such that shifting conscious attention away from 

walking during the dual-task resXlted in decreased ¨HbO2 and ¨HbR. This alloZed older adults 
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to maintain their gait speed, until the most difficult dual-task, after which gait speed significantly 

decreased due to the overwhelming cognitive demands.  

 

Keywords: fNIRS, dual-task walking, executive demands. 

MeSH: Spectroscopy, Near-Infrared; Aging; Gait; Cognitive science; Task Performance and 

Analysis. 
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1. INTRODUCTION 

Declines in cognition are more common as people age and have been supported by studies 

examining changes in brain activation between older and younger adults (Fraser et al., 2016; C. 

Grady, 2000; Holtzer et al., 2011). Neuroimaging findings suggest that compensatory neural 

mechanisms exist to counteract decline and to allow for the maintenance of cognition over time 

(Cabeza et al., 2018; Reuter-Lorenz & Park, 2014). One example is the revised Scaffolding Theory 

of Aging and Cognition (STAC-r) which outlines compensatory scaffolding as an adaptive 

measure for older adults to generate and recruit additional neural resources to replace those that 

have deteriorated over time (Reuter-Lorenz & Park, 2014). This theory can account for greater 

brain activation in older versus younger adults when behavioural measures are similar between 

both groups (Cabeza et al., 2018). 

Behavioural measures of performance such as gait speed have also been used to evaluate 

cognition (Al-Yahya et al., 2011). Early research has demonstrated that some older adults are 

unable to walk and talk at the same time and those that stopped walking to talk were more prone 

to falling (Lundin-Olsson et al., 1997). While walking alone did not lead to any gait changes, 

slowing down or stopping may be an involuntary strategy exhibited by older adults to prioritize 

gait and ensure safe ambulation (Holtzer et al., 2016; Shumway-Cook et al., 1997). Alternatively, 

higher functioning and cognitively healthy older adults may resemble younger adults in that they 

exhibit an automatic locomotor control strategy to manage walking and talking simultaneously 

(i.e., dual-tasking) (Bernstein, 1967). Automatic control is efficient in that steady state walking 

can be achieved under minimal conscious attention thereby freeing up executive resources for a 

secondary task (Clark, 2015; Poldrack, 2005). However, studies have demonstrated that greater 

task difficulty may lead to a loss of automaticity and greater reliance on the prefrontal cortex (PFC) 
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due to the attentional demands associated with maintaining gait performance (Clark, 2015; Holtzer 

et al., 2015). This is known as the executive control of walking, which operates under a limited 

processing capacity, but may be recruited when dual-tasks require greater executive resources 

(Beurskens & Bock, 2012; Yogev et al., 2008).  

The PFC is responsible for mediating complex cognitive processes namely planning, 

attention and coordination which are involved in everyday tasks such as walking or dual-tasking 

(Cabeza et al., 2018). In fact, the dual-task paradigm measures changes in executive functioning 

by comparing brain activation and performance between single- and dual-tasks (Pashler, 1994). 

Reviews in the literature demonstrate inconsistent findings as to whether prefrontal activation and 

behaviour should increase, decrease or stay the same between single- and dual-tasks (Kahya et al., 

2019; Pelicioni et al., 2019). This may be due to diverse cognitive tasks such as verbal fluency 

(Hawkins et al., 2018; Holtzer et al., 2015; Verghese et al., 2017) and counting backwards (Al-

Yahya et al., 2011; Mirelman et al., 2017) which differentially engage executive functions and the 

PFC. Therefore, it may important to account for differences in cognitive task difficulty between 

studies (Patel et al., 2014). One approach to mitigate this concern is a study design that targets the 

examination of executive functioning across multiple task difficulties. This may also allow for the 

identification of easier cognitive tasks that are not sensitive enough or do not challenge older adults 

sufficiently to detect changes in single- versus dual-tasks. More specifically, this may reveal 

whether executive control is only evoked under greater cognitive demands and whether STAC-r 

compensatory mechanisms are efficient enough to preserve performance. 

In order to simultaneously examine the neural and behavioural mechanisms underlying 

executive functioning, functional near-infrared spectroscopy (fNIRS) can be used to monitor 

cerebral o[\genation (¨HbO2) and deo[\genation (¨HbR) changes in the PFC. FNIRS is 
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advantageous over other functional neuroimaging techniques most notably for its non-invasive and 

portable natXre that doesn¶t limit an indiYidXal¶s mobilit\ (Pinti et al., 2018). In its application to 

walking, it tolerates motion artifacts better than other techniques and can be used on people of all 

ages with no adverse health consequences (Pinti et al., 2018). FNIRS exploits the transient nature 

of biological tissue to near-infrared light as well as the distinct absorption spectra of oxygenated 

(HbO2) and deoxygenated (HbR) hemoglobin in the near-infrared region (Quaresima & Ferrari, 

2019). In theory, the PFC requires an influx of HbO2 and efflux of HbR as cognitive demands 

increase. Therefore, during dual-tasks, the increased cerebral blood flow and metabolic demand of 

oxygen can be coupled in a process known as neurovascular coupling (Quaresima & Ferrari, 2019). 

This process can then serve as a neurophysiological marker for fNIRS to detect changes in cerebral 

oxygenation during dual-task walking studies (Al-Yahya et al., 2016; Sorond et al., 2011). 

Furthermore, various behavioural measures can be used to quantify the shift from 

performance maintenance to decline. Firstly, gait speed is a commonly used measure to assess 

locomotor control (Hausdorff et al., 2008; Smith et al., 2016; Yogev et al., 2008). Studies have 

demonstrated a strong relationship between poor executive functioning and slower gait speed 

especially during dual-tasks involving a challenging locomotor component (Hawkins et al., 2018; 

Maidan et al., 2016; Mirelman et al., 2017). This is in line with the executive processing of gait 

which is recruited when tasks are unlearned or too challenging to be automatically processed 

(Clark, 2015). Other behavioural measures such as response time and accuracy have been reported 

in the literature but with greater variability across different task types and difficulty levels. For 

example, by using a cognitive-auditory response time task, Rosso et al., (2017) found slower 

response times in dual- compared to single-tasks but no differences in accuracy (Rosso et al., 

2017). In contrast, studies examining neural inhibition and working memory have demonstrated 
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that performance declines in older adults in dual- compared to single-tasks (Fraser et al., 2016; 

Hsieh et al., 2016). This may be due to the complex processing steps involved in discerning 

relevant from irrelevant stimuli during an inhibition task and temporarily storing and manipulating 

information during a working memory task both of which are particularly challenging for older 

adults (Baddeley, 1986; Hsieh et al., 2016). As such, the present study is unique in that it will 

evaluate various executive processing domains by manipulating cognitive demands according to 

an easy processing speed task, a medium level neural inhibition task and two difficult working 

memory tasks.  

The purpose of this study was to examine how older adults mitigate the demands of dual-

tasking through changes in brain activation and behaviour. The first aim was to determine the 

changes in cerebral o[\genation (¨HbO2 and ¨HbR) Xsing fNIRS and performance (gait speed, 

cognitive response time and accuracy) in single- versus dual-tasks and across four levels of 

cognitive task difficulty. Greater cerebral oxygenation changes were expected during the dual-

tasks in comparison to single-tasks and these changes were expected to increase with each 

successive difficulty level. Performance was expected to decrease between single- and dual-tasks 

with the most significant change occurring during the working memory tasks. The second aim was 

to correlate cerebral oxygenation and behaviour to determine whether increased brain activation 

would be associated with poorer performance during the dual-tasks. Therefore, understanding 

neural and behavioural changes in healthy older adults may help reveal whether declines are only 

associated with specific executive function domains.  

2. METHODS 
 
2.1 Participants 

Twenty healthy older adults (M = 71.8 years, SD = 6.4 years, 10 females) were recruited 

from community centres across Ottawa, Canada. Participant eligibility was determined using a 
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phone screening (Table 1) whereby participants were included if they were right-handed according 

to the Edinburgh Handedness Inventory (Oldfield, 1971) and did not have a diagnosed hearing 

impairment or hearing aid. Participants also had to be comfortable walking 15 meters without 

assistance and without neuromuscular or physical complaints that could affect walking (i.e., severe 

arthritis). Cognitive status was determined using the Montreal Cognitive Assessment (MoCA) 

Zhere participants Zere reqXired to score � 26 to ensXre that the\ Zere cognitiYel\ health\ 

(Nasreddine et al., 2005). This study was ethically approved by the University of Ottawa Research 

Ethics Board and all participants provided written informed consent before participating in the 

study. 

2.2 FNIRS equipment 

Participants were fitted with a wearable OctaMon fNIRS device (Octamon, Artinis, The 

Netherlands) to measure prefrontal ǻHbO2 and ǻHbR. The distance between the nasion and inion 

was measured for each participant to ensure the fNIRS device was placed along the PFC according 

to the modified International EEG 10-20 system (Herwig et al., 2003). The OctaMon uses 

continuous wave near-infrared spectroscopy, which measures near-infrared light absorption at two 

distinct wavelengths (760 and 850 nm). This device also uses eight light emitting diode (LED) 

channels and two detectors with an interoptode distance of 35 mm (Figure 1). 

2.3 Experimental protocol 

Participants were presented with four runs in a randomized order each evaluating one of 

four levels of cognitive demands. A run was comprised of 12 counterbalanced blocks with an equal 

number of single cognitive (SC), single motor (SM) and dual-tasks (DT) blocks (Figure 2). In the 

SC condition, participants performed the cognitive task while standing and staring straight ahead 

at a target. The SM block had participants walk without a cognitive task at their self-selected pace 
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along a 10 m walkway. During the DT condition, participants were asked to perform both the 

cognitive and motor task simultaneously and were instructed to pay equal attention to both tasks. 

To gain a better understanding of the subjective emphasis dedicated to the dual-tasks, participants 

were asked to report how much attention (out of a possible 100%) they attributed to the cognitive 

and motor task following the DT blocks. Each 33 s block was preceded by a 10 s baseline of quiet 

standing and was followed by a 15 s rest period to allow the hemodynamic response to revert to 

the baseline in between blocks. Throughout the experiment, participants were given breaks as 

needed and upon request.  

2.4 Cognitive task difficulty levels 

E-Prime software (version 2.0) was used to create different cognitive task sequences. The 

experimenter delivered all instructions to the participants using a microphone which could be heard 

through wireless headphones worn by the participant. Four cognitive-auditory tasks: simple 

reaction time (SRT), go/no-go (GNG), n-back (NBK) and double number sequence (DNS), were 

chosen from previous work in our labs, to represent processing speed (SRT), neural inhibition 

(GNG) and working memory tasks (NBK and DNS) (Fraser et al., 2016; St-Amant et al., 2020). 

During a short practice session, participants familiarized themselves with the cognitive tasks until 

they were able to correctly respond to 70% of the SC stimuli. The SRT task represented the 

simplest cognitive demand and had participants respond to a random sequence of beeps (2850 Hz 

at 99 dB) b\ sa\ing the Zord ³top´ as qXickl\ as possible folloZing each stimXlXs. GNG was the 

medium level task and had participants listen to both high- (2850 Hz at 99 dB) and low-pitched 

(970 H] at 95 dB) beeps bXt onl\ respond ³top´ to the high-pitched beeps. The next level task was 

the NBK and had participants listen to a continuous sequence of single-digit numbers (1-9) and 

respond with the number they heard two numbers back. Lastly, the DNS task represented the 
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highest cognitive demand and had participants listen to a sequence of three-digit numbers. At the 

end of the block, they reported the total number of times they heard two target digits within the 

entire sequence (Richer et al., 2017). Two working memory tasks (NBK and DNS) were chosen 

because working memory is the executive domain known to be most affected by cognitive aging 

(Baddeley, 1986).  

2.5 Behavioural measures 

Three behavioural measures were chosen to evaluate performance differences between 

single and dual-tasks as well as across cognitive task difficulty. The first measure, gait speed (m/s), 

was calculated by dividing the distance the participants walked by the fixed duration of the block. 

Response times (s) were recorded using a voice recorder and imported into Audacity (version 

2.3.1) to measXre the time from stimXlXs onset Xntil the participant¶s response. Response times 

were recorded during the SRT, GNG and NBK difficulty levels. A response time was not measured 

during the DNS condition because it is a non-verbal working memory task that has participants 

withhold their response until the end of the block. Finally, experimenters calculated accuracy 

scores (% correct) for correct responses to the cognitive tasks. In the SRT difficulty level, correct 

responses were recorded when the participant responded to a beep b\ sa\ing the Zord ³top´ Zhile 

incorrect responses were noted when the participant did not respond to a beep. Correct responses 

in the GNG condition were calculated when the participant correctly responded to the high- rather 

than the low-pitched beep. Errors were noted when participants either missed the high-beep or 

responded to the low beep. During the NBK, correct responses involved participants correctly 

responding with the number they heard two numbers back. Errors were given when participants 

responded with the incorrect number or did not respond at all. Finally, correct responses in the 
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DNS Zere calcXlated based on the participant¶s final tall\ of each target digit compared to the total 

possible correct responses.  

2.6 Test battery 

Following the experiment, participants were asked to complete a battery of 

neuropsychological and physical tests. The purpose of these tests was to ensure good cognitive 

and physical function, low fear of falling and no depression which may influence study outcomes. 

The neuropsychological tests included the Montreal Cognitive Assessment (MoCA) (Nasreddine 

et al., 2005), Digit Forward and Backward (Wechsler, 1981), Digit Symbol Substitution Test 

(Wechsler, 1981) and Trail Making Test (TMT) Part A and B (Strauss et al., 2006). The MoCA is 

a screening tool Xsed to assess cognitiYe impairment. IndiYidXals Zho score � 26 oXt of 30 reflect 

healthy cognition (Nasreddine et al., 2005). Digit Forward and Backward are used to assess 

working memory and points were awarded for correctly repeating a growing list of numbers in 

either the forward or reverse direction. The Digit Symbol Substitution Test measures processing 

speed as individuals fill-in as many symbols as possible within 90 s based on a key provided at the 

top of the worksheet. The Trail Making Tests are timed tests (s) used to measure task switching 

and executive functioning. It is divided into two parts whereby Part A has participants draw lines 

connecting 25 ascending numbers while Part B has participants draw lines alternating between 

ascending numbers and letters. A shorter time to complete these tests indicates better performance. 

Furthermore, physical status and fear of falling were assessed using the Short Physical 

Performance Battery (SPPB) and the Falls Efficacy Scale-International (FES-I), respectively. The 

SPPB measures lower extremity functioning in older adults and is scored out of 12, where 12 is 

equivalent to no deficits in functioning (Guralnik et al., 1994). FES-I uses a 4-point Likert scale to 

assess an indiYidXal¶s fear of falling (Delbaere et al., 2010). It is scored out of 64 whereby a higher 
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score indicates a greater fear of falling. The Geriatric Depression Scale was also used to assess 

depression in older adults as it is known to have effects on the PFC (Yesavage & Sheikh, 1986). 

It is scored out of 30 and a lower score within the range of 0-9 indicates no depression. 

2.7 Data processing of fNIRS signal 

Neural data was collected in Oxysoft (version 3.0.97.1) and sampled at a frequency of 10 

Hz. After visually inspecting the signal quality, the Modified Beer-Lambert law was applied to the 

raw HbO2 and HbR intensities using a differential pathlength factor set to 6.61 for all older adults 

(Scholkmann & Wolf, 2013). The concentrations were then preprocessed offline using a custom 

MATLAB (version R2018a) script. The script eliminated motion artifacts by removing outliers 

that were 2.5 SD from the mean and replaced them with a zero value. Additionally, in line with 

the literature, a Butterworth bandpass filter set between 0.01-0.14 Hz was used to reduce 

physiological noise (heartbeat and breathing) within the signal (Holtzer et al., 2011; Mirelman et 

al., 2017; Verghese et al., 2017). An average ¨HbO2 and ¨HbR YalXe was then calculated in µM 

for each task (SC, SM, DT) and each difficulty level (SRT, GNG, NBK, DNS) from the changes 

in signal between the baseline and active conditions.  

2.8 Statistical analyses  

Differences in cerebral o[\genation (¨HbO2 and ¨HbR) Zere assessed Xsing 2[4 repeated 

measures ANOVAs whereby task (SC/SM vs. DT) and difficulty (SRT, GNG, NBK, DNS) main 

effects and interactions were tested. 

Assessments of behavioural response time were tested with a 2x3 repeated measures 

ANOVA to measure the interaction between task (SC, DT) and difficulty (SRT, GNG, NBK). 

Note that the DNS task had participants respond at the end of the block, therefore, no response 

time was calculated. Significant differences in gait speed and accuracy were evaluated with 2x4 
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repeated measures ANOVAs to measure the interaction between task (SC/SM vs. DT) and 

difficulty (SRT, GNG, NBK, DNS).  

A one-way ANOVA was conducted on the subjective emphasis responses to test whether 

there were significant differences between how much attention the participants dedicated to 

walking versus the cognitive tasks across each difficulty level (SRT, GNG, NBK, DNS). 

For all repeated measXres ANOVAs, if MaXchl\¶s Test of Sphericit\ Zas Yiolated, a 

Greenhouse-Geisser p-value was reported. In addition, Bonferroni post hoc analysis was used to 

determine the location of significance where statistical significance was set at p < 0.05. Means (M) 

and standard deviations (SD) are reported in the results and when a distinction between difficulty 

levels is needed, the difficulty level is identified in subscript (i.e., MSRT = Mean value for SRT 

difficulty level). Means and standard deviations were calculated for all participant demographics 

and neuropsychological assessments.  

No significant differences were observed in terms of cerebral oxygenation between 

channels or hemispheres (p-values > 0.05). Therefore, brain activation was analyzed across the 

whole PFC by averaging the concentration output from each channel. In addition, we verified if 

there were significant changes in cerebral oxygenation within task (e.g., the four SM blocks in 

SRT) and there were no significant differences (p-values > 0.90). As such, an average of each task 

type was calculated for analyses. 

A Pearson correlation was used to examine the relationship between cerebral oxygenation 

(ǻHbO2 and ǻHbR) and performance (gait speed, response time and accXrac\) dXring the dXal-

tasks.  
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3. RESULTS 

3.1 Neural: Changes in cerebral oxygenation 

A significant main effect of task on ¨HbO2 Zas obserYed F (1,19) = 4.5, p = 0.047, η² = 

0.191 (Figure 3a). A post hoc anal\sis reYealed that ¨HbO2 significantly decreased (p = 0.047) 

from SM (M = 0.078 µM, SD = 0.026 µM) to DT (M = 0.028 µM, SD = 0.029 µM). There was 

also a main effect of task on ¨HbR F (1, 19) = 4.8, p = 0.040, η² = 0.203 (Figure 3b). The post 

hoc anal\sis indicated that ¨HbR significantl\ decreased (p = 0.040) from SM (M = 0.064 µM, 

SD = 0.021 µM) to DT (M = 0.021 µM, SD = 0.024 µM). A normal distribution of the ¨HbO2 and 

¨HbR signals over the course of SM and DT blocks has been depicted in Figure 4. There were no 

significant interactions between task (SC, DT) and difficulty (SRT, GNG, NBK, DNS) for ̈ HbO2 

(p = 0.400) and ¨HbR (p = 0.412) or main effects of task (¨HbO2; p = 0.200, HbR; p = 0.169) 

and difficXlt\ (¨HbO2; p = 0.414, ¨HbR; p = 0.476). 

3.2 Behavioural: Changes in response time, accuracy and gait speed 

Response time (ms) increased across increasing levels of difficulty whereby SRT < GNG 

< NBK (MSRT = 394 ms, SDSRT = 86.3 ms; MGNG = 559 ms, SDGNG =116 ms; MNBK = 605 ms, 

SDNBK = 206 ms). This was demonstrated by a main effect of difficulty on response time F (2, 38) 

= 16.0, p < 0.001, η2 = 0.456 (Figure 5). Post hoc analysis indicated that SRT response times were 

significantly faster than the GNG and NBK conditions (p < 0.001).  

Analyses revealed a main effect of task on accuracy F (1, 19) = 5.7, p = 0.028, η2 = 0.230 

(Figure 6a). Post hoc tests revealed that SC (M = 89.3%, SD = 13.5%) was significantly more 

accurate than DT (M = 86.9%, SD = 14.4%, p < 0.001). There was also a main effect of difficulty 

F (3, 57) = 16.2, p < 0.001, η2 = 0.460, whereby accuracy decreased as the cognitive tasks became 

more difficult (MSRT = 100%, SDSRT = 0.0%; MGNG = 92.0%, SDGNG = 17.0%; MNBK = 80.6%, 
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SDNBK = 15.0%; MDNS = 79.7%, SDDNS = 4.83%) (Figure 6b). Post hoc tests revealed that 

responses in SRT were significantly more accurate than GNG (p = 0.038), NBK (p < 0.001) and 

DNS (p < 0.001). In addition, GNG was more accurate than NBK (p = 0.042) and DNS (p = 0.002), 

however, NBK and DNS were not significantly different (p = 0.740). 

An interaction effect between task (SM, DT) and difficulty (SRT, GNG, NBK, DNS) was 

observed for gait speed, F (3, 57) = 2.2, p = 0.014, η2= 0.169 (Figure 7). Post hoc analyses 

indicated that during the most difficult cognitive task, the DNS, there was a significant decrease 

(p = 0.003) in gait speed between SM (M = 1.11 m/s, SD = 0.38 m/s) and DT (M = 1.09 m/s, SD 

= 0.38 m/s). There were no significant differences between single- and dual-task gait speed during 

the SRT (p = 0.772), GNG (p = 0.706) and NBK (p = 0.379) cognitive tasks. 

The ANOVA on subjective emphasis revealed a significant decrease in the attention 

dedicated to walking across cognitive task difficulty F (3, 57) = 14.8, p < 0.001, η2= 0.438. The 

participants reported focusing less on walking with each successive difficulty level (MSRT = 39.1%, 

SDSRT = 18.0%; MGNG = 31.4%, SDGNG = 15.2%; MNBK = 22.6%, SDNBK = 17.4%; MDNS = 18.9%, 

SDDNS = 19.8%). Post hoc analyses revealed that participants focused significantly less on walking 

during the NBK (p < 0.001) and DNS (p = 0.001) compared to the SRT and significantly less in 

the NBK (p = 0.038) and DNS (p = 0.017) compared to the GNG. There were no significant 

differences between the SRT and GNG (p = 0.056) and the NBK and DNS (p = 1.000). 

3.3 Correlation between cerebral oxygenation and behaviour 

There Zere no significant correlations betZeen cerebral o[\genation (¨HbO2; p-values > 

0.081) and deo[\genation (¨HbR; p-values > 0.068) and behaviour (response time, response 

accuracy, gait speed) during the dual-tasks.  
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4. DISCUSSION 

The current study applied fNIRS imaging to assess whether older adults demonstrated 

changes in prefrontal cerebral oxygenation and behaviour while walking with cognitive tasks of 

increasing difficulty. The aims of this study were two-fold. Firstly, to analyze neural and 

behavioural measures to better understand neural compensation mechanisms during dual-tasks of 

different difficulty levels. Secondly, to determine whether there was a correlation between neural 

and behavioural outcomes such that increases PFC activation may be associated with better 

performance, or vice versa, in older adults. In doing so, this may reveal how older adults mitigate 

their attention capacity through prefrontal executive involvement or adopt compensatory neural 

strategies to meet the demands of difficult dual-tasks. 

4.1 Neural 

According to oXr initial h\pothesis, ¨HbO2 Zas e[pected to increase from single- to dual-

tasks based on the principles of STAC-r (Reuter-Lorenz & Park, 2014). This prediction was based 

on the neuroimaging literature which suggests that older adults exhibit more widespread and 

bilateral activation in the PFC during dual- versus single-tasks and, therefore, greater dependency 

on executive control compared to younger adults (Fraser et al., 2016; Holtzer et al., 2011). Contrary 

to this e[pectation, this stXd\ demonstrated a significant decrease in ¨HbO2 and ¨HbR betZeen 

walking alone (i.e., single-task) and walking with a cognitive task (i.e., dual-task). These findings 

are in line with several reports that observed a decrease of prefrontal cerebral oxygenation and an 

alternative strategy to mitigate the demands of dual-task walking (Beurskens et al., 2014; Pelicioni 

et al., 2019). One possibility is an automatic locomotor control strategy which would be beneficial 

in dual-task situations to minimize interference with other controlled processes (Clark, 2015; 

Schneider & Shiffrin, 1977). The PFC¶s contribXtions to Zalking inclXde managing the attentional 
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demands and motor planning associated with safe and efficient displacement (Clark, 2015; Yogev 

et al., 2008). However, executive resources are limited and may be reorganized depending on task 

demands. Studies have shown that decreased PFC activation is associated with automatically 

controlled tasks and walking, in particular, is amenable to automation because it is well-learned 

(Dietrich & Audiffren, 2011; Wu et al., 2004). Therefore, increased prefrontal activation may only 

be observed in individuals who show a loss of automaticity such as in people with neurological 

disorders or frail older adults (Beurskens & Bock, 2012; Holtzer et al., 2016; Maidan et al., 2016; 

Woollacott & Shumway-Cook, 2002). Based on the data presented in Table 2 the older adults in 

this study demonstrated high scores in cognitive function, walk speed (i.e., > 1 m/s) and no frailty, 

amongst other factors, which are typically associated with decreased executive functioning. These 

measures suggest that our participant group was high functioning and could rely on an automatic 

locomotor strategy to free up cognitive resources in the PFC.  

Participants were also asked to subjectively rate how much attention they paid towards the 

cognitive versus walking task. Their responses reflected an automatic control strategy in that they 

reported focusing <39% on walking during all the cognitive tasks. The cognitive tasks may have 

also served as an external focus which has been known to facilitate automatic processing 

(Bernstein, 1967; Poldrack, 2005). This has been oXtlined in the ³constrained action h\pothesis´ 

which suggest that focusing on the outcome of a movement (i.e., external focus), rather than the 

movement itself (i.e., internal focus), minimizes interference with other consciously controlled 

tasks (Wulf, 2013; Wulf et al., 2001). Similarly, diverting attention away from a postural task (i.e., 

to a cognitive task) even when cognitive demands are low may provide an external focus to 

improve motor performance (Huxhold et al., 2006). As such, compared to walking alone, 

responding to the various stimuli during the dual-tasks may have helped draw attention away from 
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walking and allowed for greater stability without greater recruitment of the PFC. Conversely, in 

the absence of a cognitive task, attention could be drawn to both internal and external sources 

thereby engaging greater executive control.  

Healthy individuals inherently shift between automatic and executive control strategies to 

mitigate cognitive demands (Clark, 2015; Yogev et al., 2008). However, studies have also 

demonstrated age-related decreases in cerebral blood flow (CBF) to the PFC due to changes in 

brain structure (Bertsch et al., 2009). The reorganization of locomotor control pathways and a 

reduction of CBF with age may, therefore, contribute to an overall reduced availability of 

prefrontal o[\genation. Dietrich¶s (2003) theory of hypofrontality suggests that there is a 

redistribution of metabolic resources from prefrontal brain regions to motor regions during tasks 

such as walking due to the complex integration of sensory, motor and autonomic processes. In 

other words, the brain is limited by a finite supply of metabolic resources that must be strategically 

allocated based on the most critical demands (Dietrich, 2003). Taken together with automaticity, 

hypofrontality may cause a downregulation of metabolic resources in the PFC which can be 

redistributed to other brain regions to supplement motor control. Regions outside the PFC could 

not be measured within the scope of this study, however, studies have shown heightened brain 

activation in motor areas such as the premotor (Lu et al., 2015) and supplemental motor area 

(Harada et al., 2009; Lu et al., 2015; Miyai et al., 2001) during dual-task walking. These brain 

regions should be further examined simultaneously with the PFC to determine whether a decrease 

in prefrontal cerebral oxygenation from single- to dual-task corresponds with changes in motor 

regions when walking more automatically. 

We must also acknowledge certain study parameters including the (i) cognitive and (ii) 

motor tasks that differentiate this study from others in the literature. (i) Cognitive tasks: Verbal 
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fluency (Hawkins et al., 2018; Holtzer et al., 2015; Verghese et al., 2017) and counting backwards 

(Al-Yahya et al., 2016; Mirelman et al., 2017) are the most commonly used tasks in dual-task 

studies that demonstrate increased or no change in cerebral oxygenation between single- and dual-

tasks (Pelicioni et al., 2019). Our study used processing speed, neural inhibition and working 

memory tasks which continuously prompted responses and engaged participants based on a 

random sequence of stimuli. This differs from verbal fluency and counting tasks in that participants 

were not provided with a starting cue (i.e., a letter or number) after which they could respond at 

their own pace. The external focus of the cognitive tasks and unpredictable pattern of stimuli may 

have helped recruit automatic control pathways by ensuring that the full duration of the task was 

attention-demanding (Beck et al., 2018; Bernstein, 1967). (ii) Motor task: Walking trajectories 

vary significantly across studies due to equipment and space constraints. As evidenced by studies 

examining obstacle negotiation, the interruption of steady state walking caused increased PFC 

activation and may equally impede automaticity (Hawkins et al., 2018; Holtzer et al., 2016; 

Maidan et al., 2016). Our study provided participants with a 10 m pathway to maximize straight-

line walking which is considerably longer than studies examining gait along electronic walkways 

(Hernandez et al., 2016; Holtzer et al., 2011; Mirelman et al., 2017; Verghese et al., 2017). 

Therefore, our walking task provided longer stretches of steady state walking and a greater 

opportunity to automatize gait than studies using shorter walkways.  

Lastl\, in addition to the ǻHbO2 decrease, there Zas also a decrease in ǻHbR betZeen the 

single- and dual-tasks. ǻHbR is a reliable measXre of neXral actiYation bXt is less commonl\ 

reported in the literature. This is due to its low signal amplitude making significant changes 

between baseline and task conditions more difficult to obtain (Leff et al., 2011). The low signal 

amplitude also means that HbR is less likely to be contaminated with physiological artifacts and 
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also results in a lower signal to noise ratio (Leff et al., 2011). As such, capturing a significant HbR 

change that mirrors the HbO2 findings further supports a decrease in brain activation between 

single- and dual-tasks.  

4.2 Behavioural 

Examining gait speed in older adults alongside behavioural measures such as response time 

and accuracy may offer insights into the cognitive-motor interactions underlying dual-task 

walking. Gait speed changes in older adults have been well documented in the literature such that 

increasing attentional demands while walking may affect walking performance (Hausdorff et al., 

2008; Smith et al., 2016; Yogev et al., 2008). Findings from the present study partially support this 

in that gait speed decreased but only during the most difficult cognitive task. Gait speed 

maintenance across the first three levels of task difficulty may be explained by an automatic 

locomotor control strategy, as described in the neural findings. However, this strategy may not 

have been sufficient to mitigate the demands of the DNS dual-task. As suggested in the ³postXre 

first h\pothesis,´ older adXlts sXbconscioXsl\ prioriti]e gait oYer cognitiYe performance to ensXre 

safe ambulation (Holtzer et al., 2016; Shumway-Cook et al., 1997; Yogev-Seligmann et al., 2010). 

Slowing gait speed may, therefore, be a combination of prioritization and compensation strategies 

to ensure older adults can function safely under complex task demands. It is worth noting that older 

adults commonly decrease their gait speed <1.0 m/s during dual-tasks which is also a cut-off used 

to identify individuals who are at a greater risk of falls (Hollman, McDade, et al., 2011; Kyrdalen 

et al., 2019; Smith et al., 2016; Verghese et al., 2017). When the older adults in this study decreased 

their gait speed during the most difficult task, it still remained on average >1.0 m/s. This may 

further indicate the physical status of the participants which could have an impact on performance 

as compared to other studies in the literature (Dupuy et al., 2015; Holtzer et al., 2015). 
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Decreased response time and accuracy performance may also be a consequence of gait 

prioritization. Our findings demonstrated increased response times from the easiest to the most 

demanding task. More specifically, the response times in the SRT task were significantly faster 

than the GNG and NBK tasks. However, the GNG and NBK tasks were not significantly different 

from one another. This was expected in that compared to the SRT task, the GNG and NBK tasks 

involved more complex processing steps. For example, the simple reaction time task required a 

response after each stimulus whereas the GNG task forced the older adults to first discriminate 

betZeen a ³go´ and ³no-go´ stimXlXs before responding (Hsieh et al., 2016). Similarly, the NBK 

working memory task involved maintaining and updating information before responding to the 

stimuli (Al-Yahya et al., 2011). Based on these findings, more complex processing steps require 

more processing capacity. This was evident during the more difficult tasks as the older adults 

slowed their response times significantly during the inhibition and the working memory tasks 

compared to the SRT task. Further, the older adults responded less accurately as the difficulty level 

increased. However, there were no differences between the working memory tasks. These findings 

support our difficulty manipulation such that participants were most accurate during the processing 

speed task and least accurate during the working memory tasks.  

In line with the literature, increasing task difficulty was expected to result in lower accuracy 

(Fraser et al., 2016; Srygley et al., 2009; Vermeij et al., 2012b). Interestingly, participants 

maintained their accuracy >80% throughout all the dual-tasks. This suggests that a high level of 

performance is achievable with increasing cognitive demands when cognitive resources are 

allocated effectively. However, participants were less accurate during the dual- versus single-tasks. 

This has been demonstrated in the literature whereby participants make more errors during dual-
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tasks due to the competing demands of performing two tasks simultaneously (Brustio et al., 2017; 

Srygley et al., 2009).  

4.3 Correlation between cerebral oxygenation and behaviour 

There were no significant correlations between the changes in cerebral oxygenation and 

behavioural performance. More specifically, the changes in cerebral oxygenation across task and 

difficulty were not associated with gait speed, response time or accuracy performance. This could 

be due to the small sample of older adults in this study. However, interpreting neural and 

behavioural findings together revealed that the redistribution of metabolic resources in the PFC 

may have contributed to insignificant differences in gait speed across the first three levels of task 

difficulty. The same cannot be said for response time and accuracy performance in which 

decreased cerebral oxygenation in the PFC did not result in behavioural gains. Future studies 

should examine automaticity and neural efficiency across task difficulty in regions outside the PFC 

as certain regions of interest may increase or decrease activity with the maintenance and decline 

of different performance measures. Follow-up studies should be conducted to determine how this 

impacts cognition in the long-term. This may equally reveal whether individuals exhibiting 

decrements in behaviour due to neural inefficiency may be at a greater risk of cognitive decline.  

4.4 Limitations 

Gait parameters were only quantified using gait speed. Gait speed is commonly used in the 

literature because it is easily collected in clinical settings, it requires minimal equipment and is a 

good indicator of motor performance in older adults (Holtzer et al., 2015). However, other 

measures that capture gait variability including stride length or stride time could complement gait 

speed measures and may provide greater insight into subtle changes in dual-task performances, 

different age groups, and different clinical populations. In addition, the choice of fNIRS device 
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limited our data acquisition to the PFC (Octamon, Artinis, The Netherlands). This device 

facilitated setup and caused minimal discomfort for the participants, however, we can only 

speculate as to which other brain regions were involved in dual-tasking and the potential executive-

automatic processing shift in walking with increasing difficulty. Despite this, fNIRS has a high 

temporal resolution compared to other techniques such as fMRI and is a reliable tool for measuring 

cerebral oxygenation in the PFC (Pinti et al., 2018). 

5. CONCLUSION 

Executive functions are known to decline with age and can significantly affect the way 

older adults divide their attention between two simultaneous tasks. Many older adults adapt to 

these changes by using compensatory neural strategies to accomplish tasks exceeding their 

cognitive capacity. The neural findings of this study suggest that an automatic locomotor control 

strategy can decrease the recruitment of executive resources in the PFC during dual- versus single-

tasks. Behaviourally, this allowed for gait speed maintenance until the most difficult working 

memory task after which older adults slowed down to mitigate the cognitive task demands. 

Consequently, prioritizing gait led to slower response times and worse response accuracy across 

task difficulty.  

Findings from this stXd\ helped reYeal the PFC¶s role in allocating cognitive resources 

during processing speed, neural inhibition and working memory tasks while walking. Future 

studies can develop an even better understanding of this relationship as neuroimaging becomes 

more portable, more extensive (i.e., covering the entire brain) and adaptable to different 

environments. In particular, assessing dual-task walking in real-life situations such as crossing the 

street while talking on the phone may generate more novel approaches to understanding executive 

and controlled processes within the scope of cognitive aging.  
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7. TABLES 

Table 1. Summary of participant characteristics from the phone screening (Mean ± SD). 

Characteristic n = 20 
Age (years) 71.8 ± 6.4 
Gender   
     Male 10 
     Female 10 
Education (years) 17.0 ± 2.4 
No. of medications 1.15 ± 1.0 
No. of falls while walking 0.15 ± 0.37 
No. of participants who 
exercise more than 2x/week 

19 

 
 
 
 
Table 2. Mean neuropsychological and health status test scores (Mean ± SD). 

Test n = 20 
MoCA (/30) 27.2 ± 1.2 

Digit Forward (score/16) 10.7 ± 1.6 

Digit Backward (score/14) 7.3 ± 1.9 

Digit Symbol Substitution 

Test (# of symbols /93) 

45.0 ± 9.7 

TMT A (s) 37.9 ± 12.7 

TMT B (s) 83.3 ± 25.6 

SPPB (/12) 11.1 ± 1.6 

FES-I (/64) 20.8 ± 3.6 

GDS (/30) 3.2 ± 3.0 
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8. FIGURES 
 

 

 

 

 

 
 
Figure 1. a) Localization of fNIRS optodes across the PFC. b) Optode template for the OctaMon 
fNIRS device that includes eight infrared light sources (1-8) and two detectors (R1 and R2).  

 

 
 
 
 

 
Figure 2. Description of a sample run including single cognitive (SC; responding to the cognitive 
task), single motor (SM; normal walking) and dual-task (DT; walking with a cognitive task) blocks. 
Each 33 s block is preceded by a 10 s baseline and followed by a 15 s rest period. The approximate 
duration of a run is 11 minutes and is repeated for each cognitive task difficulty level. 
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Figure 3. a) Change in prefrontal cerebral o[\genation (¨HbO2) F (1,19) = 4.5, p = 0.047, η² = 
0.191 between single motor (SM) and dual-task (DT). There was a significant decrease in PFC 
activation during the dual- versus single-task (p = 0.047). b) Change in prefrontal cerebral 
deo[\genation (¨HbR) F (1, 19) = 4.8, p = 0.040, η² = 0.203 between single motor (SM) and dual-
task (DT) blocks. Cerebral deoxygenation in the PFC significantly decreased between single- and 
dual-tasks (p = 0.040). (*) indicates significance p < 0.05. Error bars represent standard error of 
the mean. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Mean hemodynamic response across all participants in the single motor and dual-task 
blocks. Neural findings demonstrated a main effect of task such that oxygenated hemoglobin 
(HbO2; F (1,19) = 4.5, p = 0.047, η² = 0.19) and deoxygenated hemoglobin (HbR; F (1, 19) = 4.8, 
p = 0.040, η² = 0.203) significantly decreased between single motor and dual-tasks. The blue and 
red lines represent HbR and HbO2, respectively. 
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Figure 5. Mean response time (ms) changes between cognitive task difficulty levels (SRT), go/no-
go (GNG) and n-back (NBK) SRT F (2, 38) = 16.0, p < 0.001, η2 = 0.456. Response times in the 
GNG and NBK were significantly slower than the SRT (p < 0.001). (*) indicates significance p < 
0.001. Error bars represent standard error of the mean. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. a) Mean accuracy decrease between single cognitive (SC) and dual-task (DT) F (1, 19) 
= 5.7, p = 0.028, η2= 0.230. SC was significantly more accurate than DT (p < 0.001). b) Mean 
decrease in accuracy (% correct) across cognitive task difficulty levels including simple reaction 
time (SRT), go/no-go (GNG), n-back (NBK) and double number sequence (DNS) F (3, 57) = 16.2, 
p < 0.001, η2= 0.460. Participants were significantly more accurate during the SRT than the GNG 
(p = 0.038), NBK (p < 0.001) and DNS (p < 0.001), and in the GNG compared to NBK (p = 0.042) 
and DNS (p = 0.002). (*) indicates significance p < 0.05. Error bars represent standard error of the 
mean. 
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Figure 7. Mean gait speed changes (m/s) between single motor (SM) and dual-task (DT) blocks 
and across cognitive task difficulty levels F (3, 57) = 2.2, p = 0.014, η2= 0.169. Cognitive tasks 
include simple reaction time (SRT), go/no-go (GNG), n-back (NBK) and double number sequence 
(DNS). Mean gait speed was significantly slower between the DNS single- and dual-task (p = 
0.003). (*) indicates significance p < 0.05. Error bars represent standard error of the mean. 

 
 
 
 
  



 59 

CHAPTER FOUR: GENERAL DISCUSSION 

The purpose of this study was to examine the changes in prefrontal cerebral oxygenation 

and behaviour in older adults during dual-task gait with increasing cognitive demands. More 

specifically, these changes were investigated as a function of cognitive task difficulty to determine 

whether different executive function domains are differentially affected by cognitive aging. 

Reports in the literature describe the relationship between brain activation and performance in 

terms of efficiency and compensation mechanisms (Cabeza et al., 2018; Causse et al., 2017; 

Reuter-Lorenz & Park, 2014). In other words, a cognitively demanding task that is processed 

efficiently may lead to enhanced performance. However, when cognitive demands exceed the 

available processing capacity, compensatory mechanisms, such as increased PFC activation, are 

initiated in an attempt to maintain performance. The dual-task paradigm can, therefore, be used to 

assess how efficiently older adults allocate their processing resources during two attention-

demanding tasks (Pashler, 1994).  

It was hypothesized that older adults would demonstrate increased brain activation between 

single- and dual-tasks and with increasing cognitive demand as outlined in compensation theories 

(Reuter-Lorenz & Park, 2014). Similarly, behavioural measures of performance including gait 

speed, response time and response accuracy were expected to decrease across single- and dual-

tasks and with increasing cognitive task difficulty. Lastly, it was hypothesized that during the dual-

tasks, increased brain activation would be correlated with decreased performance such that 

compensatory activation would be inefficient at maintaining performance with increasing 

cognitive demands. 



 60 

4.1 Cerebral oxygenation changes across single- and dual-tasks 

The neural findings from this study demonstrated a main effect of task such that cerebral 

oxygenation decreased from single- to dual-task. These findings partially support our initial 

hypothesis which was formulated according to neural compensation theories (Cabeza et al., 2018; 

Reuter-Lorenz & Park, 2014). The neuroimaging literature has demonstrated that compensatory 

patterns of neural activation include bilateral and more widespread brain activation in older 

compared to younger adults (Cabeza et al., 2002). Bilateral activation was demonstrated in our 

study in that there were no significant hemispheric differences in cerebral oxygenation between 

the left and right hemispheres during the different tasks and difficulty levels. As such, changes in 

brain activation were evaluated across the whole PFC. In terms of greater activation, our study did 

not find significant increases across cognitive task difficulty or between single- and dual-tasks. 

Rather, similar to Beurkens et al., (2014) there was a significant decrease in cerebral oxygenation 

between single- and dual-tasks.  

Firstly, a decrease in cerebral oxygenation between single- and dual-tasks may represent 

an efficiency pattern of neural activation (Causse et al., 2017; Grady, 2012). Compared to walking 

alone, walking while executing a cognitive task is more challenging because of the competing 

demands of two simultaneous tasks. The increased attentional demands combined with the overlap 

of processing resources engage executive functions to a greater extent during dual-tasks. However, 

a decrease in cerebral oxygenation, as demonstrated in this study, may represent a more effective 

allocation of cognitive resources to allow executive processes to operate more efficiently. For 

example, Beurskens et al., (2014) demonstrated a decrease in prefrontal cerebral oxygenation 

between single- and dual-task walking. The authors of this study attributed their findings to the 

limited cognitive capacity of older adults (Reuter-Lorenz & Cappell, 2008). Therefore, when the 
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older adults reached their maximum activation capacity, they may have redistributed their 

cognitive resources to other brain regions outside the PFC or used entirely different neural 

networks to process the task as efficiently as possible (Reuter-Lorenz & Cappell, 2008; Stern, 

2009). 

The reorganization of cognitive resources serves to optimize processing efficiency given 

the finite availability of prefrontal resources. Aging, in particular, can lead to reduced cerebral 

blood flow and may contribute to an overall reduced availability of prefrontal oxygenation 

(Agbangla et al., 2017; Bertsch et al., 2009). According to the theory of hypofrontality, certain 

tasks that elicit a greater demand for metabolic resources, such as acute bouts of exercise, which 

may induce a redistribution of metabolic resources away from the PFC (Dietrich & Audiffren, 

2011). More specifically, acute bouts of exercise can be defined as a single session of exercise that 

can last between a few seconds to several hours (Dietrich & Audiffren, 2011). During this time, 

activities such as walking may require greater metabolic resources to optimize motor control as 

compared to executive processes that are involved in maintaining cognitive performance (Dietrich 

& Audiffren, 2011). Therefore, when individuals find themselves in complex situations that 

require processing beyond their available capacity, different brain regions may be prioritized based 

on their role in accomplishing a task. For this reason, an upregulation of metabolic resources 

towards motor regions and a downregulation of metabolic resources towards the PFC could be 

expected when walking is prioritized over cognitive performance. However, it is important to note 

that hypofrontality may be more beneficial for motor compared to cognitive performance (Dietrich 

& Audiffren, 2011). For example, cognitive tasks that involve many processing steps may be too 

complex to operate under minimal executive control. As such, a decrease in prefrontal resources 
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may benefit motor performance or tasks that are more easily automated at the expense of cognitive 

performance.   

Stuart et al., (2019) used fNIRS to examine the changes in cerebral oxygenation during 

dual-task walking in older adults. Findings from this study demonstrated that there were no 

significant differences in cerebral oxygenation in the PFC during single- versus dual-tasks. 

However, there was an increase in the premotor cortex, supplementary motor area and primary 

motor cortex during the dual-task. These regions, in particular, are involved in walking regulation 

such that the supplementary motor area is involved in the indirect locomotor pathway while the 

primary motor cortex is involved in the direct locomotor pathway (Harada et al., 2009; Herold et 

al., 2017; Lu et al., 2015; Miyai et al., 2001). Regions outside the PFC could not be measured 

within the scope of this study, however, we must acknowledge that other brain regions function 

simultaneously to facilitate motor performance during dual-task walking. 

Lastly, in support of the cerebral oxygenation findings, there was a significant decrease in 

deoxygenated hemoglobin between single- and dual-tasks. In fact, deoxygenated hemoglobin is 

strongly correlated with the fMRI BOLD response (Huppert et al., 2006). Changes in cerebral 

deoxygenation are less commonly reported in the fNIRS literature, however, it remains a reliable 

measure of neural activation. This is because HbR changes are typically harder to ascertain due to 

the low signal amplitude and often insignificant changes from the baseline measurements (Leff et 

al., 2011). However, the advantage of this measure is that it is less likely to be contaminated with 

physiological artifacts (Leff et al., 2011). As such, this study was able to capture cerebral 

deoxygenation changes that support and mirror the decrease observed in cerebral oxygenation. 
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4.2 Automatization of gait during dual-task walking 

To further elaborate on the concepts of neural efficiency and compensation, the resulting 

motor performance that followed the decrease in cerebral oxygenation should be further examined. 

By first focusing on the changes in gait speed, the findings from this study demonstrated an 

interaction between single- and dual-tasks and cognitive task difficulty. More specifically, gait 

speed did not significantly differ across the first three levels of cognitive task difficulty, rather, it 

significantly decreased between single- and dual-tasks during the most difficult DNS working 

memory task. Although we expected gait speed to decrease between single- and dual-tasks and 

with increasing cognitive demand, gait speed maintenance across the first three levels of difficulty 

may represent an efficiency strategy in which gait performance was maintained despite decreased 

prefrontal brain activation. One model that supports these results is an automatic locomotor 

strategy, which involves the indirect locomotor control pathway (Herold et al., 2017). This 

pathway is advantageous in that it can function under minimal conscious attention (Bernstein, 

1967; Poldrack, 2005). More importantly, it allows for gait speed maintenance under complex 

cognitive demands, such as dual-tasks, because it circumvents controlled processing in the PFC. 

There are certain features in this study that make walking more amenable to automation. For 

example, gait is a leant skill and older adults may prioritize motor over cognitive performance. 

However, the decrease in gait speed during the most difficult cognitive task may represent a shift 

from an automatic to an executive control strategy. More specifically, gait may require greater 

cognitive control when cognitive demands become too overwhelming for automatic control.  

Firstly, walking may be easily automatized because it is a well-learnt skill (Schneider & 

Chein, 2003). Learnt tasks may not need to be processed in brain regions such as the PFC because 

they require minimal conscious attention to perform. Compared to the cognitive tasks used in this 
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study, the motor task was more likely to be automatized because walking is a well-learnt skill that 

is used in everyday life. In addition, older adults, in particular, may achieve motor task 

automaticity following practice or training (Seidler et al., 2010; Wollesen & Voelcker-Rehage, 

2014). For example, Wu et al., (2005) demonstrated that once older adults were extensively trained 

on a motor task, they could perform a cognitive task simultaneously. Since the motor task no longer 

required conscious attention, prefrontal resources could be reserved for the secondary task. As 

such, the older adXlts¶ prefrontal brain activity significantly decreased in comparison to the 

measurements acquired before training. Taken together with the gait speed findings from this 

study, since walking is well-learnt, brain activation can shift from prefrontal brain regions in the 

indirect locomotor pathway to the direct locomotor pathway to facilitate maintaining gait speed 

(Herold et al., 2017). By automatically processing gait, executive resources can be reserved for 

processing more novel or unlearned tasks. 

Following the dual-tasks, participants were asked a subjective question to determine how 

they allotted their attention during the dual-tasks. By rating how much they focused on the 

cognitive versus motor task out of a possible 100%, participants reported focusing <39% on the 

motor task. In other words, as the cognitive task demands increased, the older adults focused less 

on walking. The responses to this question may demonstrate an automatic locomotor control 

strategy in that the older adults reported paying less attention to walking even during the most 

cognitively demanding task. However, examining this from an alternate perspective, consciously 

focusing on the cognitive task may have equally facilitated automaticity. Studies have 

demonstrated that having an external focus offers advantages for postural control (Potvin-

Desrochers et al., 2017; Wulf, 2013; Wulf et al., 2001). As sXggested in the ³constrained action 

h\pothesis,´ focXsing on the oXtcome of a moYement (i.e., an e[ternal focXs) caXses less 
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interference with automatic processes than focusing on the movement itself (i.e., an internal focus). 

Wulf et al., (2001) examined the constrained action hypothesis by instructing one group of 

participants to focus their balance on their feet while a second group focused on a marker placed 

a small distance away from their feet. The group that focused on the marker demonstrated better 

postural control than the first group. Similarly, diverting attention away from a postural task to a 

cognitive task even when cognitive demands are low may provide an external focus to improve 

motor performance (Huxhold et al., 2006). In our study, the cognitive tasks may have helped 

establish an alternate attentional focus. However, dual-tasks involve more complex processes that 

go beyond simply drawing attention away from the motor movement. In consequence, the 

participants were able to maintain their gait speed when certain dual-task processes also 

contributed to promoting automatic motor control.  

In a review comparing healthy older adults to older adXlts Zith Parkinson¶s Disease (PD), 

older adults with PD adopted a ³postXre second´ strateg\ b\ focXsing attention on a cognitiYe task 

rather than balance stability (Bloem et al., 2006; Maidan et al., 2016). As a result, the participants 

with PD demonstrated impaired balance and greater gait variability during dual-tasks compared to 

healthy older adults. The findings from the present study demonstrated a ³posture first´ strategy 

in that gait speed was maintained across the first three levels of cognitive task difficulty. However, 

during the most demanding task, gait speed significantly declined between the single- and dual-

tasks. According to the ³posture first hypothesis,´ this may be the point in which the older adults 

felt unstable. Older adults have decreased muscle mass and may not be able to recover as easily 

from a fall as younger adults (Yogev-Seligmann et al., 2012). As such, the consequences of falling 

are far more severe than responding incorrectly to the cognitive task. Therefore, to accommodate 
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for the change in cognitive demands, the older adults may have reduced their gait speed to ensure 

safe motor performance.  

Interestingly, incrementally increasing cognitive task difficulty in our study may have 

demonstrated more subtle differences in gait speed maintenance that differentiate older and 

younger adults. Srygley et al., (2009) compared gait speed between the young and old age groups 

during an easy and difficult dual-task. Findings from this study demonstrated that older adults 

decreased their gait speed during the harder task while the younger adults maintained their speed 

throughout. This was partially observed in our study in that the older adults decreased their gait 

speed but only during the most cognitively demanding dual-task. However, employing various 

levels of cognitive task difficulty revealed that older adults may be able to maintain their gait speed 

when cognitive demands are relatively low. Only once task demands become too great will healthy 

older adults slow their gait speed, in line with the posture first hypothesis, to ensure walking 

stability.  

4.3 Cognitive performance: response time and accuracy 

Response time may be used to assess how older adults adapt their cognitive performance 

during attention-demanding tasks. Unlike gait speed, response time and accuracy were not 

maintained across single- and dual-tasks and task difficulty. More specifically, response times 

were significantly slower during the GNG and NBK tasks as compared to the SRT task. Since the 

DNS task is a non-verbal task, a response time was not measured. This supports our initial 

hypothesis such that greater task difficulty elicited worse performance in older adults. As expected, 

the SRT processing speed task resulted in the fastest response times since it required the least 

amount of processing steps (Potvin-Desrochers et al., 2017). During the SRT, participants were 

only required to respond quickly to each auditory stimulus. In comparison, the GNG response 
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times may have been slower due to an extra processing step that involves inhibiting a response to 

a ³no-go´ stimXlXs before responding to the target stimulus. Older adults, in particular, are slower 

at inhibiting and distinguishing between relevant versus irrelevant stimuli, which may result in 

slower response times (Hasher & Zacks, 1988; Hsieh et al., 2016). Finally, the NBK working 

memory task required participants to maintain and continuously update information as new 

numbers were being announced. This added an additional level of complexity to the task which 

may take more time to process before producing a response. It should be noted, however, that 

participants were instructed to respond as quickly as possible to the SRT and GNG stimuli but 

were not told to do so during the NBK task. Although this may have contributed to slower response 

times during the NBK task, the GNG and NBK response times were not significantly different 

despite this difference in instructions. Similarly, given the longer interstimulus intervals (ISI) 

during the SRT and GNG tasks, the instructions to respond quickly may have been necessary to 

prevent long response times that are reflectiYe of the large ISI and not the participants¶ capacit\ to 

respond quickly and accurately. With these considerations in mind, the response time findings 

suggest that more complex processing steps take longer for older adults to process. 

These findings are in line with Vermeij et al., (2012) who demonstrated that older adults 

decreased their response time as cognitive task difficulty increased. In addition, similar to the 

neural findings from this study, the older adults recruited both hemispheres throughout all the 

difficulty levels, which may be a compensation mechanism to maintain performance. However, 

this was an unsuccessful attempt at compensation given that cognitive performance decreased with 

increasing task difficulty.  

Furthermore, accuracy findings revealed that the single-task responses were more accurate 

than the dual-tasks. These findings are in line with our initial hypothesis in which competing 
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attentional demands of two simultaneous tasks may lead to worse performance on one or both 

tasks. In this case, a performance decline was observed during the cognitive task such that older 

adults made more errors during the dual-tasks. Similar findings have been reported in the literature 

whereby older adults make more errors during complex cognitive-motor dual-tasks (Brustio et al., 

2017; Srygley et al., 2009). Response accuracy also decreased with increasing cognitive task 

difficulty. More specifically, the SRT task was significantly more accurate than all the other 

difficulty levels and the GNG task was significantly more accurate than the NBK and DNS. 

However, the NBK and DNS tasks were not significantly different from one another. This may be 

because the NBK and DNS tasks involve elements of working memory and similar cognitive 

processes (Baddeley, 1986). The overall decline of accuracy with increasing task difficulty is in 

line with the literature which demonstrates that older adults make more errors as task demands 

increase (Fraser et al., 2016; Srygley et al., 2009; Vaportzis et al., 2013; Vermeij et al., 2012a). 

These findings support our difficulty manipulation such that cognitive performance decreased as 

task demands increased and differed across different executive function domains.  

4.4 High and low performing older adults 

Executive functioning may vary across different groups of older adults for reasons such as 

cognitive and physical status (Verghese & Xue, 2010). To account for this, studies evaluating this 

age group typically employ different neuropsychological tests and health questionnaires to 

determine the baseline characteristics of the older adXlts. Based on the participants¶ responses, 

some study protocols may choose to further categorize healthy older adults into high and low 

performing groups to better understand whether each group exhibits differences in cognitive and 

motor performance. The neuropsychological test scores obtained from this study demonstrated that 

the older adults possessed certain characteristics that pertain to high performing older adults. For 
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example, one of the inclusion criteria for this stXd\ Zas a MoCA score � 26 Zhich is used as a 

cut-off for healthy cognition. In addition, compared to other studies, our participants were highly 

educated which is a factor that is often associated with more efficient processing speed in older 

adults (Clark et al., 2016). Similarly, our participants reported a low fear of falling compared to 

other studies that have associated fear of falling scores with greater PFC activation (Holtzer et al., 

2019; Verghese et al., 2017). 

The most prominent difference, however, between our study and others in the literature 

was the older adXlts¶ aboYe aYerage single- and dual-task gait speed (Smith et al., 2016). Verghese 

et al., (2017) define high functioning older adults as individuals who demonstrate clinically normal 

gait. Therefore, it can be argued that based on the single-task gait speed and the Short Physical 

Performance Battery score, our participants were physically healthy and could perform motorically 

at a clinically normal level. Furthermore, across all cognitive task difficulty levels, gait speed 

remained >1 m/s, which is a clinical marker of healthy gait speed in older adults (Hollman, 

McDade, et al., 2011; Kyrdalen et al., 2019; Verghese et al., 2017). In comparison, studies that 

have examined older adults who do not exhibit clinically normal gait have revealed that abnormal 

gait leads to increased prefrontal cerebral oxygenation and greater reliance on executively 

controlled processes (Harada et al., 2009; Maidan et al., 2016). Therefore, the gait speed findings 

from this study are in line with higher performing older adults who do not necessarily require 

extensive executive control while walking. 

Furthermore, high and low performers may be distinguished using cognitive task 

performance. For example, Vermeij et al., (2014) divided older adults into high and low 

functioning groups based on their response accuracy during a working memory dual-task. In our 

study, the older adults were able to maintain accuracy levels >80% across all the levels of cognitive 
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task difficulty. Therefore, these findings may be interpreted as a high level of performance 

throughout all the difficulty levels. In addition, it may account for studies that attribute a decrease 

in cerebral oxygenation to older adults disengaging or being disinterested in the dual-task because 

of the level of difficulty. Overall, the participants were able to function at a high level to complete 

all the tasks with a negligible number of blocks being removed from analyses. 

4.5 Differences between dual-task study designs  

Numerous studies have demonstrated that older adults exhibit greater cerebral oxygenation 

between single- and dual-tasks and across cognitive task difficulty (Pelicioni et al., 2019). 

However, an important distinction between those studies and our study is the use of an electronic 

walkway to examine gait speed (Hernandez et al., 2016; Holtzer et al., 2015; Mirelman et al., 2017; 

Verghese et al., 2017). While electronic walkways provide valuable information on gait 

performance, it may limit other analyses due to its restricted length. To overcome this limitation, 

our study evaluated over-ground walking along a 10 m walkway. This distance was designed to 

maximize straight line walking and is considerably longer than electronic walkways which 

typically range between 4-7 m. Differences in brain activation and automaticity may thus arise 

from the length of the walkway. For example, studies that have investigated brain activation during 

obstacle negation have demonstrated that the interruption of steady state walking leads to increased 

prefrontal activation (Hawkins et al., 2018; Holtzer et al., 2016; Maidan et al., 2016). Further, 10 

m walkways provide a more reliable measure of gait speed than 5 m walkways (van Herk et al., 

1998). More specifically, older adults, in particular, may require a walkway of at least eight meters 

for slower walkers and nine meters for faster walkers to accommodate for acceleration and 

deceleration phases (Macfarlane & Looney, 2008). The length of our walkway may have, 

therefore, contributed to our cognitive and motor performance findings which do not fully align 
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with other dual-task findings that demonstrate increases in cerebral oxygenation and slower gait 

compared to single-tasks (Hernandez et al., 2016; Holtzer et al., 2015; Mirelman et al., 2017; 

Verghese et al., 2017).  

The novelty of the cognitive tasks that were used in this study may have also contributed 

to our findings. The most commonly reported cognitive tasks in the literature are verbal fluency 

(Hawkins et al., 2018; Holtzer et al., 2015; Verghese et al., 2017) and counting backwards (Al-

Yahya et al., 2016; Mirelman et al., 2017). A key feature of those tasks is that participants are 

given a starting cue (i.e., a number or letter) after which they can deliver responses at their own 

pace. This is important to consider as the dual-task paradigm assesses the allocation of cognitive 

resources during two attention-demanding tasks. Further, as outlined in the constrained action 

hypothesis, greater attention on an external focus, such as a cognitive task, may contribute to better 

postural control. Our study incorporated an unpredictable pattern of stimuli which prompted 

participants to respond or manipulate information throughout the block. This ensured that the 

participants were consistently engaged in both tasks and may have contributed to automatic 

locomotor control.    

Our study was also designed to minimize any learning effects throughout the cognitive 

tasks. Firstly, the single- and dual-task blocks were presented in a counterbalanced order to 

minimize any learning effects. Similarly, the cognitive tasks were presented to each participant in 

a random order to ensure the were no difficulty effects based on which task was presented first. 

As mentioned previously, the more a task is learned, the more likely it is to be automatized. Since 

there were no significant differences between when the cognitive tasks were presented (e.g., SRT 

first versus last) and the order of each task (e.g., SC first versus last), it is unlikely that practicing 

the cognitive tasks led to improved learning as the experiment went on. In addition, there were no 
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significant differences between testing days such that participants who completed the dynamic day 

first (walking dual-tasks) did not perform differently than those who completed the static day first 

(standing balance dual-tasks). More specifically, additional statistical analyses on the order of 

testing days, demonstrated that exposure to the cognitive tasks on Day 1 did not significantly alter 

performances on Day 2.  

Lastly, we must account for differences within our own cognitive tasks. Each task was 

composed of a sequence of auditory stimuli that would prompt participants to either respond 

immediately or at the end of the block. However, compared to the SRT, GNG and NBK tasks, the 

DNS task was a non-verbal task in which participants withheld their responses until the end of the 

block. Therefore, we must consider the effect of speech on cerebral oxygenation which may be 

more present in the first three cognitive tasks compared to the DNS. Mirelman et al., (2014) 

examined the effect of verbalization on cerebral oxygenation during dual-task walking. The 

authors compared four conditions: normal walking, walking while counting forward, walking 

while serially subtracting seven and standing while serially subtracting seven. Findings from this 

study demonstrated that cerebral oxygenation increased with increasing task difficulty. However, 

standing and serially subtracting seven resulted in a negative change in cerebral oxygenation. 

Therefore, the significant difference between each verbalization condition was attributed to task 

difficulty rather than speech. This is supported by Holtzer et al., (2015) who demonstrated that 

although the left hemisphere is used to regulate speech, there was an equal increase of cerebral 

oxygenation in both the left and right hemispheres. Our findings demonstrated similar activation 

in both hemispheres and there were no significant differences in cerebral oxygenation between the 

verbal and non-verbal tasks. Therefore, it is unlikely that speech affected cerebral oxygenation in 

our study. 
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Nonetheless, our cognitive tasks minimized speech by having participants respond with a 

number between 0-9 or Zith the Zord ³top.´ Both t\pes of responses are made up of short, one or 

two syllable words to minimize the amount of speaking during the task. In addition, participants 

were not speaking as consistently throughout the block as what would be expected in a verbal 

fluency task. However, speech may still appear as a noise artifact in the cerebral oxygenation signal 

(Scholkmann et al., 2014; Tachtsidis & Scholkmann, 2016). To account for this, male and female 

speech frequencies fall within the region >120 Hz, which would be filtered out during the pre-

processing stages using a bandpass filter (Simpson, 2009). 
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CHAPTER FIVE: CONCLUSION 

5.1 Summary of findings 

Findings from this study helped reveal the PFC¶s role in different executive function tasks 

during dual-task gait. Neural and behavioural findings demonstrated that simultaneously 

performing two attention-demanding tasks resulted in changes in brain activation and performance 

in older adults. From a neural perspective, brain activation decreased between single- and dual-

tasks which may be interpreted as a more efficient processing strategy. Taken together with gait 

speed findings, this may be an example of automatic locomotor control such that gait speed was 

maintained up until the most difficult cognitive task. However, upon reaching this level of 

difficulty, gait speed significantly decreased which may represent a shift from automatic to 

executive control. Furthermore, cognitive performance measures including response time and 

accuracy decreased significantly across task difficulty. More specifically, response times were 

slower based on the level of processing complexity that was required to execute the cognitive task. 

Accuracy also decreased between single- and dual-tasks and across task difficulty. These findings 

support our difficulty manipulation and demonstrate that older adults were not able to maintain 

cognitive performance during the dual-tasks. There were no significant correlations between dual-

task PFC activation and performance. However, based on the neural and behavioural findings, the 

older adults were better able to manage their motor compared to cognitive performance during the 

dual-tasks.  

5.2 Limitations 

There are several limitations that should be acknowledged within the context of this study. 

Firstly, gait speed was the only gait parameter used to quantify motor performance. Decreased 

performance on gait measures such as stride length and swing time have been associated with 

executive function and memory declines, respectively (Holtzer et al., 2015; Verghese et al., 2007). 
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Therefore, these measures may provide additional insight into gait performance changes that occur 

across cognitive task difficulty. Similarly, cerebral oxygenation measures were limited to the PFC. 

We can, therefore, only speculate as to which other brain regions may have contributed dual-task 

performance. For example, studies have shown greater brain activation in the premotor (Lu et al., 

2015) and supplementary motor area (Harada et al., 2009; Miyai et al., 2001) during dual-tasks in 

that they are involved in adapting walk speed and planning motor movements. 

Our small sample size made it challenging to examine certain covariates, however, careful 

measures were taken to determine whether or not further analyses were necessary. For example, 

older adults may demonstrate more significant differences in walk speed with advancing age 

(Bohannon et al., 1996). To account for this, we examined whether there were differences in gait 

speed between the older adults in the age groups of 60-69, 70-79, and 80+, respectively, and there 

were no significant differences in gait speed. Studies have also demonstrated differences in dual-

task performance based on gender (Hollman et al., 2011). Our study did not control for gender 

given that our sample had an equal number of male and female participants. Lastly, we did not 

control for age and years of education given the small standard deviation within the sample. Other 

studies with comparable sample sizes did not control for these variables within the older adult age 

group (Beurskens et al., 2014; Fraser et al., 2016; Holtzer et al., 2011; Mirelman et al., 2017). 

5.3 Clinical implications and future directions 

The results of this study helped contribute to our understanding of automatic and 

executively controlled processes in healthy older adults. When cognitive demands are low, older 

adults may be able to maintain motor performance at the expense of cognitive performance by 

automatizing gait. Furthermore, the efficiency of certain cognitive processes can be inferred using 

evidence from behavioural measures such as response time, accuracy and gait speed. For example, 
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when older adults demonstrate increased brain activation but decreased cognitive or motor 

performance, this may be a sign of inefficiency and deficits in executive functioning. 

In a clinical setting, automaticity is commonly used to assess walking abilities (Middleton 

et al., 2015). Therefore, when there is a loss of automaticity, older adults may demonstrate slower 

gait speed. Gait speed changes can be further examined using a dual-task intervention to assess 

whether or not older adults can effectively allocate their attention to maintain motor performance 

(Verghese et al., 2017). By employing different levels of cognitive task difficulty, this may reveal 

whether performance decreases across various executive function domains or whether an 

intervention can be tailored to improve a certain performance outcome (Brustio et al., 2018; 

Wollesen et al., 2017). However, dual-tasking may not be recommended for older adults who do 

not show improvements following training or who continue to display performance deficits that 

are below the expectation for their age.  

Few studies have been able to simultaneously examine the PFC and the other motor regions 

that are involved in the direct locomotor pathway. Those studies largely focused on younger adults 

(Koenraadt et al., 2014; Lu et al., 2015; Suzuki et al., 2008) or involved treadmill walking rather 

than over ground walking (Harada et al., 2009; Stuart et al., 2019). With the recent advancements 

in fNIRS, including greater portability and more extensive coverage of the brain, future studies 

should consider examining multiple brain regions simultaneously. More specifically, examining 

brain activation and performance in older adults across different task difficulties may provide 

greater insights into the balance between automatic and controlled processes. This may lead to 

more novel approaches to examine executive functions that can be used in more realistic situations 

outside the laboratory. 
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5.4 Interdisciplinarity of study 

The central focus of this study involved the interplay between cognition and walking 

performance in older adults. As such, the present study incorporated cognitive science and human 

kinetics perspectives to better understand the cognitive-motor pathways involved in dual-task 

walking. Additionally, this study was part of a broader examination of static balance in older adults 

that incorporated a large interdisciplinary team for data collection and an engineer to facilitate the 

fNIRS signal processing. This created an environment for rich interdisciplinary exchange and 

learning opportunities among professors and students. The knowledge gained from neural and 

behavioural performance measures will help to inform both human kinetics and cognitive science 

fields.  
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APPENDIX 

Appendix A - Phone Screening 
 
1. In the last year have you participated in a cognitive study? (If yes, at least 6 months should 
have passed between the ending of the previous study and this study) 
2. What is your mother tongue?  
3. What is your age? 
4. What is your date of birth? 
5. What is your highest level of education? (Degree and number of years) 
6. Are you right or left-handed?  
7. In the last 6 months did you have surgery (or another medical intervention) that required 
general anesthesia? (If yes, write the date of the anesthesia and we will see them after the delay) 
8. Do you have vision or hearing problems that have not been corrected or an abnormal loss for 
your age?  
9. Have you ever had frequent or requiring migraines? 
10. Have you ever had neurological or psychiatric problems? If so which ones? 
11. Have you ever had a head injury? When? 
12. Have you ever lost consciousness? 
13. Have you had tremors or involuntary movements? 
14. Have you ever had motor problems (walking or manipulating objects) (If severe, exclusion)? 
15. Have you ever had dizziness or problems with maintaining your balance (If yes, ask more 
questions: of what nature, when, frequency, etc.)? 
16. Have you ever had an injury to your lower extremities (hip, knee, ankle)? 
17. Do you have a cardiovascular condition? 
18. Do you have high blood pressure? 
19. Do you have diabetes? 
20. Do you have arthritis? 
21. Do you have epilepsy?  
22. Do you have a thyroid condition? 
23. Have you ever fallen while walking? 
24. What is your weekly consumption of alcohol? 
25. Have you ever had alcohol or drug abuse problems?  
26. Do you smoke? 
27. Do you have problems with concentration or attention? 
28. Do you have problems with your memory? 
29. Do you have problems finding your words while talking? 
30. Have the people close to you noticed a significant difference in these three areas: attention, 
memory, trouble finding words? 
31. Are you physically active regularly (more than 2 times per week) besides activities of daily 
living? What are these activities? 
32. Do you take medication? If yes, do these medications make you feel drowsy or affect your 
mental state? (List the medications, name and dosage, that are taken regularly). 
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Appendix B - Montreal Cognitive Assessment (MoCA) 
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Appendix C - Digit Forward and Digit Backward 
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Appendix D - Digit Symbol Substitution Test (DSST) 
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Appendix E - Trail Making Test (TMT) Parts A and B 
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Appendix F - Short Physical Performance Battery (SPPB) 
 

1. Repeated Chair Stands 
Instructions: Do you think it is safe for you to try and stand up from a chair five times without 
using your arms? Please stand up straight as quickly as you can five times, without stopping in 
between. After standing up each time, sit down and then stand up again. Keep your arms folded 
across \oXr chest. Please Zatch Zhile I demonstrate. I¶ll be timing \oX Zith a stopZatch. Are 
you ready? Begin Grading: Begin stopwatch when subject begins to stand up. Count aloud each 
time subject arises. Stop the stopwatch when subject has straightened up completely for the fifth 
time. 
Also stop if the subject uses arms, or after 1 minute, if subject has not completed rises, and if 
concerned aboXt the sXbject¶s safety. Record the number of seconds and the presence of 
imbalance. Then complete ordinal scoring. 
Time: _____sec (if five stands are completed) 
Number of Stands Completed: 1 2 3 4 5 
Chair Stand Ordinal Score: _____ 
0 = unable 
1 = > 16.7 sec 
2 = 16.6-13.7 sec 
3 = 13.6-11.2 sec 
4 = < 11.1 sec 

2. Balance Testing 
Begin with a semi-tandem stand (heel of one foot placed by the big toe of the other foot). 
Individuals unable to hold this position should try the side-by-side position. Those able to stand 
in the semi-tandem position should be tested in the full tandem position. Once you have 
completed time measures, complete ordinal scoring. 
 
a. Semi-tandem Stand 
Instructions: Now I want you to try to stand with the side of the heel of one foot touching the big 
toe of the other foot for about 10 seconds. You may put either foot in front, whichever is more 
comfortable for you. Please watch while I demonstrate. 
Grading: Stand next to the participant to help him or her into semi-tandem position. Allow 
participant to hold onto your arms to get balance. Begin timing when participant has the feet in 
position and let¶s go. 
Circle one number 
2. Held for 10 sec 
1. Held for less than 10 sec; number of seconds held _____ 
0. Not attempted 
 
b. Side-by-Side stand 
Instructions: I want you to try to stand with your feet together, side by side, for about 10 sec. 
Please watch while I demonstrate. You may use your arms, bend your knees, or move your body 
to maintain your balance, but try not to move your feet. Try to hold this position until I tell you 
to stop. 
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Grading: Stand next to the participant to help him or her into the side-by-side position. Allow 
participant to hold onto your arms to get balance. Begin timing when participant has feet together 
and let¶s go. 
Grading 
2. Held of 10 sec 
1. Held for less than 10 sec; number of seconds held_____ 
0. Not attempted 
 
c. Tandem Stand 
Instructions: Now I want you to try to stand with the heel of one foot in front of and touching the 
toes of the other foot for 10 sec. You may put either foot in front, whichever is more comfortable 
for you. Please watch while I demonstrate. 
Grading: Stand next to the participant to help him or her into the side-by-side position. Allow 
participant to hold onto your arms to get balance. Begin timing when participant has feet together 
and let¶s go. 
Grading 
2. Held of 10 sec 
1. Held for less than 10 sec; number of seconds held_____ 
0. Not attempted 
 
Balance Ordinal Score: _____ 
0 = side by side 0-9 sec or unable 
1 = side by side 10, <10 sec semitandem 
2 = semitandem 10 sec, tandem 0-2 sec 
3 = semitandem 10 sec, tandem 3-9 sec 
4 = tandem 10 sec 

 
3. 8¶ Walk (2.44 meters) 
Instructions: This is our walking course. If you use a cane or other walking aid when walking 
outside your home, please use it for this test. I want you to walk at your usual pace to the other 
end of this coXrse (a distance of 8¶). Walk all the Za\ past the other end of the tape before \oX 
stop. I will walk with you. Are you ready? 
Grading: Press the start button to start the stopwatch as the participant begins walking. 
MeasXre the time take to Zalk 8¶. Then complete ordinal scoring. 
Time: _____ sec 
Gait Ordinal Score: _____ 
0 = could not do 
1 = >5.7 sec (<0.43 m/sec) 
2 = 4.1-6.5 sec (0.44-0.60 m/sec) 
3 = 3.2-4.0 (0.61-0.77 m/sec) 
4 = <3.1 sec (>0.78 m/sec) 
Summary Ordinal Score: _____ 
Range: 0 (worst performance) to 12 (best performance). Shown to have predictive validity 
showing a gradient of risk for mortality, nursing home admission, and disability. 
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Appendix G - Falls Efficacy Scale – International (FES-I) 
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Appendix H - Geriatric Depression Scale (GDS) 
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