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ABSTRACT OF THE DISSERTATION

Reduced Inhibitory Control Under Effortful Physical Exertion During Dual-Task
Conditions

by

Lilian Azer

Doctor of Philosophy, Graduate Program in Psychology
University of California, Riverside, June 2023
Dr. Weiwei Zhang, Chairperson

Physical action and cognition are often entangled in our daily lives. To understand the
impact of effortful physical action on cognition, the work presented in this dissertation
used a simple, yet effortful, physical action (i.e., effortful handgrip exertion) during
cognitive tasks to investigate 1) the effect of a simultaneous effortful physical and
cognitive action on inhibitory control and 2) arousal induced by physical exertion.
Physical exertion was operationalized as different levels (low versus high) of the
maximal voluntary contraction (MVC) exerted on an isometric hand dynamometer,
which is an apparatus that measures participants’ maximum isometric handgrip strength
and involves static contraction of the hand muscles with restricted joint movements.
Across different task paradigms, effortful physical exertion impaired observers’ ability to
ignore distractors, or task-irrelevant items, and successfully recall/detect task-relevant
items. While physical and cognitive effort often interact with one another, they can even

exhibit similar behavioral and neural effects. For instance, pupillary response, such as
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pupil dilation, typically increases with cognitive or physical effort, indicating increased
arousal and Locus Coeruleus-Norepinephrine (LC-NE) activity. Given that pupillary
response is a proxy for LC-NE activity, the work in the present dissertation also aimed to
examine the impact of engaging in a concurrent effortful physical and cognitive task on
task evoked pupil responses (TEPR). Replicating prior work, effortful physical exertion
induced greater pupillary response in comparison to lower physical exertion. However,
high cognitive load and the interaction between physical exertion and cognitive load was
not significant. The finding that a simple yet effortful physical task results in impaired
cognitive control may be empirically important for understanding everyday functions of
older and younger adults. For example, the ability to ignore task-irrelevant items may
decline with age and this decline is greater when simultaneously performing a physical

task.

X



Table of Contents

Chapter 1. General Introduction ...................... i e, 1

LT INtrodUCHION ...eee e 1

1.2 Cognitive-Motor INteraction ............coiiiiiiiiiiiii i e evaee e 4

1.3 Effort in Cognitive and Motor Tasks ...........ccoviiiiiiiiiii e 8
1.3.1 Shared or Separate Resources Pools of Effort During Cognitive and

MOtOr TaSKS ..ot 9

1.3.2 Effort and Cognitive Control ............coeviiiiiiiiii e, 11

1.4 Arousal and Effort on Task Performance ..., 13

1.5 DiSSertation OVETVIEW . ......ouuinuiintit ettt e et e et e e 16

RETEIENCES ...t 17

Chapter 2. Detrimental Effects of Effortful Physical Exertion on a Working

Memory Dual-Task in Older Adults ... 26
2.1 Chapter ADSLIaC ... ettt e e et e e e e 26
2.2 INtrOdUCTION ..otue et e 27
2.3 General Method ... 34
2.3.1 Transparency and OPENNESS .........ovueeenreeirternieeiteeieeaeeeinearieneennenns 34
2.3.2  PartiCIPants .......oiieiiii i e 34
2.3.3  ProCeAUIC ....uoneeii e 36
2.3.3.1 MVC MEaSsUIEmMENL ......couutinntiitteie et e 36
2.3.3.2 Concurrent Handgrip and WM Dual-Task ................coiiiiiin... 38
2.3.4 Data ANaALYSIS . .uviintii e e 40
2.4 RESUILS .ot 42
2.4.1 Characteristics of the Current Sample ..., 42
2.4.2 Visual WM Change Detection Performance Under Concurrent Physical
EXEItION .ot 43
2.4.3 Reaction Time Effects of Concurrent Physical Exertion ......................... 46
2.4.4 Hierarchical Bayesian ex-Gaussian Analyses for Reaction Times ............. 49
2.5 DISCUSSION ..ttt ettt e et et ettt et et e et eaeaan 50
2.5.1  CONCIUSIONS ...neete et 56
RETRIENCES ...t 58
TaDIES ..t e 66
B gUTeS e e 68
Chapter 3. Impaired Inhibitory Control for the Le Grand Face Task under
Increased Effortful Physical Exertion ....................... i, 73
3.1 Chapter ADSIIACT ...ttt e e e 73
3.2 INtrOAUCHION ...neee e e e 74



3.3 General Method . ..ooovnniieee e e e 82

331 EXPeriment 1 .....oooiiiiiii i e 82
3.3, 1.1 PartiCIPants ......eeeeiiee ettt e e e e e 82
3312 Procedure .....o..onniei e 83

3.3.1.2.1 MVC Measurement ..........ooueiiuiiiiiiiiiiiiiiiiieniiieenene 84
3.3.1.2.2 Concurrent Handgrip and Le Grand Face Dual-Task ............... 85
3.3.1.3 Data ANALYSIS «.vviitiiett ettt e e 88
3314 RESUILS .o e 88
3.3.1.4.1 Le Grand Face Task Performance Under Concurrent Physical
EXErtion .....ouii 88
3.3.1.4.2 Reaction Time Effects of Concurrent Physical Exertion .......... 90

3.3.2  EXPEIIMENT 2 . oonuiiitiiit ittt ettt e e e e e e e e 90
3.3.2.1 PartiCIPants .......ouuiuieee ittt e e e e e e e e e 91
3322 ProCedUre .......uneiie it 91

3.32.2.1 MVC Measurement ..........ooiueiiuiiiimiiie i 91
3.3.2.2.2 Concurrent Handgrip and modified Glasgow Matching
Face Test (GFMT) Dual-Task ...........ccoovviiiiiiiiiii, 91
3.3.2.3 Data ANALYSIS «.uvinititteit et e e e 94
3324 RESUILS ..o 94
3.3.2.4.1 GFMT Performance Under Concurrent Physical
EXErtion ..o 94
3.3.2.4.2 Reaction Time Effects of Concurrent Physical
EXErtion ... 95
3.4 General DISCUSSION .. ...ttt e 95
341 CONCIUSION . .utettt et 100
RETRIENCES ... 101
TaDIES .. 106
B UL i e 109
Chapter 4. Effects of Physical and Cognitive Effort on Pupil Size ................... 113
4.1 Chapter ADSLIAC .....eieii ittt e e errr e e e e ae e 113
4.2 INtrodUCTION ....uett e e e e 114
4.2.1 Pupillary Response Studied in Single-Task Conditions ......................... 114
4.2.2 Interaction Between Physical and Cognitive Effort .....................cc.ccel . 117
4.2.3 Pupillary Response as a Measure of Arousal ...............cccoeiiiiiiiiiininn... 118
424 The Present StUdY .....cooiiniiiiiii i e 120
4.3 General Method ... 122
4.3.1  PartiCIPants ........oouuiiieeteetteiet e e et e e aee e e e e e e aaae e 122
43,2 APPATALUS ..ottt et e e e e e e 123
4.3.3  PrOCEAUIE .. coueetttiii e e e e e e e e e 124
4.3.3.1 MVC MEASUTEIMENL ...ttt ettt e et ettt e eieea e e 124
4.3.3.2 Concurrent Handgrip and Visual WM Dual Task ........................... 126
4.3.4 Data ANALYSIS ...uviintiiiiiet et 128

X1



4.3.4.1 VISUAL WM MEASULES ...ttt e e e e e e e e e 128

4342 Pupil Data ...oouoeiie 129

A4 RESUILS ..ttt e e e 130
4.4.1 WM Change Detection Performance Under Concurrent Physical

EXEILION ..o e, 130

4.4.2 Reaction Time Under Concurrent Physical Exertion ............................. 131

4.4.3 Arousal Induced by Concurrent Cognitive Load and Physical

EXEILION ...t e e, 131

4.5 General DISCUSSION .....nuinniiit ittt e et eee e e e 133

4.5.1  CONCIUSIONS ...uuettniiit et e e e e e et e e 138

ReEferences ......o.oueeiiii i e e 140
Table ... e 140
FagUICS et e e reeennneeseneesnnen e eee 14T
Chapter 5. General Discussion .................c.oooiiiiiiiiniiee e eeseeeeesvieee s 191

5.1 Reduced Inhibitory Control and Heightened Arousal Under Effortful Physical

=) 5 (o) o NSO 151
5.2 Translational REIEVANCE .........cccouvvvviiiiiiiiieee e 154
5.3 Future Research DIr€CtiONS .....cccvvvvvviiiiiiiiiiiiieiieece ettt e e e 156
RETEIEIICES ..ooiiiiiiieeeeeeeee ettt e e e e e e e e e e e e e e bt areeeeeeeeean 160

xil



List of Tables

Table 1. Sample Demographics ..............ouuuieiii i 66

Table 2. Group-level posterior mean and 95% highest density interval (HDI)
for each ex-Gaussian parameter (u, o, and t) as a function of age, distractor

Size, and PRYSICAl @XEFLION ............oouee i e e eaeeees 67
Table 3. Sample Demographics for Experiment 1 and 2 ...................cccoovvinninnnn. 106
Table 4. Le Grand face task CFE accuracy, and RT across conditions .................. 107
Table 5. GFMT accuracy and RT across cOnditions .................cccoueeveiiininnnnn.. 108
Table 6. Sample DemographicCs .............ccueeiuiiie i 145

Xiii



List of Figures

Figure 1. Stimuli and procedure for the concurrent physical exertion and
change deteCtion tASK ..............ooeoi i e e 68

Figure 2. Three-way interaction with age group (younger vs. older adults),

distractor size (0 vs. 5-distractors), and physical effort (5% vs. 30% MVC) .............. 69
Figure 3. Mean grip force and variability across the experimental blocks ............... 70
Figure 4. RT results for the change detection WM task ..................cccovviiiiiiinnnnn.. 71

Figure 5. Posterior distributions of the three-way interactions
(age group, distractor size, and physical effort) for each hierarchical
Bayesian ex-GausSian PArameters ..............oouuueueueeii i 72

Figure 6. Stimuli and procedure for the concurrent physical exertion and
Le Grand Face TaSK ...........cooooi i 109

Figure 7. Two-way interaction with face alignment (aligned vs. misaligned),

and physical effort (5% vs. 45% MVC) for CFE accuracy and RT ........................ 110
Figure 8. Stimuli and procedure for the concurrent physical exertion

ANA GEMT ..o e 111
Figure 9. GFMT accuracy and RT ..............ccoouiueiiiii i 112
Figure 10. Stimuli and procedure for the concurrent physical exertion

and visual WM change detection task ..................oouiiiiiiiiiii i, 146
Figure 11. Two-way interaction with WM load (set size 1 vs. set size 3),

and physical effort (5% vs. 45% MVC) ..o 147
Figure 12. RT results for the WM task under physical effort ............................... 148
Figure 13. Pupillary Response for the WM task under physical effort ................... 149

Xiv



Chapter 1. General Introduction

1.1 Introduction

Throughout our daily life we often engage in simultaneous motor and cognitive
actions. For example, when planning to prepare a healthy meal you may find yourself
navigating through the grocery store as you locate the necessary ingredients. In the
grocery store you may push a shopping cart, or carry a shopping basket, as you walk
through the aisles. During this time, the physical action you are engaging in includes the
act of walking as you grip the shopping cart, or basket. At the same time, you are
engaging in the cognitive task requiring you to remembering the healthy ingredients you
must purchase for your meal (task-relevant items) and utilizing inhibitory control to avoid
purchasing unhealthy items that are not relevant for your goal (task-irrelevant items).
This task, like many tasks we engage in during our daily life, involves Working Memory
(WM; a core cognitive process that maintains active information online in the service of
ongoing mental activities, Cowan, 2001) and inhibitory control (the ability to inhibit task-
irrelevant information and attend to task-relevant information, Diamond, 2013).

Inhibitory control is a key component of cognitive control and may allow (or restrict)
distracting information to gain access to WM (Vogel 2004, 2005). For instance, when
distractors are present during a WM task, cognitive control processes actively regulate
the items that access WM to ensure that only task-relevant items gain access to WM
while task-irrelevant items do not consume WM (Vogel et al., 2005). In fact, the
relationship between WM and cognitive control may be bidirectional where cognitive

control processes work to inhibit task-irrelevant items from gaining access to WM (Vogel



et al., 2005) and individual differences in WM capacity could modulate the recruitment
of cognitive control (Engle & Kane, 2004; Redick, 2014).

In addition to the bidirectional relationship between WM and cognitive control (Engle
& Kane, 2004; Vogel et al., 2005; Redick, 2014), arousal stemming from the task
demand, or as an index of task effort, on WM and cognitive control may vary depending
on the task conditions (Lambourne & Tomporowski, 2010; Tomporowski & Qazi, 2020;
Unsworth & Robison, 2017; van der Wel & van Steenbergen, 2018). For instance,
according to the locus coeruleus-norepinephrine (LC-NE) account of working memory
capacity and attentional control (Unsworth & Robison, 2017) arousal may play a critical
role for individual differences in WM performance and effort produced due to task
demand. That is, observers have better WM precision (Xie & Zhang, 2016) and faster
WM consolidation (Xie et al., 2022) under conditions of heightened arousal. The locus
coeruleus (LC) is a small nucleus in the brainstem which releases norepinephrine (NE)
during states of arousal (Aston-Jones & Cohen, 2005). Reduced LC-NE activity in low
working memory capacity individuals can result in greater mind-wandering, and
therefore more lapses of attention, compared to high working memory capacity
individuals (Unsworth & Robison, 2017). Extending on this, van der Wel and van
Steenbergen (2018) discussed an arousal-based account of effort exertion during tasks
involving cognitive control. This account suggested that tasks involving inhibition, which
is one of the cognitive control domains, may increase pupil dilation as an index of arousal

when effort and task demand are high (van der Wel and van Steenbergen, 2018).



Furthermore, exercise-induced arousal on cognitive performance may produce
differential performance outcomes depending on sequential or simultaneous engagement,
mode of motor task, and intensity of the motor action in relation to the cognitive task
(Lambourne & Tomporowski, 2010; Tomporowski & Qazi, 2020). For example, chronic
habitual exercise and moderate intensity acute bouts of exercise improves WM,
processing speed, attention, and executive functions (for a review see Erickson et al.,
2015; Lambourne & Tomporowski, 2010). These results are supported by the inverted-U
hypothesis (Davey, 1973; Yerkes & Dodson, 1908) which suggests that moderate, but not
low or high, exercise intensity may produce optimal arousal for task performance.
However, trial-by-trial investigation of effortful physical action in dual task conditions
using isometric handgrip contractions may induce heightened arousal but at the expense
of task performance (Azer et al., 2023; Park et al., 2021). For example, effortful physical
action can produce physiological arousal (Nielsen & Mather, 2015) but, in line with the
inhibitory control hypothesis, the effects of concurrent physical effort may impair
cognitive task performance due to increased distractor interference (Azer et al., 2023;
Park et al., 2021).

The work presented in this dissertation will focus on the impact of effortful physical
action on cognitive functioning. The empirical research in this dissertation aims to
provide an inhibitory control account and an arousal-based account of physical exertion
on perception and cognition. Specifically, the work presented in this dissertation aims to
assess task performance under effortful physical exertion during working memory and

perception tasks that involve attending to task-relevant information and inhibiting task-



irrelevant information. Furthermore, this dissertation aims to investigate effortful
physical exertion and cognitive load on pupillary response as an index of arousal (Lui et
al., 2017). Together, the work presented in this dissertation will highlight the importance
of understanding the impact of physical effort on cognitive processes involving inhibitory

control and arousal along with the translational implications.

1.2 Cognitive-Motor Interaction

The evolutionary bases and shared neural mechanisms for the cognitive-motor
interaction have been recently documented (Leisman et al., 2016). In fact, Leisman et al.
argued that postural muscles and normal development of postural control may be the
bases for binding cognitive and motor action. This claim further asserts that it is possible
that cognition evolved in parallel to postural development. In line with this, Leisman et
al. discussed overlapping neural mechanisms that may represent both motor and cognitive
processes where the role of attention and working memory are argued to serve motor
processes. Moreover, frontoparietal regions (i.e., prefrontal and parietal cortices; Ikkai &
Curtis, 2011; Gerver et al., 2020) and the basal ganglia (Middleton & Strick, 2000) are
said to be associated with higher-order cognitive functions and are implicated in
cognitive and motor processes. Prefrontal and posterior parietal cortices are typically
involved in working memory and cognitive control processes (Brass et al., 2005) while
the basal ganglia is thought to bridge cognitive and motor actions (Leisman et al., 2016)

and connectivity between the basal ganglia and prefrontal cortices may even be involved



in cognitive and inhibitory control processes (Casey et al., 2001; Nagano-Saito et al.,
2014).

In addition to Leisman et al. ‘s (2016) evolutionary bases and shared neural
mechanisms for the cognitive-motor interaction, the premotor theory of attention
emphasizes the critical roles of oculomotor activities in orienting spatial attention
(Rizzolatti et al., 1994; Shepard & Metzler, 1971). This is particularly important in
natural vision in which human observers actively seek information from the environment
by frequently directing the oculomotor system (i.e., eye movements) toward events
deemed important beyond their fixation point (Irwin, 1991; Rizzolatti et al., 1994).

Recent literature has documented strong links between cognitive and motor functions
(for a review see Leisman et al., 2016; Irwin, 1991; Rizzolatti et al., 1994). These links
have been observed across sequential (Loprinzi & Kane, 2015; Kato et al., 2018; Washio
etal., 2021; Saez de Asteasu et al., 2017; Zhu et al., 2017; Suzuki et al., 2012) and
simultaneous (Park et al., 2021; Tomporowski et al., 2017; Xie & Zhang, 2023; Haudorff
et al., 2008; Li et al., 2001; Lindenberger et al. 2000, Plummer-D’Amato et al., 2011,
2012; Doumas et al., 2009; Rapp et al., 2005; Voelcker-Rehage & Alberts, 2007)
cognitive and motor actions involving varying intensities of physical action. However,
the impact of physical action on cognition varies under these two observations (sequential
vs. simultaneous) and the engagement of control networks (i.e., prefrontal and posterior
parietal cortices) during the simultaneous cognitive and motor tasks (Ehrsson et al., 2000;

Lim et al., 2021).



On one hand, acute bouts of exercise and chronic habitual exercise are effective in
improving memory performance (for a review see Loprinzi et al., 2021). These effects
can be observed when the physical activity is performed prior to a cognitive task. For
example, chronic exercise, which is defined as multiple instances of engagement in
physical exercise over a period of time, can improve WM performance (Loprinzi et al.,
2021; Rathore & Lom, 2017; Suzuki et al., 2012) and subjective cognitive function
(Miyawaki et al., 2017). Similarly, acute bouts of physical exercise, which are defined as
engaging in one session of physical exercise, prior to the memory task have also been
demonstrated to enhance post-exercise memory performance (Loprinzi et al., 2021). In
fact, studies have reported that acute bouts of exercise are effective in improving
executive functions (i.e., working memory, attention, inhibition) across younger
(Loprinzi & Kane, 2015; Kato et al., 2018; Washio et al., 2021) and older (Saez de
Asteasu et al., 2017; Zhu et al., 2017; Suzuki et al., 2012) adults.

On the other hand, simultaneously engaging in a physical action while performing a
cognitive task may impair performance on one or both domains. For instance, older
adults experience dual-task decrements (i.e., impairments in one or both domains) when
engaging in concurrent dual cognitive and gait (Haudorff et al., 2008; Li et al., 2001;
Lindenberger et al. 2000, Plummer-D’Amato et al., 2011, 2012), postural control
(Doumas et al., 2009; Rapp et al., 2005), or precision grip (Voelcker-Rehage & Alberts,
2007) tasks. Similarly, younger adults had impaired visual search (Park et al., 2021), long
term memory (Tomporowski et al., 2017), and working memory (Xie & Zhang, 2023)

performance when simultaneously engaging in an effortful physical handgrip task. While



studies assessing dual-task decrements and the effect of physical effort using a handgrip
task may produce similar outcomes on cognitive performance, they tend to use a more
demanding motor task (e.g., gait, postural control, precision grip) that may require
significant involvement of cognitive control compared to the handgrip task. The handgrip
task involves voluntary and static isometric muscle contraction (Cain et al., 1971) without
muscle movement and movement of the hand or objects. In fact, the handgrip tasks may
require minimal executive control and involvement of control networks as opposed to
gait (Lim et al., 2021), postural control (Mahoney et al., 2016), or precision grip tasks
(Ehrsson et al., 2000). Lastly, the handgrip task allows for trial-by-trail analysis of
effortful physical exertion on cognitive function (Azer et al., 2023; Park et al., 2021; Xie
& Zhang, 2023) unlike prior dual cognitive and motor action studies (Doumas et al.,
2009; Haudorff et al., 2008; Li et al., 2001; Lindenberger et al. 2000, Plummer-D’ Amato
etal., 2011, 2012; Rapp et al., 2005; Tomporowski et al., 2017; Voelcker-Rehage &
Alberts, 2007). Therefore, the present dissertation uses a novel dual-task paradigm to
investigate the effect of a simple effortful motor task that requires minimal involvement
of cognitive control on working memory and perception.

Chronic and acute physical activity in comparison to dual motor and cognitive tasks
may differentially impact cognitive functioning where chronic and acute physical activity
that occurs prior to the cognitive task may improve cognitive function (Loprinzi & Kane,
2015; Kato et al., 2018; Washio et al., 2021; Saez de Asteasu et al., 2017; Zhu et al.,
2017; Suzuki et al., 2012) and effortful physical action that occurs during the cognitive

task may impair cognitive function (Park et al., 2021; Tomporowski et al., 2017; Xie &



Zhang, 2023; Haudorff et al., 2008; Li et al., 2001; Lindenberger et al. 2000, Plummer-
D’Amato et al., 2011, 2012; Doumas et al., 2009; Rapp et al., 2005; Voelcker-Rehage &
Alberts, 2007). The impact of chronic, acute, and dual task physical action on cognitive
function may be due to effort exerted during the motor task and an arousal-based effect.
Exercise induced arousal from chronic and acute physical exercise can enhance post
memory performance (Lambourne & Tomporowski, 2010) while high arousal induced by
high effort during concurrent effortful physical exertion may impair cognitive
performance (Azer et al., 2023; Park et al., 2021). The present dissertation will focus on
how effort during concurrent physical and cognitive action may impact cognitive
function, specifically working memory, inhibitory control, and perception when

distractors are present, and the role arousal may play on task performance.

1.3 Effort in Cognitive and Motor Tasks

According to the Cambridge Dictionary, effort is defined as engaging in a physical or
mental activity to achieve a goal when the task demand is high. Similarly, exertion is
defined as engaging in a mental or physical task that requires high cognitive or physical
demand, respectively. The Merriam-Webster Dictionary and the Cambridge Dictionary
both suggest that exertion is synonymous with effort and defined as engagement in
activities that require greater mental or physical effort. In the current dissertation, effort
and exertion may be used interchangeably when discussing concurrent physical actions

during a cognitive task.



While effort’s dictionary definition involves engagement in a physical or mental task,
the phenomena of effort has recently sparked the attention of psychologists to understand
the cognitive processes and mechanisms involved in effort (Shenhav et al., 2017; Székely
& Micheal, 2021; Jung et al., 2022). The following subsections will discuss decision
making when engaging in effortful physical or cognitive tasks and the involvement of
cognitive control during effortful tasks.

1.3.1 Shared or Separate Resources Pools of Effort During Cognitive and Motor

Tasks

Cognitive and physical effort can be demanding and when given the choice,
physical pain (Vogel et al., 2020) and inefficient strenuous physical tasks (Rosenbaum et
al., 2014) are typically preferred over cognitive tasks in order to minimize cognitive
effort (Fiske & Taylor, 1991). However, it is unclear whether cognitive and physical
effort are independent of one another or share common neurocognitive mechanisms. To
understand whether cognitive effort shares a common scale with physical effort, Feghhi
& Rosenbaum (2019) used a two-alternative forced choice procedure to investigate if
participants would choose to memorize and later recall a set of numbers during a more
effortful physical task (i.e., carrying a box through a narrow gap) or a less effortful
physical task (i.e., carrying a box through a wide gap). Across two experiments, Feghhi
& Rosenbaum found that participants’ decision making was based on task difficulty
(choosing between the more effortful physical task or less effortful physical task as they

memorized a set of numbers for later recall). Therefore, they concluded that cognitive



and physical tasks may not be interactive of one another and could possibly draw from
separate pools of resources.

Similarly, Xie and Zhang (2023) directly compared perceived effort during a WM
task and effortful physical exertion to understand if effort across the cognitive and
physical task share a common neurocognitive mechanism. Across three different
experiments combining computational and experimental procedures, Xie and Zhang
found a preference for exerting physical effort rather than mental effort. In addition, they
observed a linear relationship between perceived effort across the physical and cogntive
task loads suggesting that perceived effort can represent both physical and cogntive tasks
when directly compared. Xie and Zhang concluded that their results suggest there may be
a shared mental representation for effortfulness across both domains. Furthermore, an
interaction between WM load and effortful physical exertion was observed where under
high physical effort and high WM set sizes the number of retained items in WM
significantly decreased (Xie & Zhang, 2023). Given that larger WM loads may compete
for access to WM (Konstantinou et al., 2014; Oberauer & Lin, 2017), under high physical
effort during larger WM set sizes information control was impaired (Xie & Zhang, 2023).
Xie and Zhang concluded that effortful physical exertion may compete for shared
resources when WM load is high. This account is inconsistent with Feghhi &
Rosenbaum’s (2019) account suggesting that there cognitive and motor actions may have
separate resource pools. Moreover, Xie and Zhang’s (2023) results suggest that
engagement in one domain may have a direct impact on engagement in the other domain

which may occur at the expense of control related processes (Xie & Zhang, 2023). For
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example, when the task demand is high, thus requiring more cognitive control, effortful
physical exertion may negatively impact cognitive task performance. This is consistent
with recent evidence suggesting that cognitive control processes may be more vulnerable
to distractor interreference under concurrent effortful physical exertion (Azer et al., 2023;

Park et al., 2021).

1.3.2 Effort and Cognitive Control

The involvement of cognitive control may be a driving factor for task performance
when greater effort is required (Azer et al., 2023; Park et al., 2021; Xie & Zhang, 2023).
This may involve mental effort and physical effort. For example, recent work aimed to
understand mental effort as it relates to cognitive control across two different competing
accounts (Shenhav et al., 2017; Székely & Micheal, 2021). According to the mechanistic
account of mental effort (Shenhav et al., 2017), effort is defined as a mediating factor
between information processing capacity and the task characteristics. In other words,
processes that require less automaticity and may be threatened by interference from other
ongoing cognitive processes may require cognitive control to intervene to maintain focus
on the task-relevant goal. In addition, Shenhav et al. (2017) defined effort as a mediating
factor between the fidelity (i.e., the degree of accuracy) of the information processing
capacity as it reflects performance on a task. Similarly, the cost benefit theory of the
phenomenology of mental effort (Székely & Micheal, 2021) suggest that effort mediates
information processing capacity and cognitive control and is required to aid in optimal

performance. However, this account differs from the mechanistic account of mental effort
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(Shenhav et al., 2017) in that it suggests that flexibility, rather than fidelity, of
information processing is mediated by effort to achieve optimal performance. Regardless,
both the mechanistic account of mental effort (Shenhav et al., 2017) and the cost benefit
theory of the phenomenology of mental effort (Székely & Micheal, 2021) agree and
suggest that effort is the extent to which cognitive control impairs or allows for enhanced
performance on tasks that require greater effort.

Cognitive control is a key component driving performance in tasks that require
greater mental effort (Shenhav et al., 2017; Székely & Micheal, 2021). Physical effort on
the other hand can impair cognitive control processes when the degree of effort on the
physical task is high during dual-task conditions (for a review see Jung et al., 2022).
According to the transient hypofrontality theory (Dietrich, 2003, 2006; Jung et al., 2022),
dual task conditions that involve greater physical effort during the cognitive task may
require reallocation of neural activation from the prefrontal cortex (PFC) to motor
cortices to maintain the effortful physical action. Therefore, the metabolic and cognitive
resources in the PFC may be reduced. The reallocation of neural activation to motor
cortices during events of concurrent high physical effort may allow for optimal motor
performance, however, it is at the expense of neural structures that may not be involved
or essential for motor action (Jung et al., 2022). As a result, higher-order cognitive
functions, such as working memory and cognitive control, may suffer under effortful

physical exertion (Audiffren, 2016; Dietrich, 2003; Jung et al., 2022).
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1.4 Arousal and Effort on Task Performance

Physical and mental effort can both induce arousal (Ahern & Beatty, 1979;
Alnaes et al., 2014; Hayashi & Someya, 2011; Hess & Plot, 1964; Kahneman & Beatty,
1966; Krejtz et al., 2018; Nielsen & Mather, 2015; Wahn et al., 2021; Zénon et al., 2014;
Zhou et al., 2022), which is typically assessed using pupillary response during, or
immediately after, the effortful task. Pupils respond distinctively to varying stimuli, such
as constricting in response to brightness or during near fixation and dilating during
instance of darkness or in response to increased levels of arousal or effort (Mathot, 2018).
Pupil dilation is controlled by the iris dilator muscle and occurs when the sympathetic
nervous system is active (Mathot, 2018). The sympathetic nervous system is involved in
arousal; thus, pupil dilation occurs as a result of increased arousal. The neural pathway
associated with pupil dilation connects the iris dilator muscles to the LC (Lui et al., 2017;
Mathot, 2018). When the sympathetic nervous system is active, NE is released from the
LC (Glowinski & Baldessarini, 1966; Florin-Lechner et al., 1996) and pupil dilation as a
result may reflect changes in arousal during complex cognitive and motor operations
(Andreassi, 2000; Joshi et al., 2016; Nielsen & Mather, 2015).

The effect of effort on arousal has typically been studied in single task conditions. For
instance, effortful physical action may stimulate the sympathetic nervous system (Hautala
et al., 2009; Patel & Zwibel, 2022), which in turn leads to increased pupil dilation due to
increased sympathetic nervous system activation (McDougal & Gamlin, 2015; Mathot,
2018). In fact, pupil dilation measured after dynamic effortful physical exercise indicates

that greater exercise loads may induce greater pupillary response (Ishigaki et al., 1991;
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Hayashi et al., 2010). In addition to the effect of dynamic exercise on arousal, static
effortful physical action has also been linked to increased arousal, which is observed by
measuring pupillometry during an effortful isometric handgrip task (Hayashi & Someya,
2011; Nielsen & Mather, 2015; Zénon et al., 2014). For instance, effortful isometric
handgrip exercises increase pupil dilation and offers a noninvasive method to test LC
stimulation through pupillary response in order to understand the effect of physiological
arousal on cognitive processes (Bachman et al., 2023; Joshi et al., 2016; Liu et al., 2017).

Similar to the effect of physical effort on pupillary response as an index of arousal,
mental effort (i.e., the amount of information at a given time; Sweller, 1988) studied
independent of physical action induces greater task evoked pupillary responses (TEPRs;
Ahern & Beatty, 1979; Alnaes et al., 2014; Hess & Plot, 1964; Krejtz et al., 2018;
Kahneman & Beatty, 1966; Wahn et al., 2021; Zhou et al., 2022). Mental effort is often
used synonymously with cognitive load (Kirschner & Kirschner, 2012; Kirchner, 2002;
Sweller, 1988) where greater cognitive load is equivalent to the use of greater mental
effort. TEPRSs are typically studied as an index of mental effort and studies have indicated
that pupils typically dilate as a function of increasing cognitive load and task difficulty
(Alnaes et al., 2014; Ahern & Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018;
Kahneman & Beatty, 1966; Wahn et al., 2021; Zhou et al., 2022).

While physical and cognitive effort may both induce increased arousal when studied
in isolation, effortful physical exertion using isometric handgrip may led to heightened
arousal, indexed as greater pupillary response and faster working memory reaction times

(Bachman et al., 2023). For instance, Bachman et al., (2023) recently demonstrated that
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the effects of arousal induced by handgrip exercise on a subsequent working memory
task resulted in faster reaction times across older and younger participants and working
memory load. However, handgrip exercises did not have an effect on the subsequent
working memory task accuracy. Similar to the sequential reaction time effects observed
by Bachman et al., (2023), arousal induced by an isometric handgrip task during a
working memory task led to faster working memory reaction times but at the expense of
distractor interference (Azer et al., 2023; Park et al., 2021).

One possibility for the effect of handgrip on reaction time and task performance could
be that effortful physical exertion may lead to the release of NE from the LC (Nielsen &
Mather, 2015), where the LC-NE system is modulated by distractor interference (Aston-
Jones & Cohen, 2005). The LC-NE system’s effect on distractor interference is more
pounced in tasks involving working memory and inhibitory control (Mather & Harley,
2016; Mather et al., 2016). Specifically, hyperarousal from increased tonic LC-NE
activity (i.e., irregular and elevated neuron baseline activity associated with increased
cortical arousal) may result in impaired performance on cognitive tasks involving
executive functions (e.g., attention, working memory, inhibition; Aston-Jones et al.,
1994; Aston-Jones et al., 2001; Howell et al., 2012; Kane et al., 2017). Similarly,
effortful physical exertion could also be explained by the inverted U hypothesis (Davey,
1973; Yerkes & Dodson, 1908), which suggests that optimal levels of arousal could aid in
enhanced performance while a lack of arousal or too much arousal can impair
performance. In other words, high physical exertion on an isometric handgrip device

during cognitive tasks may produce arousal beyond the threshold for optimal
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performance on cognitive and behavioral tasks. Therefore, under high physical exertion
faster, but more vulnerable, task performance may be observed (Azer et al., 2023; Park et
al., 2021). The present dissertation will focus on whether physiological arousal induced
by effortful physical exertion may impact performance on working memory and

perception, along with the interactive effect between physical and cognitive effort.

1.5 Dissertation Overview

In this dissertation, I propose two separate accounts for working memory and
perception under effortful physical exertion. First, I propose an inhibition-based account
where under effortful physical exertion inhibitory control may suffer when task-irrelevant
items are present. Specifically, Chapter 2 of the current dissertation will empirically test
age-related effects of physical exertion on control of access to working memory. In
addition, across two empirical studies, Chapter 3 will demonstrate that the detrimental
effects of effortful physical exertion on working memory are observed in a perceptual
task using face stimuli where inhibitory control, and holistic processing, are required. In
contrast, effortful physical exertion may not affect overall face discrimination. In addition
to the inhibition-based account, I propose an arousal-based account for effortful physical
exertion on cognitive load. Chapter 4 will investigate the joint effects of effortful physical
exertion and cognitive effort on pupil size as an index of arousal (Lui et al., 2017). Lastly,
the final chapter will discuss the summary of findings, translational relevance, and future
directions. Together, this dissertation focused on the detrimental effect of concurrent

effortful physical exertion on inhibitory control and its impact on arousal.
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Chapter 2. Detrimental Effects of Effortful Physical Exertion on a Working
Memory Dual-Task in Older Adults

2.1 Chapter Abstract

Research assessing the associations of age on physical actions and cognitive
processes is often conducted in isolation. However, action and cognition often interact in
daily functions and deteriorate with age. Therefore, assessing how physical actions
impact core cognitive abilities and how age amplifies these effects is pivotal. The present
study tested the effects of a simple physical action, effortful handgrip exertion, on
working memory (WM) and inhibitory control in younger and older adults. Using a novel
dual-task paradigm, participants engaged in a WM task with 0 or 5-distractors under
concurrent physical exertion (5% vs 30% individual maximum voluntary contraction,
MVC). Effortful physical exertion, although failing to affect WM accuracy with 0-
distractors present for both age groups, reduced WM accuracy for the older, but not
young adults, with 5-distractors present. Similarly, older adults experienced greater
distractor interference with 5-distractors present under high physical exertion, indexed by
slower reaction time (RT) and confirmed by hierarchical Bayesian modeling of RT
distributions. Our finding that a simple but effortful physical task results in impaired
cognitive control may be empirically important for understanding everyday functions of
older adults. For example, the ability to ignore task-irrelevant items declines with age and
this decline is greater when simultaneously performing a physical task, which is a
frequent occurrence in daily life. The negative interactions between cognitive and motor
tasks may further impair daily functions, beyond the negative consequences of reduced

inhibitory control and physical abilities in older adults.
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2.2 Introduction

Aging is inevitably associated with declines in various biological and mental
functions, posing a challenge to the aging society (e.g., increased costs for societal care).
Among these declines, older adults often experience a reduction in physical function and
strength. Declines that accompany old age are not limited to physical function but include
a reduction in key cognitive processes (e.g., working memory and recognition memory,
Park & Reuter-Lorenz, 2009). Working memory (WM), a core cognitive process that
maintains active information online in the service of ongoing mental activities (Cowan,
2001), declines steadily with age (Park & Reuter-Lorenz., 2009; Broockmole & Logie,
2013; Xie et al., 2019). Parallel to declining mental functions, physical functions also
deteriorate with age, leading to increased amounts of time spent sedentary (Sparling et
al., 2015). Sedentary lifestyles may be associated with age-related physiological changes,
including reductions in muscle mass and physical endurance. For instance, muscle mass
and muscle strength, such as isometric handgrip strength, declines with age (Samuel et
al., 2013; Kallman et al.,1990; Vandervoort, 2002). On average, healthy older adults’
isometric strength is 20-40% weaker than younger adults (Vandervoort, 2002). Together
these changes can impact older adults’ physical independence and activities of daily
living (Milanovi¢ et al., 2013). Therefore, it is imperative to assess the effects of aging on
physical and cognitive functions, along with their interaction.

Research assessing the effects of aging in relation to physical and cognitive
processes is often conducted in isolation, however, action and cognition are often

intertwined in daily functions (Leisman et al., 2016; Plummer-D’ Amato et al., 2011,
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2012). For example, when preparing a meal, one must consider the next physical and
cognitive action needed to bring together the ingredients required and ensure that an
accident does not occur, such as a stove-top fire. Recent literature has documented strong
links between cognitive and motor functions (Leisman et al., 2016) in older adults. First,
dual-task paradigms suggest that gait speed tends to decline in older adults while
simultaneously walking and talking (Plummer-D’Amato et al., 2011) or simultaneously
walking and performing a cognitive task (Haudorff et al., 2008; Plummer-D’ Amato et al.,
2012). Second, dual-task decrements are observed in older adults when performing a
concurrent postural control and cognitive task, specifically WM suffers at the expense of
simultaneously performing the postural control task (Doumas et al., 2009; Rapp et al.,
2005). Third, declines in physical strength can be accompanied by, and potentially
preceded by (Taekema et al., 2012), declines in overall cognition in similar rates in aging
(Praetorius Bjork et al., 2016). Fourth, physical strength, such as handgrip strength, and
gait can predict cognitive performance (Taekema et al., 2010) and socio-cognitive
wellbeing (Blankevoort et al., 2013). Fifth, the effects of aging on physical and cognitive
function can interact with each other, especially when the executive function is involved
in both domains (Leisman et al., 2016). For instance, WM performance declines can
occur in older adults when a WM task is performed concurrently with a precision force
tracking task requiring fine motor control and coordination than when the WM task is
done in isolation (Voelcker-Rehage & Alberts, 2007). Lastly, sedentary lifestyles in older
adults have been associated with declines in fluid (Erickson et al., 2015) but not

crystallized (Burzynska et al., 2020) abilities. One possibility that could account for age-
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related declines in cognition while engaging in a motor task could be explained by the Li
& Lindenberger’s (2002) multi-level model on sensory, sensorimotor, and cognitive
changes that occur in aging. This model suggested that neuronal reorganization that
occurs in response of age-related functional loss could lead to modifications in behavioral
responses to tasks that require attentional allocation. However, these adaptions are
assumed to unlikely be consciously controlled. Therefore, modifications in behavior to
account for age-related sensory, sensorimotor, and cognitive changes and neural
reorganization could serve as a compensatory mechanism that may result in long-term
flexible changes in behavior that are determined by the task demand (for a review see Li
& Lindenberger, 2002).

The close interactions between motor and cognitive functions can also manifest in
young adults. For instance, engaging in a concurrent handgrip task during long-term
memory encoding can impair later retrieval in young adults (Tomporowski et al., 2017).
More importantly, task-irrelevant distractors can more easily capture visual attention
(Park et al., 2021) and get encoded into WM (Cappiello et al., 2018) under concurrent
physical effort. These inhibition-based effects of physical effort provide an intriguing
perspective to look at functional declines in older adults given the widely observed age-
related declines in cognitive control. For instance, older adults are more susceptible to
task-irrelevant visual stimuli suggesting age-related inhibitory failures in the presence of
distracting information (Kramer et al., 1994). Reduced inhibitory regulation (i.e., ability
to inhibit task-irrelevant information) and heightened distractibility, captured by the

inhibitory deficit hypothesis, could account for age differences in WM (Hasher & Zacks,
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1988). For example, age-related differences in the ability to inhibit distractors present
during WM tasks suggest that older adults’ ability to filter out distractors is reduced,
which consequently can be reflected in reduced WM capacity (i.e., the number of items
held in WM at a given time; Leiva et al., 2016; McNab et al., 2015). Therefore, due to
reduced inhibitory control in older adults (Hasher & Zacks, 1988), and the susceptibility
to task-irrelevant distractors during a concurrent handgrip and cognitive task (Cappiello
etal., 2018; Park et al., 2021), age could amplify the negative effects of effortful physical
action on concurrent cognitive function. Given that many daily activities concurrently
engage motor and cognitive functions, aging and age-related declines in inhibitory
control and physical strength will pose a unique challenge to older adults.

The present study aimed to assess the interaction between motor and cognitive
functions in younger and older adults by testing the effects of concurrent effortful
physical action on key cognitive functioning. Note, these effects can show different
characteristics and may be supported by different mechanisms in comparison to the
effects of acute or habitual physical activity (Pontifex et al., 2019; Erickson et al., 2015).
Specifically, we assessed the impact of simple physical exertion through an isometric
hand dynamometer on WM and inhibitory control using a novel dual-task paradigm,
where participants engaged in a WM task under effortful physical exertion.

A hand dynamometer is an apparatus that measures participants’ maximum
isometric handgrip strength, which involves static contraction of the hand muscles with
restricted joint movements, and has many empirical advantages. First, the use of an

isometric hand dynamometer for the concurrent handgrip task in the current study allows
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for the inclusion of participants with varying mobile abilities rather than limiting older
adults’ participation based on mobility as seen in prior dual-task paradigms using a gait
task (Haudorff et al., 2008; Plummer-D’Amato et al., 2011, 2012), therefore, expanding
the generalizability of the findings. In fact, the inexpensive and convenient use of
handgrip measurement has become widely adopted in various clinical and experimental
settings as a predictor of overall health (Bohannon, 2001) and a common indicator of
cognitive declines in aging (Praetorius Bjork et al., 2016). Second, while a precision grip
task (Voelcker-Rehage & Alberts, 2007) may also allow for the inclusion of participants
with varying mobile abilities, the handgrip task utilizes a power grip, which is more
ecologically valid than a precision grip. For example, the use of a power grip (i.e.,
gripping an item centrally located in the palm of the hand using the thumb and all fingers
to transmit force), in comparison to a precision grip (i.e., gripping an item using the
thumb and one finger to transmit force) may be preferred when carrying a grocery bag,
gripping a stairwell or escalator railing, or while driving. In the case of driving, drivers
apply roughly 31% maximum voluntary grip force on the steering wheel (Eksioglu &
Kiziliaslan, 2008), which is consistent to our high physical exertion condition. Therefore,
simulating a real-world scenario of dual power grip and cognitive task. Third, the gait
task (Haudorff et al., 2008; Plummer-D’Amato et al., 2011, 2012) and the precision grip
task (Voelcker-Rehage & Alberts, 2007) in the previous dual-task paradigms can be more
cognitively demanding and tend to require more cognitive control than a simple isometric
handgrip task (Kobayashi-Cuya et al., 2018). Lastly, our handgrip task, as compared to

the previous gait task, further allows assessment of the underlying neural mechanisms
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with functional MRI. Together, the current study and task paradigm are not only
grounded in the previous literature with the dual-task paradigms involving gait, postural
control, or precision grip tasks, but also extend this literature with important
methodological novelty and theoretical novelty (e.g., the aging aspect).

In the present study, participants were instructed to remember three briefly
presented task-relevant red orientation bars with 0 or 5 task-irrelevant blue orientation
bars (0-distractor vs. 5-distractors conditions) in the memory array of the WM change
detection task. After a short delay interval, participants reported whether the three task-
relevant orientation bars changed orientation, or not, from memory to test. Physical
exertion was operationalized as handgrip force exertion at different subject-specific
maximum voluntary contraction (MVC, 5% versus 30%), independent of individual
differences in muscular strength and fitness level. Given that high physical exertion
impairs spatial attention (Park et al., 2021) and may reduce inhibitory control, it is
hypothesized that 1) inhibitory control of access to WM will be compromised under high
physical exertion, and 2) this effect will be amplified by age. Accordingly, it was
predicted that 1) worse performance in the WM task will manifest in the 5-distractor
condition than the 0-distractor condition under high physical exertion, but similar
performance between the two distractor conditions under low physical exertion; and 2)
this two-way interaction will be more pronounced in the older adults than younger adults,
yielding a significant three-way interaction. The present study provides a novel
contribution to preexisting theories of age-related decline in inhibition (Hasher & Zacks,

1988). For example, exerting greater physical force during a cognition heavy task may
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illicit impairments in older adults’ ability to inhibit task-irrelevant stimuli (Leiva et al.,
2016; McNab et al., 2015) and may consequently result in accidents.

In testing these predictions, we assessed WM task performance using an
accuracy-based measure, Cowan’s K (representing the number of items successfully
encoded in WM, Cowan, 2001; see Data Analysis), as well as a speed-based measure,
reaction time (RT). Analyzing RT alongside accuracy provides some advantages in
testing the effect of concurrent physical effort on WM. First, RTs can capture moment-
by-moment fluctuations in WM processes with continuous estimates. Second, the
distributional characteristics of RTs could reveal underlying cognitive processes for
various experimental effects (Balota & Yap, 2011; Hohle, 1965). For instance, to account
for the mixed findings regarding the effect of physical effort on cognition (i.e., positive
versus negative effects, McMorris et al., 2011), Park et al. (2021) postulated that two
opposite effects may coexist and possibly cancel each other out in single point estimates
of RTs (e.g., mean RTs). Specifically, they used a computational measurement model, the
ex-Gaussian model (a convolution of Gaussian function with x4 and ¢ parameters and
exponential function with 7 parameter), to assess dissociable effects of physical exertion
on a concurrent attention task in a handgrip and attention dual-task paradigm. They found
that the RT benefit was universal across the RT distributions (i.e., faster responses
captured by the ex-Gaussian u parameter), presumably reflecting effort-mediated phasic
arousal (Aston-Jones & Cohen, 2005; Davranche et al., 2006), whereas the RT cost was
present exclusively at the slowest portion of RTs (i.e., infrequent but delayed responses,

captured by the ex-Gaussian 7 parameter). Adopting Park et al. (2021) approach, the
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present study will identify the origin of the detrimental effect of concurrent physical
effort on WM function and how it manifests in different manners between younger and

older adults.

2.3 General Method
2.3.1 Transparency and Openness

De-identified data, materials, and analytic code can be downloaded from
https://ost.i0/4jz65/7view _only=5e718341e2354c659c¢90ct786bc063ad. The study design,
hypotheses, and analytic plan were not preregistered.
2.3.2 Participants

An a priori power analysis for mixed-effect analysis of variances (ANOVA)
suggests that a total sample size of 18 to 36 participants (hence n =9 to 18 per age group,
assuming that the correlation among repetition measures is 0.5) would provide 80%
statistic power for a significant mixed-effect interaction around the medium level
(Cohen’s f=0.2 to 0.3, Faul et al., 2009). The medium-level effect was expected based
on these following considerations. First, prior research testing age-related effect on dual-
task cost in the cognitive or physical domain has yielded nontrivial effect sizes (Anguera
et al., 2013; Beurskens & Bock, 2012; Jaroslawska et al., 2021). For example, by one
estimate (see Figure 2 in Anguera et al., 2013), the dual-task cost in the cognitive domain
for older participants at the age of 70s can be about 2 times of that for younger
participants at the age of 20s. Second, using a different dual-task paradigm but with

similar age groups, we expected that our age-related effect of concurrent physical loads
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on the modified WM task performance would be attenuated as compared with the prior
research (Anguera et al., 2013). Therefore, we decided to proceed with our power
analysis based on a medium level effect size.

We have thus attempted to ensure the minimal sample size per age group required
by the power analysis assuming an equal sample size in each age group, namely n >= 18.
In the end, we recruited 19 older adults (47.4% female; Mage = 72.37, SDage = 5.04; 5.3%
Black or African American, 10.5% Hispanic, 84.2% White/Non-Hispanic) from local
communities with monetary compensation (20$/h). In addition, we recruited 31
undergraduate students (56.3% female; Mage = 20.37, SDage = 2.27; 53.1% Asian, 9.4%
Hispanic, 25.0% White/Non-Hispanic, 9.4% More than one race, 3.1% Prefer not to
respond) at University of California, Riverside. Because the latter is a convenient sample,
more students have signed up for our study than the community sample. As these
additional college participants met our inclusion criteria outlined below, we had included
all these eligible young participants in our subsequent analysis. Specifically, our
inclusion criteria required that all participants reported normal or corrected-to-normal
vision, normal color vision and being over the age of 18-years-old. None of the
participants reported a history of major neurological (e.g., mild cognitive impairment,
dementia, or stroke), psychiatric (e.g., mood disorders or schizophrenia), or medical (e.g.,
diabetes, HIV, or drug abuse) conditions. To mitigate the impact of sample size across
age group on our analyses, we have focused on both within- and between-group
comparisons and attempted to obtain converging evidence from both conventional and

Bayesian hierarchical modeling techniques.
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Additional data from three young and three older adults were excluded from the
study due to unsuccessful handgrip recordings resulting from misuses of the hand
dynamometer or arthritis. These participants were not able to complete the experiment as
instructed, and therefore were considered ineligible for this study. The experimental
procedure was approved by the Institutional Review Board of the University of
California, Riverside. All participants were provided written informed consent and were
compensated for their participation by course credits (undergraduate participants) or
$20/hour (older adults).

2.3.3 Procedure

Stimuli were presented on an LCD monitor with a grey background (6.1 cd/m?),
using PsychToolbox-3 (Brainard, 1997) for Matlab (The Math Works, Cambridge, MA)
at a viewing distance of 57 cm. The monitor was calibrated with an X-Rite I1Pro
spectrophotometer (X-Rite, Inc., Grand Rapids, MI). Participants’ grip force was
measured using an isometric Vernier HD-BTA hand dynamometer (Vernier, Beaverton,
OR). Each participant first completed a brief assessment to obtain isometric maximum
voluntary contraction (MVC) of grip force and then a visual WM task with a concurrent
handgrip at different levels of %MVC.
2.3.3.1 MVC Measurement

At the beginning of the experimental session, participants were instructed to hold
the hand dynamometer in their left hand using maximum force for 4,000 ms with no
visual feedback. This procedure was repeated 3 times. The median grip force level during

the last 2,000 ms of the 4,000 ms measurement window was averaged across the trials as
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the MVC of each participant. Participants’ initial MVC measurement was not directly
used in the present study; however, each participant’s MVC was measured in order to
manipulate physical exertion by asking participants to grip the hand dynamometer at
different levels of their initial MVC measurement.

Participants practiced across 10 trials to grip hand dynamometer and maintain
their grip force at 5%, 30%, or 65% of their MV C for 4,000 ms, with real-time visual
feedback of the exerted grip force, indicated by a red visual gauge of the exerted force
proportional to their %MVC (Figure 1). Gripping the hand dynamometer at various levels
allowed participant to get a sense of the amount of force they can exert on the device in
order to successfully grip the dynamometer at the indicated level throughout the dual
task. Each practice trial began with the promote “Please get ready! Please hold the
handgrip at the required level AFTER you hear a beep” at the center of the display for
500 ms followed by a centrally located visual gauge providing real-time feedback on the
exerted grip force. The visual gauge, 4° by 6° in visual angle, showed a red bar with
dynamically changing height that was proportional to the exerted grip force, relative to
the required exertion marked as a black horizontal line (for an example, see first screen in
Figure 1). Upon successful maintenance of the grip force at the indicated %MVC,
participants were provided with an auditory “Cha-Ching” sound and visual feedback
stating, “You have successfully maintained the force!” However, if participants were
unsuccessful at maintaining the grip force at the indicated %MV C, they were provided

with a “Beep” sound and visual feedback stating, “Not quite. Please try harder!” If
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participants were unable to maintain their grip force at the indicated %MVC level for
more than 50% of the practice trials, they were given another set of 10 practice trials.

Hand dominance was not measured in the present study. Although handgrip
strength and the MV C measure varies between hands (Incel et al., 2002), it is orthogonal
to the task manipulation of physical effort in the present study. Specifically, participants
were asked to grip the hand dynamometer at different levels (%) of their initial handgrip
strength measurement; therefore, the amount of effort exerted on the hand dynamometer
was standardized regardless of individual strength.
2.3.3.2 Concurrent Handgrip and WM Dual-Task

Next, in the concurrent handgrip and WM dual-task (Figure 1), each trial began
with a screen prompting participants to initiate a left-handgrip on the hand dynamometer
at or slightly above 5% or 30% of their MV C. During the initial 4,000 ms, real-time
visual feedback of the exerted grip force was provided similar to the practice handgrip
trials. No visual feedback of force exertion was provided afterward. Participants were
required to maintain the level of the required hand force throughout the visual WM
change detection task until they made a response. As kinesthetic information (Angyén et
al., 2005) could be sufficient for subjective estimation of the exerted force with minimal
WM load (Lowe, 2016), participants were able to successfully hold the handgrip at or
slightly above the required hand strength level (96.73% overall handgrip accuracy),
despite no real-time visual feedback. Yet, it was not surprising that participants could
more successfully exert hand strength at 5% MVC (98.69% handgrip accuracy) than 30%

MVC (94.72% handgrip accuracy), #(49) = 3.33, p =.002, Cohen’s d = 0.48. However,
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there was no significant age effect in this difference, #(48) = -0.27, p =.792, Cohen’s d =
-0.04. The subsequent analysis of WM task performance will only focus on the trials
when participants successfully exerted hand force to the required level during the WM
task.

While participants were maintaining their hand force at the required level of
%MVC, they performed a visual WM task. In this task, a memory array consisting of
orientation bars appeared for 100 ms. On half of the trials, this memory array displayed 3
red rectangular bars, while on the other half of the trials, this memory array displayed 3
red rectangular bars with 5 blue rectangular bars. These rectangular bars (5°-by-1° of
visual angle in size) were randomly oriented horizontally, vertically, or diagonally, and
were presented at randomly selected centers within a 3-by-3 grid of an 11°-by-11° area in
visual angles. Participants were required to only remember the orientation of the 3 red
rectangular bars while ignoring any blue bars, making it a visual WM task of set size 3
with either 0 or 5 distractors. The memory array was followed by a 900 ms delay interval
with a blank screen containing a central fixation point, after which a test array appeared
and remained on screen for 2,000 ms. On half of the trials, this test array was identical to
the memory array, while on the other half of the trials, one of the red orientation bars
tilted either 45 or 90 degrees. Participants were instructed to use their right index and
middle fingers to press buttons on a Logitech Precision gamepad to indicate whether the
test array was the same or different from the memory array, respectively, within a 4,000
ms maximum response time window. Accuracy of the change detection responses was

emphasized over speed. All experimental factors including low versus high physical
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exertions, 0 versus 5 distractors, and change versus no change trials were randomly
intermixed in each experimental block of 16 trials. The full experiment consisted of 10
blocks, yielding a total of 160 trials. These experimental trials were preceded by 1 block
of 12 practice trials. Each experimental block obtained a 20-second break after 8 trials
and all participants received a mandatory break of approximately one minute between
each block. Participants were encouraged to ask for longer breaks, as needed, to minimize
fatigue. The experimental task, including breaks, took approximately 45 minutes to
complete.
2.3.4 Data Analysis

Participants’ change detection performance for task-relevant items was measured
as Cowan’s K, [(hit rate — false alarm rate) * N] (Cowan, 2001), where N is the task-
relevant set size (i.e., three memory items). Higher Cowan’s K values reflect a greater
number of task-relevant items retained in visual WM (Supplementary Table 1). A two
(younger adults vs. older adults) x two (0-distractor vs. 5-distractor) x two (5% vs. 30%
MV C) mixed-effect repeated-measures ANOVA was performed on K for correct
handgrip trials to investigate age-related differences across distractor and physical
exertion conditions. To evaluate dual-task effects, only trials where participants’ exerted
grip force reached the indicated level of MVC during the WM change detection task were
included for these analyses. Note, the participants were instructed to exert slightly over
the required force with a range of force exertion classified as correct handgrip
performance. Specifically, to qualify as a correct handgrip trial, participants were

required to maintain the exerted force for no less than 5% but no greater than 30% MVC
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in the 5% MVC condition and no less than 25% but not greater than 55% MVC in the
30% MVC condition for more than 2/3™ of the time allocated for the memory display and
delay interval. To help interpret findings from this ANOVA, we performed additional
post-hoc t-tests to directly probe the difference between conditions/groups. We reported
conventional statistics along with Bayes Factors based on post-hoc Bayesian t-tests
(Rouder et al., 2009).

In addition, RT analyses were performed for correct handgrip trials. An outlier
rejection for extremely short (< 200 ms) or long (> 10,000 ms) RTs was conducted,
resulting in 33 out of 8080 total trials rejected (0.41%). For RT distributional analyses,
we modeled correct RTs with ex-Gaussian function for each condition and each
participant, under the hierarchical Bayesian approach developed by Park et al. (2021).
Specifically, the ex-Gaussian parameters were estimated by adopting a hierarchical
Bayesian method (Rouder et al., 2005) using MatlabStan (Stan Development Team,
2016). With this approach we estimated the grand mean of posterior parameter values at
the population level, while simultaneously accounting for variabilities across subject,
condition, age group, and trial levels using Markov chain Monte Carlo (MCMC)
simulations. The main effects of each population-level ex-Gaussian parameter were
estimated using a general linear model, sampling from the Normal distribution. In this
model, the mean is a sum of the fixed effect (condition-effect, age-effect, and condition-
by-age interaction) and the random effect (individual-level), and the variability describes

the individual-by-condition-by-age interaction effect. We chose reasonable to non-
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informative priors for all parameters to cover all plausible RT effects (e.g., 0-5 s) to
minimize biases in posterior distribution due to the choice of priors.

This method produces the mean of the posterior distribution (from 20,000 MCMC
samplings after 20,000 warming-up) and the interval containing 95% of the posterior
distribution (95% highest density interval, HDI; Kruschke, 2011), which can be treated as
a point estimate and as an analogue of a frequentist confidence interval, respectively.
When making a statistical inference, the HDI can serve as the strength of evidence; thus,
one can reject the null hypothesis if the positive or negative side of 95% HDIs for the

difference between conditions does not cross over zero (Kruschke, 2014).

2.4 Results
2.4.1 Characteristics of the Current Sample

Sample demographics for younger (N = 31) and older (N = 19) adults are shown
in Table 1. While previous studies reported attenuated MVC in older adults (Samuel et
al., 2013; Vandervoort, 2002), we did not observe a significant age difference in MVC in
our sample, #(48) =-0.60, p =.555, Cohen’s d = -0.09. Yet, this is unlikely due to the
insensitivity of the MVC measure in the present study, as MVC was higher for men (M =
168.92, SD = 64.71) than women (M = 139.49, SD = 58.08) across both age groups, #(48)
=4.51, p <.001, Cohen’s d = 0.65. Considering that physical exertion in the present
study is manipulated as %MVC, the potential effects of the presence (or absence) of
individual and group differences in physical strength manifested as MVC are largely

removed. We also did not observe a significant difference in the likelihood of successful
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hand strength maintenance during the visual WM task between younger (M =97.07, SD
=3.91) and older (M = 96.31, SD = 4.66) adults during the change detection task, #(48) =
-0.56, p=.577, Cohen’s d = -0.08.

2.4.2 Visual WM Change Detection Performance Under Concurrent Physical Exertion

Of primary interest, we investigated Cowan’s K across experimental conditions
and age groups in successful handgrip maintenance trials, based on a three-way mixed-
design repeated-measures ANOV A with age group (younger vs. older adults) as a
between-subject factor and distractor size (0 vs. 5) and physical exertion (5% vs. 30%
MVC) as within-subject factors. Consistent with the effects of distractor size commonly
observed in visual WM literature, distractor size has a significant main effect on Cowan’s
K for task-relevant items, F(1, 49) = 56.83, p <.001, #°, = .54. Observers remembered
more task-relevant items under the O-distractor condition (M = 2.46, SD = 0.46)
compared to the 5-distractor condition (M = 2.19, SD = 0.60). Furthermore, there was a
significant main effect of age, F(1, 49) = 89.81, p <.001, 5°, =.65, such that younger
adults remembered more task-relevant items (M = 2.50, SD = 0.20) than the older adults
(M =1.84, SD = 0.39). The main effect of physical effort on change detection
performance was not statistically significant, F(1, 49) = 0.07, p = .786, °, <.01.

More importantly, we found a significant three-way interaction across age,
distractor size, and physical exertion, F(1, 49) = 6.86, p =.012, #°, =.12. To further
evaluate this interaction, we performed two separate two-way mixed-effect ANOV As
with factors of age group and physical exertion, for when distractors in the visual WM

task were present or absent (i.e., 5- vs. 0-distractor conditions, respectively). When
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distractors were present, there was a significant interaction between age-group and
concurrent physical exertion on Cowan’s K, F(1, 49) = 10.19, p = .002, #°, = .17. Older
adults retained fewer task-relevant visual WM items under high physical exertion (M =
1.49, SD = 0.49), in comparison to low physical exertion (M = 1.72, SD = 0.43), #(18) =
2.32, p=.032, Cohen’s d = .53, BF10 = 1.99 (Figure 2A). This pattern however was
marginally significant in younger adults, #30) =-1.92, p =.065, Cohen’s d = -.34, BFio =
0.95. When distractors were absent, we did not observer a significant interaction between
age-group and concurrent physical exertion on Cowan’s K, F(1, 49) = 0.33, p = .568, %,
=.01. In other words, the extent of distractor interference (i.e., present — absent) on WM,
although comparable in younger adults across physical exertion conditions, increased for
older adults when exerting higher physical force (Figure 2B), leading to the significant
three-way interaction.

Collectively, these results suggest that effortful physical exertion compromised
the inhibition of task-irrelevant information in older adults but less so for younger adults.
In contrast, physical effort had no significant effect on WM performance for either age
group when distractors were absent. Consequently, older adults would find it hard to
remember task-relevant items when distractors were present in WM under a higher
concurrent physical exertion.

An alternative account for the age effect manifested as increased distractor
interference from low to high physical exertion could be, at least in part, due to greater
physical fatigue in older adults throughout the experimental session. Although the present

study utilized various measures to minimize physical fatigue (e.g., frequent breaks, see
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Method), we directly looked at the grip performance and age-related effects over the
course of the experiment blocks.

Physical fatigue has been found to be associated with a decline in amplitude as
well as systematic changes in variability of the motor output (Cortes et al., 2014;
Missenard et al., 2008; Morrison et al., 2005). Two measures in this regard were thus
examined, the grip force amplitude (in % of individual MVC; Figure 3A) and the
variability (Figure 3B), measured from the continuous grip exertion recording during the
memory array and delay interval (100 ms + 900 ms). The 10 experimental blocks were
divided into 5 big blocks with 32 trials in each block to ensure a sufficient number of
trials for this block-by-block analysis. For the median grip force, a four-way mixed-
design ANOVA with the factors of age group, physical exertion, distractor size, and
block sequence (block 1 through 5) failed to yield any significant effects, including a
non-significant main effect of block sequence, F(4, 196) = 1.03, p = .396, #°, = .02, non-
significant block-by-age group interaction, F(4, 196) = 0.68, p = .604, #°, = .01, and non-
significant four-way interaction between all factors, F(4, 196) = 1.67, p = .160, 5, = .03,
except for the significant effect of physical exertion, F(1, 49) =212.01, p <.001, #°, =
.82.

The force variability over the memory interval was estimated by the mean
variance of continuous grip force normalized to the required force level (i.e., variance
proportional to 5% or 30% MVC physical exertion). The same four-way mixed ANOVA
for the force variance again revealed no statistically significant effects, including the

main effect of block sequence, F(4, 196) = 1.32, p = .268, %, = .05, the block-by-age
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group interaction, F(4, 196) = 1.09, p = .367, °, = .04, and the four-way interaction
between all factors, F(4, 196) = 0.60, p = .664, n°, = .02. These results showed no
indication of increasing physical fatigue over the course of the experiment and its
interaction with the age group.

Nonetheless, we further assessed whether the primary experimental effect on
memory performance (i.e., the increased distractor interference under higher physical
effort in older adults, but not in younger adults) varies throughout the experimental
session. To ensure reasonably robust measure of the memory performance, we split the
10 experiment blocks into the first half and the second half, yielding 20 trials per
condition in each half. No significant change in the interaction effect on memory
performance (i.e., the difference in the distractor interference effect [Cowan’s K for 5-
distractors present minus Cowan’s K for 0-distractors present] between high physical
exertion and low physical exertion, see Figure 2B for an example) was observed in
younger adults (first half: M = 0.07, SD = 0.76; second half: M =0.01, SD = 0.60), #30)
=0.23, p=.813; Cohen’s d = -.04; BF10 = 0.20, or older adults (first half: M =-0.44, SD
= 0.84; second half: M =0.84, SD =1.07; #(18) =-1.38, p =.184; Cohen’s d =-.32; BF1o
=0.54).

2.4.3 Reaction Time Effects of Concurrent Physical Exertion
Following the analyses on Cowan’s K, a three-way mixed-design repeated-

measure ANOVA for the correct RTs' (Figure 4A) was performed with two within-

! Correct RT was defined when both responses for change detection and handgrip tasks were correct. 4,569
out of 5,040 trials (90.7%) from younger adults and 2,365 out of 3,040 trials (77.8%) from older adults
were submitted to RT analyses.
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subject factors, distractor size (0 vs. 5), physical effort (5% vs. 30% MVC), and a
between-subject factor, age group younger vs. older adults). There were significant main
effects of all three factors; for distractor size, F(1, 49) = 82.99, p <.001, ?, =.63, for age,
F(1,49)=19.61, p <.001, 7, =.29, and for physical exertion, F(1, 49) = 4.66, p = .036,
17’ =.09. The main effects of distractor size and age group are conceptually in the same
direction (i.e., worse performance) as the results of Cowan’s K estimates. Specifically,
participants’ RT for the WM change detection task was slower when task-irrelevant
distractors were present and in older adults than younger adults. However, physical
exertion yielded an opposite effect as the one for Cowan’s K. Specifically, RT was
significantly faster under high physical effort (M = 900.3 ms, SD = 263.3 ms) compared
to low effort (M = 920.8 ms, SD = 283.8 ms).

The opposite RT effects, the RT-facilitation effect of physical effort versus the
RT- interference effects of distractor size and age group, could cancel each other out and
attenuate the interaction effects of these factors, in line with the findings from Park et al.
(2021). Accordingly, the three-way interaction was marginally significant, (1, 49) =
3.41, p=.071, n°, =.07. However, separate two-way mixed-effect ANOVAs for each
distractor size condition revealed an apparent asymmetry in the age-by-physical effort
interaction, which was significant in the distractors present condition, F(1, 49) =4.18, p =
.046, °, = .08, but not in the distractor absent condition, F(1, 49) = 0.05, p = .817, 4%, <
.01. In other words, the extent of RT delay due to distractor interference (i.e., Present —

Absent) was comparable across all age groups and physical exertion conditions, except
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when older adults were presented with the distractors under the higher physical effort
(Figure 4B).

In addition to these analyses on the raw correct RT data, we further tested if the
observed age difference in distractor interference under higher physical effort is due to an
asymmetric scaling of the effect size arising from the difference in the overall processing
speed and reaction time between the age groups?. It is well established that effect of
experimental manipulation typically increases with slower overall RTs (Faust et al.,

1999; Verhaeghen, 2011). Especially when it comes to age-related differences, such
exaggeration of RT costs may yield a misleading interpretation of RT differences often
observed between age groups (Yi & Friedman, 2014). To control for the group difference
in overall RT, we thus normalized the raw RTs as the proportion to individual mean RT.
With normalized RTs, the condition effects manifest as the deviation from individual
mean RT at 100% (Figure 4B). We repeated the same statistical analyses for the raw RTs
and obtained comparable results for normalized RT. Specifically, the age-by-physical-
effort interaction effects for distractor present condition remained significant with a small
increment of effect size, F(1, 49) = 5.58, p = .022, ?, = .10, and it remained non-
significant for distractor absent condition, F(1, 49) = 0.02, p = .894, %, < .01. This
reaffirms the previous finding that the RT-interference effect in the distractor-present

condition was mainly observed in older adults.

2 We would like to thank an anonymous reviewer for suggesting this analysis using the normalized raw RTs
for investigating age-related differences.
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2.4.4 Hierarchical Bayesian ex-Gaussian Analyses for Reaction Times

To further explore the nature of these opposite effects on mean RTs, we assessed
whether these effects manifested on different aspects of the RT distributions, captured by
our hierarchical Bayesian ex-Gaussian model, in a dissociable way. The group-level
posterior mean and 95% HDI for each ex-Gaussian parameter (¢ and o for the Gaussian
component and 7 for the exponential component) as a function of age, distractor size, and
physical effort are summarized in Table 2.

We reconstructed the three-way interactions for each parameter by taking the
differences across conditions (i.e., the difference between age group [older — younger] for
the difference between physical effort conditions [30% MVC — 5% MVC] and
the difference between distractor size conditions [5-distractor — O-distractor]; Figure 5).
The resulting posteriors revealed a distinctive, opposite pattern between u (-72.8 ms, 95%
HDI [-127.6 ms, -24.0 ms]) and 7 (+127.7 ms [+61.9 ms, +201.7 ms]), whereas no
reliable effect was observed in ¢ (-19.1 ms [-60.1ms, +18.0 ms]). Specifically, the three-
way interaction in ¢ primarily manifested in a negative direction (i.e., RT benefit). On the
contrary, the three-way interaction in 7 was largely positive (i.e., RT cost). The bi-
directional interaction effects on x and 7 indicate that, when irrelevant distractors were
present under higher handgrip force exertion, older adults’ responses were generally
faster (captured by smaller w), but at the expense of reduced inhibition of distractors
which in turn resulted in an extreme delay (i.e., the slowest portion of the distribution,

captured by greater 7).
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2.5 Discussion

The present study investigated the effects of effortful physical exertion on
cognitive control of accessing WM in younger and older adults. Effortful physical
exertion (30% versus 5% MVC), although it failed to affect WM accuracy at the 0-
distractor condition for either age group, reduced WM accuracy for the older adults, but
not younger adults, at the 5-distractor condition. In other words, older adults were less
likely to inhibit distracting information when engaging in an effortful physical task.
Similar three-way interactions were found for mean RTs and Hierarchical Bayesian ex-
Gaussian Analyses of RT components in the WM task. In particular, reduced inhibition in
older adults, but not younger adults, under the 5-distractor and higher exertion conditions
manifested as a delay in the slowest portion of the RT distributions, captured by larger ¢
of the ex-Gaussian model of the RTs. An alternative account based on physical fatigue
was further rejected. Together, these findings supported our prediction that reduced
inhibitory control in WM manifested as worse performance in the change detection task
for the 5-distractor condition than the O-distractor condition under high physical exertion
(30% MVC), which was more pronounced in older adults than younger adults.

These findings are consistent with some previous reports of the negative
interactions between cognitive and motor tasks in older adults (Voelcker-Rehage &
Alberts, 2007; Plummer-D’ Amato et al., 2011, 2012). For instance, older adults exhibit
altered gait when simultaneously completing a dual cognitive and motor task compared to
performing the motor task alone (Plummer-D’Amato et al., 2011, 2012). Moreover, older

adults tend to be negatively impacted by cognitive and motor dual-tasks, resulting in
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worse executive functioning performance (Voelcker-Rehage & Alberts, 2007). These
previous findings could be accounted for by the direct competition for cognitive control
mechanisms across the motor and cognitive tasks. Specifically, these previous studies
tend to use more demanding motor tasks (e.g., precision grip and gait) with significant
involvements of cognitive control processes, as compared to the isometric hand grip task
in the present study. In contrast, the present study has adopted a handgrip task requiring
phasic isometric muscle contraction (Cain et al., 1971). It features voluntary and static
contraction without muscle movement (and movement of hand and objects). This
physical action is expected to require minimal executive control and involvement of
control network as opposed to gait or precision grip tasks (Kobayashi-Cuya et al., 2018).
In fact, in comparison to a power grip, a precision grip elicits stronger activation in the
prefrontal and posterior parietal cortices (Ehrsson et al., 2000), which are typically
involved in working memory and cognitive control processes (Brass et al., 2005). One
possibility could be that maintaining a precision grip could be more difficult than a power
grip, therefore, the demand to maintain a precision grip could result in the need for
increased cognitive control (Ehrsson et al., 2000).

Nonetheless, older adults in the present study, exhibited decreased ability to
inhibit distractors in the high physical exertion condition, providing strong evidence for
inhibition-based theories of cognitive aging, which postulate that the ability to inhibit
distracting information declines with age (Hasher & Zacks, 1988). The dual-task
paradigm in the present study was adopted from Vogel et al. (2004, 2005) where

contralateral delay activity (CDA), an event-related potential that significantly increases
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in amplitude as the number of items held in memory increases and asymptotes when it
reaches individuals’ memory capacity, were recorded. When distractors are present, the
amplitude of CDA is smaller than when distractors were not present, suggesting that
cognitive control processes are responsible for regulating items that access WM and are
essential for ensuring task-irrelevant items do not consume WM (Vogel et al., 2005). In
addition, increased distractibility potentially as a result of poor inhibition is likely due to
impaired, or reduced, ability to filter out task-irrelevant stimuli, therefore attentional
allocation to task-relevant items may suffer (Gaspelin & Luck, 2018; Ophir et al., 2009).
More importantly, the decline in cognitive inhibition in older adults was amplified by the
concurrent high physical exertion. Dual-task decrements, which are defined as a deficit in
performance for one task as a result of simultaneously completing a secondary task, can
offer a potential explanation for the present study. For example, gait speed (Hausdorff et
al., 2008; Plummer-D’Amato et al., 2011, 2012) or precision grip variability (Voelcker-
Rehage & Alberts, 2007) is altered during a dual-task in comparison to a single-task.
With the understanding that action and cognition are often intertwined in daily life, and
may compete for overlapping neural mechanisms (Leisman et al., 2016), it is possible
that during the simultaneous WM and handgrip task similar dual-task decrements
observed within-domain are observed across domains.

The results of the present study may also be explained by an arousal-based
enhancement effect (also see Park et al., 2021), which manifested as opposite patterns in
w and T components of the ex-Gaussian analyses of the WM task RTs in the present study.

It is however possible that the two effects may stem from the same neurocognitive
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mechanism. For example, physical exertion can yield heightened arousal which in turn
increases norepinephrine (NE) released in the locus coeruleus (LC; Nielsen & Mather,
2015) and the LC-NE system is modulated by distractor interference (Aston-Jones &
Cohen, 2005). Its subsequent effect on cognition seems more pronounced in tasks
involving executive functions (Mather & Harley, 2016; Mather et al., 2016). Therefore,
arousal stemming from high physical exertion for older adults may result in increased
distractor interference and speeded responses. One possibility is that cognitive functions
that are typically negatively impacted by age, such as the ability to inhibit distractors (see
for a review Mather & Harley, 2016), may depend on the LC-NE pathway. Arousal and
the LC-NE responses to arousal can increase cortical activity when initial activation
levels are high, that is for novel or salient information, but it can alternatively dampen
cortical activity in regions where activation is low, that is for less salient information.
Specifically, arousal and the LC-NE system are associated with the ability to selectively
attend to task-relevant information and inhibit task-irrelevant information (Dahl et al.,
2020). However, when salient and non-salient information was presented, younger adults
had increased processing and parahippocampal place area (PPA)-LC functional
connectivity for only salient information, while older adults had increased processing and
PPA-LC functional connectivity for both salient and non-salient information (Lee et al.,
2018). Therefore, older adults’ ability to inhibit irrelevant information and selectively
attend to task-relevant information may be impaired despite increased arousal/activation

of the LC-NE system.
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In addition to this novel theoretical significance, our findings that a simple
physical task resulted in impaired cognitive control may be empirically important for
understanding everyday functions of older adults. Daily functions may become difficult
due to the negative interactions between cognitive and motor tasks, and consequently the
risk of injury increases. Age-related declines in grip strength (e.g., Kallman et al.,1990)
were not replicated in the present study. This is likely due to a large percentage of high
functioning abilities of community subjects that volunteered for the experiment (i.e., a
sampling bias). Consistent with this interpretation, older adults in the present study
reported continued driving ability, which may indicate high functioning abilities and
preserved grip strength since it has been previously reported that on average drivers apply
roughly 31% maximum voluntary grip force on the steering wheel (Eksioglu &
Kiziliaslan, 2008), as compared to 30% MVC at the high physical exertion condition in
the present study. However, it is important to note that the current findings are expected
to generalize across individual differences in grip and physical strength, given that the
physical exertion manipulation in the present study is operationalized as the proportion of
individual MVC. Nonetheless, future research needs to recruit a more representative
sample of older adults.

Using a novel paradigm, the present study demonstrated that concurrent effortful
physical action can be detrimental to WM, especially in older adults. Reduced inhibitory
control and physical abilities may pose a problem for the aging population, considering
cognitive and motor actions are rarely engaged in isolation in everyday life. As muscle

mass and strength decline with age (Samuel et al., 2013; Kallman et al.,1990;
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Vandervoort, 2002), varying manipulations across different motor tasks should be
considered for future research. Moreover, this effect should be examined in various
clinical populations with reduced grip strength in which the same physical activities can
be more effortful. For example, grip strength is reduced in schizophrenic patients
compared to healthy adults and is positively associated with WM (Firth et al., 2018).
However, research on concurrent physical effort in relation to individuals’ handgrip
strength is still sparse. Future studies should examine the relationship between concurrent
effortful physical action in other domains of cognition in healthy and clinical populations.
In addition, future studies should examine pupil dilation in response to physical exertion
during a cognitive task as a proxy for LC-activation (Liu et al., 2017) in order to gain a
better understanding of how heightened arousal in the presence of distractors (LC-NE
system; Xie et al., 2022) may reduce inhibitory control during a concurrent effortful
physical and cognitive task. Lastly, the use of a handgrip device, compared to gait tasks,
may allow future studies to explore the underlying neural mechanisms to better
understand the interaction between physical and cognitive action using functional MRI.
Given that age-related atrophy in cortical regions involved in motor function can result in
motor deficit, and motor control in older adults may rely on a more widespread network
than in younger adults (for a review see Seidler et al., 2010), it is imperative to assess
age-related brain changes in functional and structural cortices involved in motor and
cognitive function, along with their interaction.

One cavate of the present study includes differences in compensation for

participation between younger and older adults. Future studies should consider
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comparable compensation across experimental groups. Another limitation of the present
study includes the lack of information collected regrading hand dominance. While the
amount of force exerted on the hand dynamometer was standardized across participants,
it is likely that participants using their dominant hand (i.e., left hand dominant
participants) to grip the hand dynamometer perceived the grip task to be less effortful
while performing the dual task compared to those using their non-dominant hand (i.e.,
right hand dominant participants). Lastly, the present study did not include single-task
conditions as the primary research interest was to investigate reduced inhibitory control
under effortful physical exertion. However, single-task conditions would provide useful
data for further exploration of dual-task costs and insightful understanding of age-related
differences of cognitive vs. motor task prioritization.

2.5.1 Conclusions

With the analyses of accuracy, RT and Hierarchical Bayesian ex-Gaussian
Analyses of RT, the present study found that effortful physical exertion (30% versus 5%
MVC) reduced cognitive control of access to WM for older adults, but not younger
adults. In other words, older adults in the present study were less likely to inhibit
distractor items and prevent them from being encoded into WM when simultaneously
exerting high physical effort, which is consistent with inhibition-based theories of
cognitive aging (Inhibitory Deficit Hypothesis; Hasher & Zacks, 1988) and some
previous findings that report the negative interactions between cognitive and motor tasks
in older adults (Voelcker-Rehage & Alberts, 2007; Plummer-D’Amato et al., 2011,

2012). Overall, our findings highlight the importance of age-related declines in WM and
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cognitive control, which may be amplified in situations where concurrent motor action

takes place, such as in everyday tasks that involve a cognitive and motor component.
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Tables

Table 1.
Sample Demographics
Younger Adults Older Adults
(18-28) (65-86)

Characteristics Mean (SD)/% Mean (SD)/% t/y df p
Age (years) 20.35 (2.31) 72.37 (5.04) - - -
Gender

Female 54.80% 47.40% 38 1 .539
MVC 149.47 (65.78) 160.37 (57.83)
Female 126.93 (52.01) 163.21 (64.49) -44 47 .664
Male 176.84 (72.00) 157.82 (54.60)
Years of 14.08 (1.38) 15.18 (2.19) 185 41 077
Education ' ) ' ) ) '
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Table 2.

Group-level posterior mean and 95% highest density interval (HDI) for each ex-
Gaussian parameter (u, o, and t) as a function of age, distractor size, and physical

exertion.
5% Physical Exertion 30% Physical Exertion
Parameters
0-Distractor 5-Distractor 0-Distractor 5-Distractor
Younger Adults (mean [HDIos] in ms)
u 573.1 [560.6, 585.5] 591.7 [581.0, 604.3] 553.1[541.7, 564.2] 580.4 [568.5, 592.7]
o 82.1[73.9,91.9] 81.6[73.1,91.0] 75.4[66.1, 83.6] 76.7 [66.8, 85.7]
T 196.5 [181.1, 212.3] 244.3 [227.6,260.2] 200.1 [185.1, 215.5] 232.4[216.1,250.3]
Older Adults (mean [HDIose] in ms)
u 761.0 [738.0, 784.1] 834.8 [809.9, 863.5] 773.9 [751.7,799.6] 783.5[758.7, 811.6]
o 118.6 [101.7, 137.3] 138.7 [120.5, 159.8] 123.8 [105.4, 142.1] 126.7 [108.7, 151.2]

304.0 [273.8, 333.5] 290.2 [260.6, 326.1]

268.6 [239.0, 297.6]

367.0 [329.7, 404.5]
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Figures

Figure 1.

Stimuli and procedure for the concurrent physical exertion and change detection task

% MVC:
5vs. 30

Distractor
size:
Ovs.5

Note. Each trial began with a 4,000 ms screen prompting participants to grip the Hand
Dynamometer at the indicated level (5% or 30% MVC) followed by the memory array
containing zero-distractors or five-distractors (shown above). After a 900-ms delay

interval, a test array was presented for 2,000 ms and participants were instructed to make
a timed response within the 6,000 ms interval.
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Figure 2.

Three-way interaction with age group (younger vs. older adults), distractor size (0 vs. 5-
distractors), and physical effort (5% vs. 30% MVC).
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Note. (A) Accuracy results (K) for the change detection WM task. Cowan’s K from trials

with successful handgrip trials in the 0-distractor condition and the 5-distractor condition
across MVC and age group. (B) The distractor interference effect (differences in K across
the distractor conditions). Error bars represent standard error of mean hereafter.
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Figure 3.

Mean grip force and variability across the experimental blocks.
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Note: (A) Mean grip force for younger adults (YA) and older adults (OA) across the
experimental blocks. and (B) Grip force variance during the memory and maintenance

interval periods for younger adults (YA) and older adults (OA) for YA and OA across the

experimental blocks.
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Figure 4.

RT results for the change detection WM task.
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interference effect (differences in RT across the distractor conditions, see main text for
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Figure 5.

Posterior distributions of the three-way interactions (age group, distractor size, and
physical effort) for each hierarchical Bayesian ex-Gaussian parameters.
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Note. The posterior samples are fitted with a nonparametric kernel density function (solid
black curves). The red triangles and the horizontal bars represent the means and 95%
HDI of the posteriors of the interaction effects, respectively.
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Chapter 3. Impaired Inhibitory Control for the Le Grand Face Task under
Increased Effortful Physical Exertion

3.1 Abstract
Face processing involves the recruitment of specialized cortical networks that are not
typically shared with other complex cognitive functions. Recently, experimental
paradigms assessing holistic face processing, such as the composite face effect (CFE) of
the Le Grand face task, suggest that the Le Grand face task may require additional
reliance on cognitive control mechanisms. Concurrent effortful physical exertion may
negatively impact cognitive control. Therefore, Experiment 1 of the present study
investigated the interaction between motor and cognitive functions using the Le Grand
face task as a measure that requires reliance inhibitory control mechanisms. Using a
novel dual-task paradigm, participants engaged the Le Grand face task under concurrent
physical exertion (5% vs 45% individual maximum voluntary contraction, MVC). In
Experiment 2 of the present study, we investigated overall face discrimination under
effortful physical exertion. Under high concurrent physical effort cognitive control
(Experiment 1) but not overall face discrimination (Experiment 2) was impaired. These
results may be empirically important for understanding how physical exertion may impair
the ability to inhibit task-irrelevant items using stimuli that we encounter daily (i.e.,

faces).
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3.2 Introduction

Reflecting on what a typical month in your life looks like, think about how many
people, and thus faces, you may encounter. This can include a trip to the grocery store, a
leisure or brisk walk through a college campus, or an outing at a restaurant where you are
bound to passively view many, if not hundreds, of faces on a given month. In fact, on
average, we can recall and recognize approximately 5,000 faces of those we directly
socially interact with and those that we may not socially interact with but are known
famous figures (Jenkins et al., 2018). This is only a fraction of the many faces that we
may actively and passively encounter in our lives. Face processing and recognition
involves the recruitment of its own specialized cortical network that is not typically
shared with other complex cognitive functions (Kanwisher & Yovel, 2006). However,
experimental paradigms assessing holistic face processing, such as the composite face
effect (CFE) of the Le Grand face task (Le Grand et al., 2004), may require additional
reliance on cognitive control mechanisms (Fitousi, 2020; Chen et al., 2022). Inhibitory
control, which involves the ability to inhibit task-irrelevant information and attend to
task-relevant information (Diamond, 2013), is impaired while simultaneously performing
a task involving cognitive and physical actions (Azer et al., Under Revision; Park et al.,
2021). Many of the daily activities that we engage in as we actively or passively view
faces involve engagement in a simultaneous physical activity (e.g., pushing a heavy
shopping cart in the grocery store, leisure or brisk walking, cycling on a city street, etc.);
therefore, understanding the impact of engaging in a concurrent physical action on

inhibitory control in natural scenes, such as face processing, is imperative.
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Face processing is unique, unlike other complex cognitive processes, and has its
own specialized neural mechanism, the fusiform face area (FFA; for a review see
Kanwisher & Yovel, 2006). The FFA has robust activation in response to faces and is
sensitive to face configurations (Kanwisher & Yovel, 2006;, Liu et al., 2010). In addition
to configural face information, the FFA is sensitive to detecting featural information and
integrating both featural and configural information into a holistic representation (Liu et
al., 2010). Therefore, faces are processed as non-decomposed wholes rather than
individual segments (i.e., eyes, nose, mouth).

Maurer et al. (2002) suggested that holistic face processing may involve three
aspects: 1) first order relations, which include featural information that define a face,
such as two eyes, a nose, and a mouth, 2) the detection of first order relations is
automatically viewed as a gestalt rather than individual segments, and 3) second order
relations, which include detection of spatial distance for featural information (i.e.,
configural information). Evidence for holistic encoding in face processing includes the
composite face effect (CFE; Young et al., 1987; Le Grand et al., 2004), which is a more
robust measure of holistic face processing than other paradigms, such as the face
inversion task (Maurer et al., 2002). The original CFE task by Young et al. (1987)
showed participants aligned and misaligned composite top and bottom face halves of
familiar and unfamiliar faces intermixed. In this task, participants were more prone to
error, and had slower reaction time, when identifying the top two face composites in the

aligned vs. the misaligned condition. To date, many variations of the CFE task have been
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used to study holistic processing (Hole, 1994; Le Grand et al., 2004; Richler et al., 2009;
Michel et al., 2016)

While the CFE has been previously been attributed to holistic face processing
(Young et al., 1987; Hole, 1994; Le Grand et al., 2004; Michel et al., 2016; Azer &
Zhang, 2019), recent accounts suggest that the CFE may engage working memory,
cognitive control, and attentional mechanisms rather than, or in addition to, holistic
processing (Fitousi, 2020; Chen et al., 2022). In fact, Fitousi (2020) suggested that the
composite face task is not a pure measure of holistic processing, and instead is a measure
of working memory, cognitive control, and selective attention. In this study, observers
completed the full and partial design of the CFE task with 1) unfamiliar composite faces,
and 2) familiar/famous composite faces and the ex-Gaussian parameter Tau (1) for
reaction time, rather than the traditional mean reaction time analysis, was computed. The
ex-Gaussian T component is hypothesized to reflect 1) working memory, cognitive
control, and attentional processes (Schmiedek et al., 2007), 2) task conflict (Steinhauser
& Hiibner, 2009), and 3) object-based attention (Spieler et al., 2000). Across the full and
partial CFE task design for familiar and unfamiliar faces, the ex-Gaussian t parameter for
reaction time showed that participants required significantly longer reaction times for the
aligned, compared to the misaligned, condition (Fitousi, 2020). This pattern was not
observed for the other ex-Gaussian Mu (i) and Sigma (o) parameters (Fitousi, 2020),
which represent response or stimulus related processes on reaction time (Schmitz &

Wilhelm, 2016). Thus, Fitousi (2020) concluded that the CFE task is primarily associated
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with working memory, cognitive control, and attentional processes and may not reflect
holistic processing.

Ex- Gaussian modeling of behavioral performance suggested that the CFE task
may not be directly related to holistic processing and is associated with alternative
cognitive mechanisms (Fitousi, 2020). To further investigate the role of attentional,
working memory, and control mechanisms on the CFE, Chen et al. (2022) investigated
neural substrates while participants performed the CFE task to determine if additional
networks, beyond the FFA, were involved. Replicating prior studies (for a review see
Kanwisher & Yovel, 2006), the FFA elicited stronger activation in the aligned, compared
to the misaligned, condition (Chen et al., 2022). In addition, the bilateral insula and
medial frontal cortex elicited stronger activation in response to the aligned, compared to
the misaligned, condition. These two regions are involved in monitoring ongoing actions,
cognitive control, and goal-directed attention (Ridderinkhof et al., 2004; Brass et al.,
2005; Craig, 2009; Menon & Uddin, 2010). Combined, Fitousi (2020) and Chen et al.
(2022) both demonstrated that the CFE task (partial and full design; familiar and
unfamiliar faces) may be more appropriately described as a measure of cognitive control
rather than a measure of holistic face processing. Therefore, CFE measured using the Le
Grand face task (Le Grand et al., 2004) in the present study is used as a measure of
cognitive control for stimuli that we possess expertise for in a natural scene given our
periodic exposure to faces.

As faces, and other stimuli, are processed in natural scenes during everyday

activities, on many occasions we simultaneously engage in concurrent physical activity,
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such as encountering others during a leisure or brisk walk or pushing a shopping cart as
we actively or passively view faces in a grocery store. The close interaction between
motor and cognitive functions thus elicits an in-depth investigation and understanding of
the impact of engaging in a dual task on cognition. For instance, long-term memory
retrieval is impaired when participants simultaneously engaged in a concurrent physical
task (i.e., physical exertion on a hand dynamometer) during memory encoding
(Tomporowski et al., 2017). More importantly, task-irrelevant distractors can get encoded
(Cappiello et al., 2018; Azer et al., Under Revision) and capture visual attention (Park et
al., 2021) more easily during concurrent physical exertion. In other words, participants
are vulnerable to distractor interference as a result of reduced inhibitory control while
engaging in a simultaneous motor and cognitive action (Cappiello et al., 2018; Park et al.,
2021; Azer et al., Under Revision).

The present study aimed to assess the interaction between motor and cognitive
functions using a sample of undergraduate college students by testing the effects of
effortful physical exertion on key cognitive processes. Recent studies (Cappiello et al.,
2018; Park et al., 2021; Azer et al., Under Revision) suggest that these effects may be
supported by different mechanisms than the effects of acute or habitual physical activity,
in isolation, on cognition (Pontifex et al., 2019; Erickson et al., 2015). Specifically, we
assessed the impact of a simple yet effortful physical task on inhibitory control for face
stimuli using the partial design of the Le Grand face task (Le Grand et al., 2004) by
manipulating physical exertion on an isometric hand dynamometer using the novel dual-

task paradigm where participants completed the Le Grand face task under effortful
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physical exertion. An isometric hand dynamometer is an apparatus that involves static
contraction of the hand muscles with restricted joint movements and measures
participants’ maximum isometric handgrip strength. The use of an isometric hand
dynamometer for the concurrent handgrip task in the present study is an inexpensive,
convenient, and inclusive measurement tool that is widely adopted in clinical and
experimental settings as an indicator of cognitive functioning (Praetorius Bjork et al.,
2016) and predictor of overall health (Bohannon, 2001). The use of a hand dynamometer
promotes inclusivity in that it expands the generalizability of dual-task paradigms to
include those with limited mobility unlike the use of a gait task which requires
participants to perform a dual walking and cognitive task (Haudorff et al., 2008;
Plummer-D’Amato et al., 2011, 2012), thus consequently limiting the participant
inclusion criteria.

In the present study, cognitive control for stimuli from natural scenes was
measured using the CFE of the Le Grand face task (Le Grand et al., 2004). In this task,
participants were briefly presented two sequential displays of composite faces consisting
of top and bottom face halves (Figure 1). Participants reported if the top face halves of
the two sequential displays are the same or different while ignoring the task-irrelevant
bottom face halves, which were always different. On half of the trials, the two
sequentially presented faces were misaligned by shifting the face halves horizontally half
a face in width to the left (misaligned condition). On the other half of the trials, the top
and the bottom face halves of the two sequentially presented faces were properly aligned

(aligned condition). The bottom face halves in both conditions were task-irrelevant and
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served as distractors that required active inhibition to successfully recall the task-relevant
top face halves. While the bottom face halves are task-irrelevant, they can empirically
and phenomenologically interfere with judgment of the top face halves (Le Grand et al.,
2004; Fitousi, 2020; Chen et al., 2022)). In fact, when the two face halves are aligned,
thus requiring greater inhibitory control to inhibit the task-irrelevant bottom face halves,
the bottom face halves interfere with participants’ ability to accurately detect if the top
face halves are the same or different due to holistic processing (Le Grand et al., 2004)
and reduced inhibitory control (Fitousi, 2020; Chen et al., 2022). However, when the two
face halves are misaligned, holistic processing is disrupted and less inhibitory control is
required, allowing participants to accurately detect if the two top face halves are the same
or different (Le Grand et al., 2004; Fitousi, 2020; Chen et al., 2022). The CFE is the
difference in performance between the aligned and misaligned conditions; therefore,
operationally serving as reduced inhibitory control due to the task-irrelevant bottom face
halves.

Inhibitory control, which involves the ability to inhibit task-irrelevant information
and attend to task-relevant information (Diamond, 2013), is impaired while
simultaneously performing a task involving cognitive and physical functions (Cappiello
etal., 2018; Park et al., 2021; Azer et al., Under Revision). Concurrent physical exertion
using a hand dynamometer in the present study was operationalized as exerted handgrip
force at different participant-specific maximum voluntary contraction (MVC, 5% versus
45%) levels, independent of individual differences in muscular strength and fitness level.

The use of a power grip (i.e., handgrip; gripping an item centrally located in the palm of
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the hand using the thumb and all fingers to transmit force) for the physical exertion
manipulation in the present study is more ecologically valid and tends to require less
cognitive control ((Kobayashi-Cuya et al., 2018) than the of use of other grip physical
exertion paradigms, such as precision grip (i.e., gripping an item using the thumb and one
finger to transmit force). For example, a power grip, in comparison to a precision grip,
may be preferred when pushing a shopping cart, carrying a bag of groceries, or driving.
In fact, individuals on average exert 31% maximum voluntary grip force on a steering
wheel while driving (Eksioglu & Kiziliaslan, 2008) and approximately 10 —20%
maximum voluntary grip force while carrying a 11 — 22-pound shopping bag,
respectively, while waking (Ramadan et al., 2018).

We hypothesize that the CEF observed in previous studies (Young et al., 1987;
Hole, 1994; Le Grand et al., 2004; Michel et al., 2016; Fitousi, 2020; Chen et al., 2022)
will be replicated in the present study. However, given that concurrent physical exertion
may reduce inhibitory control (Azer et al., Under Revision) and spatial attention (Park et
al., 2021), we predict worse performance on the Le Grand face task, operationalized as
larger CFE, will manifest in the aligned condition, than the misaligned face condition,
under high physical exertion (45% MVC) due to reduced cognitive control from the task-
irrelevant bottom face halves. Hence, under low physical exertion (5% MVC)
performance between the aligned and misaligned conditions will be similar, yielding a
significant two-way interaction between physical exertion and face alignment.

In addition to investigating the effect of concurrent physical exertion on cognitive

control using CFE of the Le Grand face task (Le Grand et al., 2004), overall face
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discrimination was also assessed using the Glasgow Face Matching Test (GMFT; Burton
et al., 2010). In this task, participants reported whether two sequentially presented faces
had the same or different identity. The GMFT was selected for the present study over
other face identification tasks (Bruce et al., 1999) given that it is a face matching task
rather than a face memory task (Burton et al., 2010) and thus minimizes the involvement
of visual short-term memory (Xie & Zhang, 2017). The goal of the present study was to
investigate the impact of concurrent physical exertion on cognitive control using real
world stimuli, such as faces; therefore, face discrimination was investigated under
effortful physical exertion to assess if the dual-task conditions impact overall face
discrimination. We predict that overall face discrimination assessed using the GFMT
should be intact under physical exertion and recruitment of inhibitory control is minimal.
In other words, face discrimination accuracy will be comparable across the high (45%

MVC) and low (5% MVC) physical exertion conditions.

3.3 General Method
3.3.1 Experiment 1
3.3.1.1 Participants

An a priori power analysis for repeated-measures within factors analysis of
variances (ANOVA) suggests that a total sample size of 36 participants (4 repeated-
measured conditions) would provide 95% statistic power for a significant mixed-effect
interaction at a medium level (/' = 0.25, Faul et al., 2009). Hence, the present study

recruited 40 undergraduate students (60% Female, 37.5% Male, 2.5% Prefer not to
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respond; Mage = 19.78, SDage = 2.49; 55.0% Asian, 15.0% Hispanic, 17.5% White/Non-
Hispanic, 2.5% More than one race, 2.5% American Indian or Alaska Native, 7.5%
Prefer not to respond) from University of California, Riverside. Sample demographics are
shown in Table 1. Inclusion criteria required that all participants reported normal or
corrected-to-normal vision, normal color vision and over the age of 18-years-old.

Additional data from 10 undergraduate students were excluded from the study due
to unsuccessful handgrip recordings resulting from misuses of the hand dynamometer or
misunderstanding of the study instructions. These participants were unable to complete
the experiment as instructed, and therefore were considered ineligible for this study. The
experimental procedure was approved by the Institutional Review Board of the
University of California, Riverside. All participants were provided written informed
consent and were compensated for their participation by course credits.
3.3.1.2 Procedure

Stimuli were presented on an LCD monitor with a grey background (6.1 cd/m?),
using PsychToolbox-3 (Brainard, 1997) for Matlab (The Math Works, Cambridge, MA)
at a viewing distance of 57 cm. The monitor was calibrated with an X-Rite I1Pro
spectrophotometer (X-Rite, Inc., Grand Rapids, MI). Participants’ handgrip force was
measured at the beginning of the experiment using an isometric Vernier HD-BTA hand
dynamometer (Vernier, Beaverton, OR). Each participant first completed a brief
assessment to obtain isometric maximum voluntary contraction (MVC) of grip force and
then the Le Grand face task with a concurrent handgrip at different levels of %MVC

using the isometric Vernier HD-BTA hand dynamometer (Vernier, Beaverton, OR).
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3.3.1.2.1 MVC Measurement. To measure MVC, participants were instructed to
hold the hand dynamometer in their left hand and squeeze it using maximum force for
4,000 ms with no visual feedback at the beginning of experimental session. This
procedure was repeated for three consecutive trials. The median grip force level during
the last 2,000 ms of the 4,000 ms measurement window in each trial was averaged across
the three trials as the MV C of each participant. Each participant’s MVC was used to
manipulate physical exertion by asking them to grip the hand dynamometer at different
levels (5% vs. 45%) of their initial MVC measurement during the dual task; therefore,
standardizing the amount of physical effort exerted regardless of individual strength.
Initial MVC measurement was not directly used in the present study.

After obtaining initial MV C measurement, participants practiced gripping the
hand dynamometers at different levels of their maximum grip strength for 4,000 ms with
real-time visual feedback indicated by a red gauge illustrating their exerted grip force
(Figure 1B). Each practice trial began with the promote, “Please get ready! Please hold
the handgrip at the required level AFTER you hear a beep” centrally displayed for 500
ms. Following the prompt, a centrally displayed visual gauge appeared providing real-
time feedback of the exerted grip force. The visual gauge, 4° by 6° in visual angle,
showed a red bar with dynamically changing height that was proportional to the exerted
grip force and a black horizontal line marked relative to the required exertion level (for
an example, see first screen in Figure 1). If participants were able to successfully
maintain the grip force at the indicated level of their MVC (i.e., 5, 20, 45, 65, or 90%), an

auditory “Cha-Ching” sound and visual feedback stating, “You have successfully
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maintained the force!” appeared to indicate a correct physical exertion trial. However, if
participants were unable to maintain the grip force at the indicated level of their MVC, an
auditory “Beep” sound and visual feedback stating, “Not quite. Please try harder!”
appeared to indicate an unsuccessful physical exertion trial. Participants were given
another set of 10 practice trials if they were unable to maintain their grip at the indicated
level of their MVC for more than half the trials.

3.3.1.2.2 Concurrent Handgrip and Le Grand Face Dual-Task. Following
practice of the grip task in isolation, participants were instructed to perform the
concurrent handgrip and Le Grand dual task (Figure 1). Each trial began with a 4,000 ms
screen with real-time visual feedback of the exerted grip force prompting participants to
grip the hand dynamometer, using their left hand, at or slightly above 5% or 45% of their
MVC. No visual feedback of force exertion was provided after the initial 4,000 ms,
which allowed participants to adjust the exerted force at the appropriate level.
Participants were required to maintain the exerted force during the Le Grand face task
and were asked to release their grip prior to making a response on the Le Grand face task.
Kinesthetic information (Angyan et al., 2005), such as gripping and maintaining grip
force at a given level, is sufficient for subjective appraisal of exerted force without visual
information and requires minimal WM load (Lowe, 2016). There were no significant
differences in MVC in between males (n = 15; M = 122.53, SD = 44.63) and females (n =
24; M =119.25, SD = 38.67), t(37) = 0.24, p = .809, Cohen’s d = 0.08.

Participants successfully maintained exerted handgrip force at or slightly above

the required level (5% or 45% of their MVC), 83.96% overall handgrip accuracy, without
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real-time visual feedback. However, it was not surprising that participants’ overall
handgrip accuracy for the 5% MVC condition (96.95% handgrip accuracy) was
significantly higher than the overall handgrip accuracy for the 45% MVC condition
(70.96% handgrip accuracy), #(39) = 5.34, p <.001, Cohen’s d = 1.17. There was no
significant difference for handgrip accuracy for the 5% MVC (#39) = 0.17, p = .866,
Cohen’s d = 0.03) or the 45% MVC (#(39) =- 1.77, p = .085, Cohen’s d = 0.17)
conditions across the different alignment conditions (aligned vs. misaligned). The
subsequent analysis for the CFE for the Le Grand face task will primarily focus on the
trials when participants successfully exerted hand force to the required level during the
task.

While participants maintained their handgrip force at, or slightly above, 5% or
45% of their MVC, they simultaneously performed the Le Grand face task, a visual WM
task. In this task, two sequentially composite faces were presented for 200 ms each, with
a 300 ms inter-stimulus-interval. On half of the trials, either the top or the bottom halves
of the two sequentially presented faces were shifted horizontally half a face in width to
the left (misaligned condition, Figure 1A) and were presented within a 7.2° x 7.2°
rectangular area. On the other half of the trials, the top and the bottom face halves of the
two sequentially presented faces were properly aligned (aligned condition, Figure 1A)
and were presented a 4.8° x 7.2° rectangular area. In the both conditions, participants
were required to report whether the task-relevant top halves of the two sequentially
presented faces were the same or different, while ignoring the task-irrelevant bottom face

halves, which were always different. The bottom face halves in both conditions served as

86



distractors that required active inhibition in order to successfully recall the task-relevant
top halves. The same or different trials for top face halves were equally likely. The
present study used a partial design in order to fit the entire experiment within a one hour
session, compared to the complete Le Grand face task design, which also includes a
condition where the bottom face halves were the same (e.g., Richler et al., 2011).

The misaligned and aligned conditions were blocked and counterbalanced across
participants while the same and different trials were randomly mixed within experimental
blocks. Participants were instructed to use their right index and middle fingers to press
buttons on a Logitech Precision gamepad to indicate whether the two top face halves
were the same or different, while ignoring the bottom face halves, after viewing the two
sequentially presented composite faces, within an 8,000 ms maximum response time
window. Response time (RT) and accuracy were recorded. All experimental factors
including low (5%) versus high (45%) physical exertions and same versus different top
face halves conditions were randomly intermixed in each of the misaligned and aligned
experimental blocks. The misaligned and aligned conditions each contained 24 same
trials and 24 different trials in each block, yielding a total of 96 trials across the two
experimental blocks. The experimental trials were preceded by one block of 12 practice
trials. Participants were given a 30-second break after every 16 trails in both experimental
blocks and a mandatory break of approximately one minute between each block.
Participants were encouraged to ask for longer breaks, as needed, to minimize fatigue.

The experimental task, including breaks, took approximately 40 minutes to complete.
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3.3.1.3 Data Analysis

To calculate the composite face effect (CFE) of the accuracy for the Le Grand
face task, the accuracy for the aligned trials were subtracted to the accuracy for the
misaligned trials (Table 2). To calculate the CFE for reaction time (RT), the median RT
for the misaligned trails were subtracted to the median RT for the aligned trails (Table 2;
Konar et al., 2010; Le Grand et al., 2004). Only the RTs for the correct Le Grand face
task response trails were used in this analysis. To evaluate dual-task effects, only trials
where participants’ exerted grip force was at or slightly above the indicated level of MVC
during Le Grand face task were classified as correct handgrip trails and included for
analysis. To qualify as a correct handgrip trial, participants were required to maintain the
exerted force for no less than 5% but no greater than 30% MVC in the 5% MVC
condition and no less than 40% but not greater than 70% MVC in the 45% MVC
condition for more than 2/3" of the time allocated for the sequential composite face
presentation and interstimulus interval.
3.3.1.4 Results

3.3.1.4.1 Le Grand Face Task Performance Under Concurrent Physical Exertion.
Of primary interest, we investigated accuracy across experimental conditions in
successful handgrip maintenance trials, based on a two-way mixed-design repeated-
measures ANVOA with face alignment (aligned vs. misaligned) and physical exertion
(5% vs. 45% MVC) as within-subject factors. Consistent with the effects commonly
observed in CFE literature (Young et al., 1987; Hole, 1994; Le Grand et al., 2004; Michel

etal., 2016; Azer & Zhang, 2019), face alignment has a significant main effect on
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accuracy, F(1, 39)=13.97, p = .001, n°, = .26. It was not surprising that accuracy for the
misaligned condition (85.78%) was significantly higher than accuracy for the aligned
condition (80.79%). The main effect of physical exertion on accuracy for CFE was not
statistically significant, F(1,39)=1.14, p=.293, °, = .03.

More importantly, we found a significant two-way interaction between face
alignment and physical exertion, F(1, 39) =4.77, p = .035, %, =.11, (Figure 2A). To
further evaluate this interaction, we performed post hoc analyses for face alignment and
physical exertion. First, we performed two separate paired samples t-tests to investigate
the effect of face alignment accuracy on physical exertion. In other words, we assessed
the accuracy for the aligned and misaligned conditions separately under the two physical
exertion conditions. For the aligned condition, observers’ accuracy was significantly
lower under high physical exertion (45% MVC; M = .79, SD = 0.10) in comparison to
low physical exertion (5% MVC; M = .83, SD =0.09), #(39) =2.17, p = .036, Cohen’s d
= .42. For the misaligned condition, there was no significant difference in observers’
accuracy under the high physical exertion (45% MVC; M = .87, SD = 0.10) and low
physical exertion (5% MVC; M = .85, SD = 0.10) conditions, #(39) = - .99, p = .328,
Cohen’s d = .20. Next, we performed two separate paired samples t-tests to investigate
the effect of physical exertion on face alignment accuracy. In other words, we assessed
the accuracy for the two physical exertion conditions separately under face alignment.
For the high physical exertion condition, observers’ accuracy was significantly lower for
the aligned face (M =.79, SD = 0.10) than the misaligned face (M = .87, SD = 0.10)

condition, #(39) =-4.11, p <.001, Cohen’s d = .20. For the low physical exertion
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condition, there was no significant difference in observers’ accuracy for the aligned face
(M = .83, SD = 0.09) than the misaligned face (M = .85, SD = 0.10) conditions, #39) = -
1.24, p = .222, Cohen’s d = .21. Collectively, these results suggest that effortful physical
exertion compromised observers’ inhibition of the task-irrelevant bottom face halves in
order to accurately determine if the task-relevant face halves were the same or different in
identity.

3.3.1.4.2 Reaction Time Effects of Concurrent Physical Exertion. Following the
analyses on accuracy, we investigated RT across experimental conditions in successful
handgrip maintenance trials, based on a two-way mixed-design repeated-measures
ANOVA with face alignment (aligned vs. misaligned) and physical exertion (5% vs. 45%
MVC) as within-subject factors. We did not observe a significant two-way interaction
across face alignment and physical exertion on RT, F(1, 39) = 1.33, p = .257, °, =.03,
(Figure 2B). However, given the primary interest of the present study was to assess the
impact of concurrent effortful physical action on conative control when task-irreverent
items were present, accuracy of the CFE is of primary interest to determine if task-
irrelevant information (i.e., bottom face halves) impairs inhibitory control under effortful
physical exertion.
3.3.2 Experiment 2

Experiment two served as a control experiment to test if physical exertion
impaired inhibitory control or if face processing and thus recognition was impaired by

concurrent physical exertion.
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3.3.2.1 Participants

An a priori power analysis for repeated-measures within factors analysis of
variances (ANOVA) suggests that a total sample size of 34 participants (2 repeated-
measured conditions) would provide 80% statistic power for a significant mixed-effect
interaction at a medium level (£ = 0.25, Faul et al., 2009). Therefore, the present study
recruited 40 undergraduate students (47.5% Female, 45.0% Male, 7.5% Prefer not to
respond; Mage = 19.06, SDage = 1.39; 30.0% Asian, 25.0% Hispanic, 22.5% White/Non-
Hispanic, 2.5% More than one race, 2.5% American Indian or Alaska Native, 10% Prefer
not to respond) from University of California, Riverside. Sample demographics are
shown in Table 1. Inclusion criteria required that all participants reported normal or
corrected-to-normal vision, normal color vision and over the age of 18-years-old.

The experimental procedure was approved by the Institutional Review Board of
the University of California, Riverside. All participants were provided written informed
consent and were compensated for their participation by course credits.
3.3.2.2 Procedure

3.3.2.2.1 MVC Measurement. MVC measurement procedure for Experiment 2
was identical to Experiment 1.

3.3.2.2.2 Concurrent Handgrip and modified Glasgow Matching Face Test
(GFMT) Dual-Task. Following practice of the grip task in isolation, participants were
instructed to perform the concurrent handgrip and Glasgow Matching Face Task (GFMT)
dual task (Figure 3). Each trial began with a 4,000 ms screen with real-time visual

feedback of the exerted grip force prompting participants to grip the hand dynamometer,
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using their left hand, at or slightly above 5% or 45% of their MV C. No visual feedback of
force exertion was provided after the initial 4,000 ms, which allowed participants to
adjust the exerted force at the appropriate level. Like Experiment 1, participants were
required to maintain the exerted grip force during the GFMT dual-task and were asked to
release their grip prior to making a response. There was a significant difference in MVC
in between males (n = 18; M = 139.00, SD = 56.82) and females (n = 19; M =103.11, SD
=44.42), 1(35) =2.13, p = .041, Cohen’s d = 0.70.

Participants successfully maintained exerted handgrip force at or slightly above
the required level (5% or 45% of their MVC), 87.45% overall handgrip accuracy, without
real-time visual feedback. However, it was not surprising that participants’ overall
handgrip accuracy for the 5% MVC condition (95.98% handgrip accuracy) was
significantly higher than the overall handgrip accuracy for the 45% MVC condition
(78.93% handgrip accuracy), #(39) =3.17, p = .003, Cohen’s d = 0.73. The subsequent
analysis for the GFMT will primarily focus on the trials when participants successfully
exerted hand force to the required level during the task.

As participants maintained their exerted grip force at the indicated level, they
simultaneously were presented stimuli from the modified GFMT, which is a two-interval
forced choice task using face stimuli adopted from Burton et al. (2010). In this task, 76
pairs of gray-scale front-view Caucasian faces were randomly selected from the GFMT
dataset (for details, see Burton et al., 2010). The selected GFMT stimuli were subtended
within a 5° x 7° in visual angel. On each trail, the two face pairs were sequentially

presented for 17 ms each with a 400 ms inter-stimulus-interval. The sequential
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presentation of the GFMT face pairs in the present study is different from the original
GFMT side-by-side simultaneous presentation to match the sequential presentation of
composite face stimuli in Experiment 1. On half of the trials, the face pairs had matching
identities while the other half of the trials had different identities. Participants were
required to report whether the two sequentially presented faces had the same or different
identities while ignoring task-irrelevant differences in visual features, such as subtle
differences in contrast, face contours, viewing angles, hairstyle, etc.

Subtle differences in visual features for the same face pair condition mimics face
recognition in natural vision (Burton et al., 2010).

Participants were instructed to use their right index and middle fingers to press
buttons on a Logitech Precision gamepad to indicate whether the two face pairs were the
same or different after viewing the two faces, within an 8,000 ms maximum response
time window. Response time (RT) and accuracy were recorded. All experimental factors
including low (5%) versus high (45%) physical exertions and same versus different face
identities were randomly intermixed in the experiment. The same face identity condition
contained 38 trials and the different face identity condition contained 38 trials. The
experimental trials were preceded by one block of 12 practice trials. Participants were
given a 30-second break after every 16 trails and were encouraged to ask for longer
breaks, as needed, to minimize fatigue. The experimental task, including breaks, took

approximately 30 minutes to complete.
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3.3.2.3 Data Analysis

Participants’ GFMT performance was measured as accuracy where higher values
reflect successful maintenance, and detection, of same or different face identities (Table
3). A paired samples t-test was performed for accuracy on correct handgrip trials to
investigate face discrimination under physical exertion. To evaluate dual-task effects,
only trials where participants’ exerted grip force was at, or slightly above, the indicated
level of MVC during the GFMT were included for analysis. To qualify as a correct
handgrip trial, participants were required to maintain the exerted force for no less than
5% but no greater than 30% MVC in the 5% MVC condition and no less than 40% but
not greater than 70% MVC in the 45% MVC condition for more than 2/3" of the time
allocated for the sequential GFMT face presentation and interstimulus interval.

In addition, RT analyses were performed for correct handgrip trials to evaluate
dual-task effects on face discrimination under low and high physical exertion using a
paired samples t-test.
3.3.2.4 Results

3.3.2.4.1 GFMT Performance Under Concurrent Physical Exertion. To
investigate if physical exertion impaired face discrimination, rather than inhibitory
control as observed in Experiment 1, we assessed accuracy for the GFMT performance
on discrimination of face identity across physical exertion conditions (5% vs. 45%
MVC). Consistent with our prediction, there was no significant difference for observers’

ability to discriminate if the two face identities were the same or different across the high
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(45% MVC; M= .81, SD =0.10) and low (5% MVC; M = .82, SD = 0.11) physical
exertion conditions, #39) =- .67, p =.504, Cohen’s d = .10, (Figure 4A).

3.3.2.4.2 Reaction Time Effects of Concurrent Physical Exertion. Next, we
investigated RT across experimental conditions in successful handgrip maintenance trials,
based on a paired samples t-test for face discrimination under across physical exertion
(5% vs. 45% MVC). There was a significant difference for observers’ ability to
discriminate if the two face identities were the same or different across the high (45%
MVC; M = 685.8 ms, SD = 182.7) and low (5% MVC; M =709.9 ms, SD = 167.1 ms)
physical exertion conditions, #39) =2.97, p = .005, Cohen’s d = .14, (Figure 4B). That is,
observers were faster to make a same or different judgment for the GFMT under high

physical exertion than under low physical exertion.

3.4 General Discussion

The present study investigated the effects of effortful physical exertion on 1) CFE
using the Le Grand face task (Experiment 1; Le Grand et al., 2004) and 2) overall face
discrimination using the GFMT (Experiment 2; Burton et al., 2010). While the CFE is
typically studied as a measure of holistic face processing (Young et al., 1987; Hole, 1994;
Le Grand et al., 2004; Michel et al., 2016), recently it has been attributed to other
complex cognitive processes, such as cognitive control ((Fitousi, 2020; Chen et al.,
2022). In Experiment 1, CFE was operationalized as the difference in performance
between the aligned and misaligned face conditions. Observers may exhibit greater

reduction in inhibitory control in the aligned, compared to the misaligned, condition due
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to greater distracter interference and reduced ability to inhibit the task-irrelevant bottom
face halves (Fitousi, 2020; Chen et al., 2022). Effortful physical exertion (45% versus 5%
MVC), reduced observers’ ability to accurately identify if the two sequentially presented
task-relevant top face halves were of the same, or different, identity while ignoring the
task-irrelevant bottom face halves. In other words, participants were less likely to inhibit
distracting information (i.e., bottom face halves) when simultaneously engaging in an
effortful physical task.

In Experiment 2, we aimed to test if physical exertion impaired inhibitory control
or if face processing and thus face discrimination was impaired by concurrent physical
exertion. As we predicted, overall face discrimination assessed using the GFMT was
intact under physical exertion and recruitment of inhibitory control was minimal. These
findings support our prediction that reduced inhibitory control, manifested as greater CFE
accuracy (i.e., inability to inhibit the task-irreverent information), was observed under
concurrent high physical exertion (45% MVC) and did not impair overall face
discrimination.

These findings are consistent with some previous reports investigating the
negative interaction between dual cognitive and motor tasks (Cappiello et al., 2018; Park
etal., 2021; Azer et al., Under Revision). For instance, younger (Cappiello et al., 2018;
Park et al., 2021) and older (Azer et al., Under Revision) adults were less likely to inhibit
task-irrelevant information under effortful physical exertion. However, these effects were
tested using simple lab generated stimuli whereas the present study is novel in that it

aimed to assess this interaction using stimuli that we encounter daily (i.e., faces). The use
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of face stimuli may provide additional ecological validity to understanding the
deleterious impacts of concurrent cognitive and motor actions on inhibitory control.
Nonetheless, it is important to note that CFE in the present study was tested using the Le
Grand face task as a measure of cognitive control (Fitousi, 2020; Chen et al., 2022) for
stimuli that we possess expertise for in a natural scene rather than a measure of holistic
processing (Young et al., 1987; Hole, 1994; Le Grand et al., 2004; Michel et al., 2016;
Azer & Zhang, 2019). While face processing is unlike other complex cognitive processes
and has its own unique specialized neural mechanism (FFA; Kanwisher & Yovel, 2006),
using the CFE Chen et al. (2022) demonstrated that neural networks associated with
cognitive control (Ridderinkhof et al., 2004; Brass et al., 2005; Craig, 2009; Menon &
Uddin, 2010), in addition to the FFA, elicited stronger activation during the aligned
condition than the misaligned condition. Therefore, Chen et al. (2022) concluded that the
CFE may be an appropriate measure of cognitive control in addition to holistic face
processing.

Although the results of the present study did not find a significant interaction
between CFE RT and physical exertion in Experiment 1, there was a significant effect of
face discrimination RT under effortful physical exertion in Experiment 2. That is,
observers were faster to discriminate if two face identities were the same or different
when simultaneously engaging in an effortful physical task. These results are consistent
with some previous seminal reports suggesting that in both athletes and non-athletes
simple and choice RT may be affected by physical exertion (Deligniéres et al., 1994;

Deligniéres & Brisswalter, 1995; Mouelhi Guizani et al., 2006; Reddy et al., 2014). That
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is, under high physical exertion athletes and non-athletes exhibited faster RT during
simple and/or choice RT tasks. This may be explained by an arousal-based effect (also
see Park et al., 2021; Azer et al., Under Revision), where high physical exertion may
yield increased arousal leading to an increase in norepinephrine (NE) released in the
locus coeruleus (LC; Nielsen & Mather, 2015). In other words, the release of NE in the
LC as a result of arousal due to physical exertion can modulate speeded response times.
The novel theoretical significance of our findings suggest that physical exertion
can impair inhibitory control for items we possess significant expertise on given our
repeated exposure (Jenkins et al., 2018). In addition, the finding that a simple, yet
effortful, physical task impaired inhibitory control may be empirically important for
understanding everyday functions. Daily functions to support one basic human need, such
as the processes involved in buying groceries (i.e., pushing a shopping cart or carrying a
grocery bag), require power grips that involve physical exertion (Ramadan et al., 2018)
and cognitive control (i.e., ignoring surrounding visual and auditory distractors and
focusing on your grocery list; inhibiting impulse buys; Burton et al., 2019). These
processes are also accompanied by active or passive face processing. While the results of
the present study did not find that overall face discrimination was impaired under
concurrent physical exertion, inhibitory control for items we commonly view in natural
scenes is impaired under concurrent physical exertion. It is important to note that the
current findings can be generalized across individual differences in physical and grip
strength given that physical exertion was operationalized as the proportion of individual

MVC in the present study.
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Future research should investigate the impact of effortful physical exertion on CFE as
a measure of cognitive control in older adults. Recent reports suggest that older adults’
accuracy was similar for the aligned and misaligned face conditions using the composite
face task (Meinhardt et al., 2016). This may support the inhibitory deficit hypothesis
(Hasher & Zacks, 1988) where older adults are more susceptible to task-irrelevant
distractors. Therefore, Meindhardt et al. (2016)’s finding could indeed reflect that the
composite face task measures cognitive control (Fitousi, 2020; Chen et al., 2022) where
older adults have impaired cognitive control (Hasher & Zacks, 1988; Park & Reuter-
Lorenz, 2009) and thus perform poorly on both alignment conditions due to the task-
irrelevant face halves. Nonetheless, future research should include a sample of older
adults to investigate CFE under physical exertion for stimuli in natural scenes in addition
lab generated stimuli (Azer et al., Under Revision).

While the present study objectively manipulated low and high physical exertion,
one caveat of the present study includes the lack of measure for perceived exertion.
Perceived exertion is associated with increased arousal under physical load (Koteles et
al., 2020) and is associated with an increase in pupil dilation (Zénon, et al., 2014), which
is a proxy measure for LC-NE activity (Auston-Jones & Cohen, 2005; Liu et al., 2017).
The results for the CFE RT in the present study could be possibly explained by perceived
exertion. One speculation could be that although the 45% MVC condition was more
physically effortful than 5% MVC, thus requiring higher physical exertion, the sample of
participants in the present study may have not perceived the high physical exertion

condition to be effortful. However, this may be unlikely given that CFE accuracy under
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high physical exertion suffered and participants ability to inhibit the task-irrelevant face
halves was impaired replicating prior studies (Park et al., 2021; Azer et al., Under
Revision). Nonetheless, future studies should measure perceived exertion in order to
understand the mechanisms underlying subjective and objective effortfulness on
cognitive control.
3.4.1 Conclusion

Using a novel paradigm, the present study demonstrated that concurrent effortful
physical exertion impaired cognitive control but not overall face discrimination. These
impairments have been previously observed in younger (Park et al., 2021) and older
(Azer et al., Under Revision) adults using lab generated stimuli. The novelty of the
present study includes the use of using stimuli that we encounter daily (i.e., faces), which
may provide ecological validity to understanding the negative interaction between
concurrent cognitive and motor actions on inhibitory control. Therefore, given that motor
and cognitive actions seldom occur in isolation in daily life, enhancing this understanding

is pivotal.
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Table 3.

Tables

Sample Demographics for Experiment 1 and 2

Experiment 1

Experiment 2

Characteristics Mean (SD)/% Mean (SD)/%

Age (years) 19.78 (2.49) 19.06 (1.39)
Gender

Female 60.00% 47.50%

Male 37.50% 45.00%

Prefer not to respond 2.50% 7.50%
MVC

Female 119.25 (38.67) 103.11 (44.42)

Male 122.53 (44.63) 139.00 (56.82)
Race/Ethnicity

White 17.50% 22.50%

Black or African American 0% 7.50%

Hispanic or Latino 15.00% 25.55%

Native Hawaiian / Other Pacific 0% 0%

Islander

Asian 55.00% 30.0%
Nat{ix‘:lelerican Indian/ Alaskan 2 50% 2.50%

More than one race 2.50% 2.50%

Prefer not to respond 0% 10.00%
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Table 4.

Le Grand face task CFE accuracy, and RT across conditions

Aligned Misaligned
Accuracy RT (ms) Accuracy RT (ms)
Physical Exertion M (SD) M (SD) M (SD) M (SD)
5% MVC 0.83 (0.09) 784.00 (167.56)  0.85(0.10)  715.00 (157.04)
45% MVC 0.79 (0.10)  775.70 (198.12)  0.87(0.10)  689.50 (134.96)
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Table 5.

GFMT accuracy and RT across conditions

Physical Exertion Accuracy (SD) RT (ms)
5% MVC 0.81 (0.10) 709.9 (167.1)
45% MVC 0.82 (0.11) 685.8 (182.7)
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Figures
Figure 6.

Stimuli and procedure for the concurrent physical exertion and Le Grand Face Task
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Note. Each trial began with a 4,000 ms screen prompting participants to grip the Hand
Dynamometer at the indicated level (5% or 45% MVC) followed by the two sequentially
presented composite faces (shown above). Participants were instructed to release their
grip when the response display appeared and make a same or different response for the
top face halves while ignoring the task-irrelevant bottom face halves.
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Figure 7.

Two-way interaction with face alignment (aligned vs. misaligned), and physical effort
(5% vs. 45% MVC) for CFE accuracy and RT
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Note. CFE for the aligned minus misaligned conditions from trials with successful
handgrip trials. (A) CFE accuracy results for the Le Grand Face Task across the face
alignment and physical exertion conditions. (B) CFE RT (ms) results for the Le Grand
Face Task across the face alignment and physical exertion conditions.
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Figure 8.

Stimuli and procedure for the concurrent physical exertion and GFMT
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Note. Each trial began with a 4,000 ms screen prompting participants to grip the Hand
Dynamometer at the indicated level (5% or 45% MVC) followed by the two sequentially
presented faces (shown above). Participants were instructed to release their grip when the
response display appeared and make a same or different identity response for the two

faces.
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Figure 9.

GFMT accuracy and RT
A) B) 1000
— [72]
1.0 é %
2 _ £ 800 | |
< 0.8 = —— —
= 2 p——
3 06 §. 600
7]
E 5 400
B 0.4 & 7
: :
&}
0.2 T T 200 T T
5% 45% 5% 45%
MVC MVC

Note. (A) Accuracy results for the GFMT across the physical exertion conditions. (B) RT
results for the GFMT across the physical exertion conditions.
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Chapter 4. Effects of Physical and Cognitive Effort on Arousal
4.1 Chapter Abstract
Physical and cognitive effort often interact with each other and even exhibit similar
behavioral and neural effects. For instance, pupillary response, such as pupil dilation,
typically increases with cognitive or physical effort, indicating increased arousal and LC-
NE activity. It is still unclear whether the effects of physical and cognitive effort on pupil
size, a proxy measure of the LC-NE activity, are independent of one another or
interactive with each other. To address this question the present study examined the
impact of engaging in a concurrent effortful physical and cognitive task on task evoked
pupil responses (TEPRs). Physical effort was manipulated by having participants grip a
hand dynamometer at low versus high force (e.g., 5% vs. 45%) of individual strength.
Cognitive effort was operationalized as Working Memory load in a Change Detection
task where the participants attempted to remember 1 or 3 briefly presented orientation
bars and then report, after a short retention interval, whether a randomly chosen memory
item changed orientation or not. Effortful physical exertion impaired task performance
under the concurrent high physical effort and high cognitive effort condition. In addition,
high physical effort induced greater pupil dilation replicating prior studies. However,
cognitive load and the interaction between physical effort and cognitive load did not
significantly induce greater TERPs suggesting that arousal induced by physical and

cognitive effort may be independent of one another.
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4.2 Introduction

Our daily activities may frequently require performing tasks (e.g., grocery
shopping) that involve both cognitive and motor actions. These tasks may involve
maintaining a few, or many, items in memory (e.g., remembering to purchase one
bundled item with all the necessary ingredients — low cognitive load vs. remembering to
purchase each ingredient separately — high cognitive load) while simultaneously exerting
low, or high, levels of physical exertion (e.g., pushing a shopping cart with one light
object vs. pushing a shopping cart with many heavy objects). When cognitive and
physical tasks are deemed effortful, they can impact pupil size in a similar manner, such
that greater cognitive effort (Alnaes et al., 2014; Ahern & Beatty, 1979; Hess & Plot,
1964; Krejtz et al., 2018; Kahneman & Beatty, 1966; Wahn et al., 2021; Zhou et al.,
2022) and greater physical effort (Ishigaki et al., 1991; Hayashi et al., 2010; Hayashi &
Someya, 2011; Kuwamizu et al., 2022; Z¢énon et al., 2014) can both induce greater
pupillary response. While cognitive and motor tasks seldom occur in complete isolation,
the impact of cognitive load and physical exertion on task evoked pupillary responses
(TEPRSs) are often studied independent of one another. Therefore, the present study aims
to 1) assess the relationship between cognitive load and physical exertion, and 2) examine
the impact of engaging in a concurrent effortful physical and cognitive task on TEPRs.
4.2.1 Pupillary Response Studied in Single-Task Conditions

Physical exertion is defined as the act of engaging in activities that exert muscles
in various ways, including exercise, initiating motion, or generating force. This may

include dynamic (i.e., physical activity that requires movement of the joint) or static (i.e.,
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physical activity that does not require movement of the joint) activity. Physical exertion
may stimulate sympathetic nervous system activity while decreasing parasympathetic
nervous system activity (Hautala et al., 2009; Patel & Zwibel, 2022). Pupil dilation is
controlled by and occurs as a result of sympathetic nervous system activation (McDougal
& Gamlin, 2015; Mathot, 2018). Engaging in tasks where physical exertion is required, is
therefore assumed to increase pupil dilation as a result of activation of the sympathetic
nervous system (Ishigaki et al., 1991; Hayashi et al., 2010; Hayashi & Someya, 2011;
Kuwamizu et al., 2022; Zénon et al., 2014). In fact, engaging in prolonged maximal effort
(Ishigaki et al., 1991; Hayashi et al., 2010) and light (Kuwamizu et al., 2022) graded
dynamic exercise loads induces greater pupil dilation when compared to resting baseline.
In addition, static physical exertion using isometric handgrip can also lead to an increase
in pupil dilation (Hayashi & Someya, 2011; Nielsen & Mather, 2015; Zénon et al., 2014).
While exertion is defined as engaging in a physical activity, it can also be defined as the
perceived use of energy that is deemed effortful (Robertson & Bruce, 1997). The
magnitude of pupil dilation during actual physical exertion increases systematically with
greater exertion and with perceived effort for physical exertion (Zénon et al., 2014).

In addition to the impact of physical exertion on pupillary response studied in
isolation, cognitive load (i.e., the amount of information in working memory at a given
time; Sweller, 1988) and its impact on pupillary response has been typically studied
independent of physical action. For instance, many studies demonstrated that under
greater cognitive load participants experienced larger TEPRs (Alnaes et al., 2014; Ahern

& Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018; Kahneman & Beatty, 1966; Wahn
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etal., 2021; Zhou et al., 2022). Specifically, during working memory tasks (WM is
defined as active maintenance of information online in the service of ongoing mental
activities, Cowan, 2001), greater WM loads elicited increased pupillary response
(Kahneman & Beatty, 1966; Zhou et al., 2022). This effect was also observed across
other experimental paradigms where cognitive load was manipulated using mental
arithmetic calculations (Ahern & Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018),
object motion tracking (Alnaes et al., 2014; Wahn et al., 2021), and ambiguous,
compared to prototypical, items stored in WM (Zhou et al., 2022).

Cognitive load is often assumed to be related to, and many times used
interchangeably with, mental effort (Kirschner & Kirschner, 2012; Kirchner, 2002;
Sweller, 1988). That is, greater cognitive load is assumed to be synonymous to greater
mental effort. Pupillary size studied as an index of mental effort across multiple domains
has found that pupils dilate as a function of cognitive load and task difficulty (Alnaes et
al., 2014; Ahern & Beatty, 1979; Beatty & Kahneman, 1966; Bradshaw, 1968; Hess &
Polt, 1964; Kahneman & Beatty, 1967; Krejtz et al., 2018; Wahn et al., 2021; Zhou et al.,
2022). In fact, many studies have attributed greater pupillary response in relation to
increasing cognitive load to greater mental effort during cognitive tasks (Alnaes et al.,
2014; Wahn et al., 2021; Zhou et al., 2022).

Studied in isolation, effort (i.e., the cost associated with information-processing
resources to fulfill an operation; Kool & Botvinick, 2018) across physical (Asfoura et al.,
1983; Zénon et al., 2014) and cognitive (Alnaes et al., 2014; Ahern & Beatty, 1979;

Beatty & Kahneman, 1966; Bradshaw, 1968; Hess & Polt, 1964; Kahneman & Beatty,
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1967; Krejtz et al., 2018; Wahn et al., 2021; Zhou et al., 2022) domains can be indexed
by task loads and induces greater TEPRs. However, the question remains whether the
effects of physical and cognitive effort on pupillary response are independent of one
another or interact with each other sharing common neurocognitive mechanisms.
4.2.2 Interaction Between Physical and Cognitive Effort

Recently, the interactive effect of concurrent physical exertion on WM performance
was investigated (Xie & Zhang, 2023). Across three experiments combining
computational and experimental procedures, Xie and Zhang (2023) found that when
observers were given the choice, they preferred to exert physical effort rather than mental
effort when the WM load was high. In addition, a linear pattern between perceived effort
for physical and WM loads was observed when engaging in a concurrent physical and
WM task. The number of items remembered in WM during successful grip exertion (i.e.,
maintaining the grip force around the indicated level) increased as a function of WM load
(i.e., set size; Xie & Zhang, 2023). More importantly, Xie and Zhang (2023) found an
interaction between WM load and exerted physical load. Under concurrent high physical
exertion and WM set size 6 there was a significant reduction in the number of items
retained in WM. These results were attributed to the negative impact of physical exertion
on information control in working memory during larger set sizes (Xie & Zhang, 2023).
Specifically, larger WM loads may compete for access to WM and disrupt the retention
of previously encoded items (Fukuda et al., 2015; Konstantinou et al., 2014; Oberauer &
Lin, 2017). Therefore, these results suggest that there may be shared mental

representations of effortfulness across cognitive and motor tasks (Xie & Zhang, 2023).
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Essentially, physical exertion may compete for shared resources that are required
when WM load is high (Xie & Zhang, 2023). This is inconsistent from recent accounts,
which suggest that cognitive and motor actions have separate resource pools and
engagement in one domain may not have a direct impact on engagement in the other
domain (Feghhi & Rosenbaum, 2019). Nonetheless, Xie and Zhang (2023) suggest the
interactive effect between effort for WM and physical exertion loads may occur at the
expense of control related processes. That is, when the task demand on cognitive control
is high, concurrent physical exertion may negatively impact WM performance, but only
at larger WM loads. In fact, recent evidence suggests that concurrent physical exertion
may be detrimental to cognitive control processes for task performance in visual WM and
visual search tasks when distractors are present (Azer et al., 2023; Park et al., 2021).
4.2.3 Pupillary Response as a Measure of Arousal

While Xie and Zhang (2023) demonstrated the behavioral interactive effect of effort
on physical and cognitive load, to the best of our knowledge this effect is yet to be
investigated on pupillary response during a dual physical exertion and cognitive load
task. Studies assessing the impact of physical and cognitive effort on pupillary response
independently (Alnaes et al., 2014; Ahern & Beatty, 1979; Asfoura et al., 1983; Beatty &
Kahneman, 1966; Bradshaw, 1968; Hess & Polt, 1964; Kahneman & Beatty, 1967; Krejtz
etal., 2018; Wahn et al., 2021; Zénon et al., 2014; Zhou et al., 2022) provide important
information about the impact of effort on arousal using pupillary response as a proxy
measure of Locus Coeruleus (LC) activity (Liu et al., 2017). For example, pupil dilation

occurs when the sympathetic nervous system is active (McDougal & Gamlin, 2015;
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Mathot, 2018), which releases Norepinephrine (NE; Glowinski & Baldessarini, 1966)
from the LC (Florin-Lechner et al., 1996) during tasks that involve greater physical or
cognitive effort (Bornert & Bouret, 2021). LC activity and accompanying pupil dilation
may reflect changes in arousal during complex cognitive functions (Andreassi, 2000;
Joshi et al., 2016).

During high physical exertion, heightened arousal may be experienced leading to the
release of NE from the LC (Nielsen & Mather, 2015). The LC-NE system is modulated
by control processes (Aston-Jones & Cohen, 2005) and its effect on cognitive
performance may be manifested during tasks that involve working memory and executive
control (Mather & Harley, 2016; Mather et al., 2016). It could be that shared mental
representations of effortfulness during concurrent cognitive and motor tasks and its
interactive effect (Xie & Zhang, 2023) result in greater arousal (Andreassi, 2000; Joshi et
al., 2016; Nielsen & Mather, 2015; Mather & Harley, 2016; Mather et al., 2016) at the
expense of control processes (Azer et al., 2023; Park et al., 2021). If conditions where
cognitive and physical effort are high result in greater arousal (i.e., pupil dilation and LC-
NE system activation; Andreassi, 2000; Joshi et al., 2016) and the interactive effect of
concurrent physical exertion and task load could disrupt WM performance during greater
physical exertion and larger set sizes (Xie & Zhang, 2023), it could be assumed that an
interactive effect can also be observed on the shared neurocognitive mechanism during
the dual-task. However, there is a lack of evidence thus far to support this prediction.

When studied in single-task conditions, it may appear that cognitive and physical

effort both share common neurocognitive mechanisms as indexed by greater pupil
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dilation (Alnaes et al., 2014; Ahern & Beatty, 1979; Asfoura et al., 1983; Beatty &
Kahneman, 1966; Bradshaw, 1968; Hess & Polt, 1964; Kahneman & Beatty, 1967; Krejtz
etal., 2018; Wahn et al., 2021; Zénon et al., 2014; Zhou et al., 2022), and therefore
arousal may assume LC activity (Joshi et al., 2016; Nielsen & Mather, 2015). However,
an in-depth evaluation on the impact of concurrent physical exertion and cognitive effort
on TERPs is yet to be explored to better understand the interactive effect.
4.2.4 The Present Study

To investigate the relationship between cognitive load and physical exertion,
along with the interactive effect of the dual task on TEPRs, we examined TERPs during a
simultaneous visual WM task with high versus low cognitive load (memory set size 1 vs.
3) and high versus low physical exertion load. Physical exertion load was manipulated
using an isometric hand dynamometer, which is an apparatus that measures maximum
voluntary contraction (MVC), and participants were asked to grip the device at certain
percentages of their MVC (5% versus 45%). Isometric handgrip muscle contraction
involves activation of the hand muscles to produce a power grip (Cain & Stevens, 1971),
which tends to require less cognitive control (Ehrsson et al., 2000; Guillery et al., 2013,
2017; Kobayashi-Cuya et al., 2018) than the use of a precision grip (i.e., gripping an item
using the thumb and one finger to transmit force).

In the present study, participants were instructed to remember one (low cognitive
load) or three (high cognitive load) briefly presented red orientation bars during the WM
change detection task. Participants simultaneously exerted force on the hand

dynamometer at 5% (low physical exertion) or 45% (high physical exertion) MVC,
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independent of individual differences in muscle strength. Given that high physical
exertion (Ishigaki et al., 1991; Hayashi et al., 2010; Hayashi & Someya, 2011; Kuwamizu
etal., 2022; Zénon et al., 2014) and greater cognitive loads (Alnaes et al., 2014; Ahern &
Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018; Kahneman & Beatty, 1966; Wahn et
al., 2021; Zhou et al., 2022) induce TEPRs, we hypothesize greater pupillary responses
will occur under 1) high physical exertion (45% MVC) and 2) greater WM loads (set size
3). Accordingly, we predict that the interactive effect between physical exertion and WM
load (Xie & Zhang, 2023) will be observed on TEPRs. That is, we expect to see a
significant 2-way interaction between physical exertion and WM load on pupil dilation
where pupil size will be larger under the high physical effort and high WM load
condition.

The present study offers a novel theoretical and empirical contribution to existing
evidence on pupillary response as a proxy measure LC-NE activity (Liu et al., 2017;
Joshi et al., 2016) during concurrent physical and cognitive actions. For instance,
according to the Yerkes-Dodson inverted U hypothesis (Yerkes & Dodson, 1908), task-
induced arousal can be both beneficial and harmful to performance depending on the
level of arousal. Task induced arousal in the present study will be directly measured via
pupillometry response for instances of 1) low cognitive load-low physical exertion, 2)
low cognitive load-high physical exertion, 3) high cognitive load-low physical exertion,
and 4) high cognitive load-high physical exertion. The relationship between physical and
cognitive effort, along with the interaction between WM load and exerted physical load,

suggests that there may be shared neurocognitive mechanisms for both domains (Xie &
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Zhang, 2023). Therefore, the present study will directly investigate the interaction
between physical and cognitive effort on pupillary response. In testing this prediction, we
assessed WM task performance using accuracy and reaction time (RT; see Data

Analysis).

4.3 General Method
4.3.1 Participants

An a priori power analysis for repeated-measures within factors analysis of
variances (ANOVA) suggests that a total sample size of 28 participants (4 repeated-
measured conditions) would provide 80% statistic power for a significant mixed-effect
interaction at a medium level (/' = 0.25, Faul et al., 2009). The present study recruited 32
undergraduate students (39.40% Female, 57.60% Male, 3.00% Prefer not to respond;
Mage = 19.29, SDage = 1.56; 33.30% Asian, 6.10% Black/African American, 18.20%
Hispanic, 12.10% White/Non-Hispanic, 12.10% More than one race, 15.20% Prefer not
to respond) from University of California, Riverside. Inclusion criteria required that all
participants reported normal or corrected-to-normal vision, normal color vision and over
the age of 18-years-old. Sample characteristics are shown in Table 1.

Additional data from 6 undergraduate students were excluded from the study due
to unsuccessful handgrip recordings resulting from hand dynamometer misuse and
misunderstanding of the dual-task instructions, and/or eye calibration difficulty. These
participants were unable to complete the experiment as instructed, and therefore

considered ineligible for the study. Experimental procedure was approved by the
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Institutional Review Board at University of California, Riverside. All participants were
provided and completed written informed consent. Participants were compensated with
course credit for their participation.

4.3.2 Apparatus

The study took place in a moderately lit (approximately 75% brightness)
windowless room with 500 Ix background luminance. A video-based eye tracker
(EyeLink 1000; SR Research Ltd., Ontario, Canada) recorded participants’ eye-
movements and pupil size at a sampling rate of 500 Hz using a stationary Desktop
Mount. EyeLink 1000 uses a video camera to measure the infrared illuminator reflection
on the cornea to assess gaze position. The Eyelink 1000 video camera is sensitive to light
in the infrared spectrum. The size of the pupil is measured in arbitrary unit (AU), which
is linearly associated with the pupil diameter. The visual WM Stimuli were presented on
an LCD monitor with a grey background (42 cd/m?), using PsychToolbox-3 (Brainard,
1997) for Matlab (The Math Works, Cambridge, MA) at a fixed viewing distance of 80
cm, which was determined by the distance of the computer monitor and a head-stabilized
chin rest. The monitor was calibrated with an X-Rite I1Pro spectrophotometer (X-Rite,
Inc., Grand Rapids, MI).

Handgrip force was measured using an isometric Vernier HD-BTA hand
dynamometer (Vernier, Beaverton, OR) at the beginning of the experiment. The hand
dynamometer measures maximum isometric handgrip strength, which involves static
contraction of the hand muscles and restricted joint movements. Each participant

completed a brief assessment to obtain isometric maximum voluntary contraction (MVC)
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of grip force using their left hand. During the concurrent handgrip and visual WM task,
participants gripped the isometric Vernier HD-BTA hand dynamometer at different levels
of their MVC. This is to ensure that physical exertion is standardized across participants
and is independent of individual differences in muscular strength and fitness level.

Following MVC measurement, the eye tracker was calibrated using a default 9-
point calibration scheme preset by EyeLink 1000. Participants fixated on a central target
to capture the location of the pupil and were asked to fixate on a series of nine fixation
target as they moved to varying locations on the screen by making eye movements and
restricted head movements. Gaze locations were recorded. The calibration measure was
validated against a second set of nine fixation targets. If the validation indicated a drift
correction error of more than 1° of visual angle, the calibration and validation process
was repeated until the calibration was satisfactory. This process conducted at the
beginning of the dual-task experiment, when participants changed their position after a
break, and/or when the eye-tracking quality reduced during the experiment.
4.3.3 Procedure
4.3.3.1 MVC Measurement

MVC was measured at the beginning of the experiment. Participants were
instructed to grip the hand dynamometer in their left hand and squeeze it exerting
maximum force for 4,000 ms. This procedure was repeated for three consecutive trials
with no visual feedback. The median grip force level during the last 2,000 ms of the
4,000 ms measurement window in each trial was averaged across the three trials as the

MVC of each participant. Participants’ initial MVC measurement was not directly used
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in this study. Instead, participants were asked to grip the hand dynamometer at different
levels (5% vs. 45%) of their initial MVC measurement. Therefore, physical exertion was
standardized and was independent of differences in muscle strength and fitness level
across participants.

Participants practiced maintaining their grip on the hand dynamometer at 5% and
45% of their MVC for 4,000 ms with real-time visual feedback indicated by a red visual
gauge that fluctuated with respect to the exerted force for 10 practice trials (Figure 1).
Each trail began with a centrally located visual prompt for 500 ms stating, “Please get
ready! Please hold the handgrip at the required level AFTER you hear a beep.” After the
beep, a centrally displayed visual gauge, 4° by 6° in visual angle, providing real-time
feedback of the exerted grip force showed a red bar with dynamically changing height
that was proportional to the exerted grip (for an example, see first screen in Figure 1).
Inside the visual gauge, a black horizontal line was marked relative to the required
exertion level for the given trial. Participants were required to grip the hand dynamometer
at, or slightly above, the black horizontal line. Successful maintenance of the grip force at
the indicated level of each participant’s MVC (5% or 45%) was followed by an auditory
“Cha-Ching” sound and visual feedback stating, “You have successfully maintained the
force!” Unsuccessful maintenance of the grip force at the indicated level was followed by
an auditory “Beep” sound and visual feedback stating, “Not quite. Please try harder!” If
participants were unable to maintain their grip at the indicated level of their MVC for

more than half the practice trials they were given another set of 10 practice trials.
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4.3.3.2 Concurrent Handgrip and Visual WM Dual Task

Following the practice of the handgrip task in isolation, participants completed the
concurrent handgrip and visual WM dual-task (Figure 1). Each trial began with a
centrally located, “Get Ready” prompt for participants to exert force with their left-
handed on the hand dynamometer at or slightly above 5% or 45% of their MVC. The
%MVC required for a given trial was mixed within the experimental blocks across the
entire experiment. The 5% and the 45% MVC conditions were equally likely to occur
across the experimental session. Real-time visual feedback of the exerted grip was
provided for the first 4,00 ms allowing participants to adjust their grip above the black
horizontal line corresponding with the %MVC condition. No visual feedback of force
exertion was provided after the initial 4,000 ms. Participants were instructed to maintain
the level of the exerted force throughout the visual WM change detection task until the
test display appeared. During the test display, they were instructed to release the hand
dynamometer and make a same or different judgment using the gamepad in their right
hand. Participants were required to maintain the exerted force for no less than 5% but no
greater than 30% MVC in the 5% MVC condition and no less than 40% but not greater
than 70% MVC in the 45% MVC condition for more than 2/3™ of the time during the
visual WM change detection task to be considered a correct handgrip trial. Kinesthetic
information (Angyan et al., 2005), such as gripping a hand dynamometer at different
level without visual feedback, is sufficient for subjective estimation of the exerted force
and requires minimal WM load (Lowe, 2016). In fact, participants were able to

successfully maintain the exerted force on the hand dynamometer at or slightly above the
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required level for 87.32% of the overall handgrip trials despite no real-time visual
feedback. As anticipated, overall handgrip accuracy for the 5% MVC condition (98.59%
handgrip accuracy) was significantly higher than the overall handgrip accuracy for the
45% MVC condition (76.07% handgrip accuracy), #31) = 6.74, p <.001. There was no
significant difference for handgrip accuracy for the 5% MVC (#31) = 1.35, p =.093) or
the 45% MVC (#(31) = 1.18, p = .123) conditions across the two different visual WM
loads (set size 1 vs. set size 3). The subsequent analysis for the handgrip and visual WM
dual-task will focus on the trials when participants successfully exerted their grip force at
the required level during the WM task.

While participants maintained their handgrip force at, or slightly above, 5% or
45% of their MVC, they simultaneously performed the visual WM task. In this task, a
memory array consisting of 1 or 3 red rectangular orientations bars, which were equally
likely across the experimental session, appeared for 100 ms. The rectangular bars (5°-by-
1° of visual angle in size) were randomly oriented in a vertical, horizontal, or diagonal
manner, and were presented at randomly selected centers within a 3-by-3 grid of an 11°-
by-11° area in visual angles. Participants were required to remember the orientation of all
the bars presented on a given trial. Following the memory array, a 900 ms delay interval
with a blank screen containing a central fixation point appeared. Participants were
instructed to fixate on the central point. Following, the test array appeared and remained
on screen for 2,000 ms. On half of the trails, the orientation of the red rectangular bars in
the test array were identical to the orientation of the red rectangular bars in the memory

array. On the other half of the trials, one of the red rectangular orientation bars tilted
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either 45 or 90 degrees in comparison to the orientation of the corresponding bar in the
memory array. Participants were instructed to use their right index and middle fingers to
press buttons on a Logitech Precision gamepad to indicate whether the test array was the
same or different from the memory array. Participants were provided with an additional
4,000 ms blank response window after the test array (6,000 ms maximum response time
window). Accuracy was emphasized over speed for the change detection responses.

All experimental factors including low (5%) versus high (45%) physical exertion,
memory set size 1 verses memory set size 3, and change versus no change trials were
randomly intermixed in each of the 5 experimental blocks consisting of 32 trials each,
yielding 160 total trials. The experimental trials were preceded by 1 practice block
consisting of 8 practice trials. Participants were given a 5-second break after every 16
trails in the experimental blocks and a mandatory one-minute break between each block.
Participants were encouraged to ask for longer breaks, as needed, to minimize fatigue.
The experimental task, including breaks, took approximately one-hour to complete.
4.3.4 Data Analysis
4.3.4.1 Visual WM Measures

Task performance was measured as accuracy. A two (low cognitive load vs. high
cognitive load) x two (5% vs. 45% MVC) mixed-effect repeated-measures ANOVA was
performed on performance accuracy for correct handgrip trials to investigate the number
of retained items in visual WM across physical exertion conditions. Only trials where
participants’ successfully exerted grip force at or around the indicated level of %MVC

during the WM change detection task were included for analyses. Participants were
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instructed to exert grip force slightly over the required level and grip exertions were
classified as correct handgrip trials if participants exerted force no less than 5% but no
greater than 30% MVC in the 5% MVC condition and no less than 40% but not greater
than 70% MVC in the 45% MVC condition for more than 2/3™ of the time allocated for
the memory display and delay interval. Additional post-hoc t-tests were performed to
help interpret the findings from the two-way ANOVA.
4.3.4.2 Pupil Data

Pupil data were preprocessed and analyzed using previously established
methodologies (Granholm et al., 1996; Siegle et al., 2003; Siegle et al., 2004; Xie et al.,
2022). A 1,300 ms epoch (400 ms pre-memory stimulus interval and 900 ms for the delay
interval) was used for the pupil size measurement window. Using previously stablished
algorithms (Siegle et al., 2003, Siegle et al., 2004), artifact such as blinks were identified
and rejected and/or corrected. In doing so, a linear interpolation of the pupil data was
applied to trials with blinks for deblinking. Trials where eye blinks were detected at the
beginning, or the end of the pupil data measurement window were rejected from further
analyses. In addition, trials with more than 50% of interpolated data in the measurement
window were also rejected from the analyses. Of primary interest, arousal as indexed by
pupil dilation was measured during the pre-memory interval and the delay interval. This
time window was selected to capture arousal under physical exertion independent of
cognitive load and arousal under concurrent cognitive load and physical exertion. A two

(low cognitive load vs. high cognitive load) x two (5% vs. 45% MVC) mixed-effect
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repeated-measures ANOVA was performed on pupil dilation for correct handgrip trials to
investigate the arousal.
4.4 Results
4.4.1 WM Change Detection Performance Under Concurrent Physical Exertion

We investigated accuracy across experimental conditions in successful handgrip
maintenance trials, based on a two-way mixed-design repeated-measures ANOVA with
WM load (set size 1 vs. set size 3) and physical exertion (5% vs. 45% MVC) as within-
subject factors (Figure 2). Consistent with the effects of load observed in the visual WM
literature, WM load had a significant main effect on accuracy, F(1, 31) =20.76, p <.001,
1°p = .40. Observers’ accuracy was greater in the low WM load condition (set size 1, M =
91, SD = 0.08) than the high WM load condition (set size 3, M = .89, SD =0.11).
Furthermore, there was a significant main effect of physical effort on accuracy (£(1, 31)
=10.31, p=.003, °, = .25) such that observers’ accuracy was greater in the low physical
effort condition (M = .93, SD = 0.08) than the high physical effort condition (M = .89, SD
=0.11). More importantly, we found a significant two-way interaction across visual WM
load and physical exertion, F(1, 31) = 5.17, p = .030, #°, =.14. To further evaluate this
interaction, we performed post hoc analyses for low WM load and high WM load. In
other words, we assessed the accuracy for the low and high WM load conditions
separately under the two physical exertion conditions. For the low WM load condition,
the difference in observers’ accuracy was not significant across the low and high physical
exertion conditions, #(31) = 1.48, p = .075, potentially due to a ceiling effect. For the high

WM load condition, the difference in observers’ accuracy was significantly lower for the
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high physical exertion condition (45% MVC; M = .86, SD = 0.14) in comparison to low
physical exertion (5% MVC; M= .92, SD =0.10), #(31) =3.27, p = .001. Collectively,
these results suggest that effortful physical exertion compromised observers’ visual WM
accuracy.
4.4.2 Reaction Time Under Concurrent Physical Exertion

Following the analyses on accuracy, a two-way mixed-design repeated-measure
ANOVA for the correct RTs was performed with WM load (set size 1 vs. set size 3) and
physical exertion (5% vs. 45% MVC) as within-subject factors (Figure 2). Correct RTs
were defined as correct responses on the WM load task and handgrip task. There was a
significant main effect of WM load on correct RT (F(1, 31) =32.23, p <.001, #°, = .51)
where observers were faster at making a correct change detection response in the low
WM load condition (M = 715.90 ms, SD = 166.92 ms) than the high WM load condition
(M =801.60 ms, SD =209.39 ms). Furthermore, there was a significant main effect of
physical effort on correct RT (F(1, 31) = 5.46, p = .026, °, = .15) where observers were
faster at making a correct change detection response in the high physical effort condition
(M =743.60 ms, SD = 187.90 ms) than the low physical effort condition (M = 773.80 m:s,
SD = 188.24 ms). However, there was no significant interaction between visual WM load
and physical effort on correct RT, F(1, 31) = .42, p = .524, °, = .01.
4.4.3 Arousal Induced by Concurrent Cognitive Load and Physical Exertion

More importantly, arousal was assessed using pupil dilation during the handgrip
only interval (400 ms pre-memory stimulus) to assess the effect of effortful physical

exertion on arousal (Figure 4A). During the 400 ms pre-memory stimulus interval, there
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was a significant main effect of physical exertion on pupillometry, F(1,31) =26.79, p <
0.001, #*, = 0.46. That is, the difference in participants’ pupil size was larger under the
high physical exertion condition (M = 325.40 a.u., SD = 102.56 a.u.) than the low
physical exertion condition (M =295.46 a.u., SD = 92.56 a.u.) during the 400 ms pre-
memory stimulus interval. As expected, there was no significant main effect of cognitive
load pupil size during the pre-memory stimulus interval, F(1,31) = 0.56, p = 0.458, #°, =
0.02, thus affirming our manipulation check. Lastly, we did not observe a significant
interaction between physical exertion and cognitive load on pupil size, F(1,31) = 0.08, p
=0.780, #°, = 0.00, again confirming our manipulation check.

Next, we assessed pupil dilation during the post-memory stimulus 900 ms delay
interval to investigate arousal induced under concurrent cognitive load and effortful
physical exertion (Figure 4B). Similar to the 400 ms pre-memory stimulus interval, there
was a significant main effect of physical exertion on pupillometry during the 900 ms
post-memory delay interval, F(1,31) =39.85, p <0.001, #°, = 0.54. The difference in
participants’ pupil size was larger under the high physical exertion condition (M = 319.70
a.u., SD = 100.68 a.u.) than the low physical exertion condition (M = 282.50 a.u., SD =
89.87 a.u.) during the 900 ms post-memory delay interval. However, we did not observe
a significant main effect for the difference in pupil size for cognitive load, F(1,31) = 0.61,
p =0.441, n°, = 0.02. Although the difference in pupil size for cognitive load during the
900 ms post-memory delay interval was not significant replicating prior studies (Alnaes
et al., 2014; Ahern & Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018; Kahneman &

Beatty, 1966; Wahn et al., 2021; Zhou et al., 2022), the pupil dilation is conceptually in
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the same direction and previous studies where the difference in dilation was larger for the
high cognitive load condition (M = 302.29 a.u., SD = 94.53 a.u.) than the low cognitive
load condition (M =299.91 a.u., SD = 93.95 a.u.; Figure 5). We also did not observe a
significant interaction between physical exertion and cognitive load on pupil size during
the 900 ms post-memory delay interval, F(1,31) =0.01, p = 0.926, 5, = 0.00, which does
not support our prediction that the interactive effect between physical exertion and

cognitive load (Xie & Zhang, 2023) will be observed on TEPRs.

4.5 General Discussion

The present study investigated the relationship between effortful physical exertion
and visual WM load, along with its effect on TEPRs during the simultaneous visual WM
task with high versus low cognitive load (memory set size 1 vs. 3) and high versus low
physical exertion load (5% vs. 45%). Under effortful physical exertion (45% versus 5%
MVC), observers task performance was impaired under the high load condition but there
was no significant difference in performance for the low load condition under high verses
low physical exertion. The lack of effect in the low load condition could be possibly due
to a ceiling effect in performance where observers’ performance was nearly perfect
across the two physical exertion conditions. The behavioral data suggest that under
higher cognitive load in present study (set size 3) effortful physical exertion can impair
task accuracy. However, these results are inconsistent with prior studies suggesting that at
similar memory set sizes effortful physical exertion does not impair visual WM accuracy

(Xie & Zhang, 2023). In fact, Xie and Zhang (2023) found that only at visual WM set
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size 6, effortful physical exertion impaired task accuracy. Nonetheless, it possible that
under effortful physical exertion and higher cognitive loads the sum of observers’
perceived effort could impair performance (Shenhav et al., 2017; Jung et al., 2022).
Specifically, in line with the transient hypofrontality hypothesis, dual-task conditions
requiring greater physical exertion may impaired performance tasks involving higher
cognitive functions (Jung et al., 2022). That is, under effortful physical exertion reduced
neural activity in the prefrontal cortex may occur as a result of recollection of resources
to the motor cortices to support the physical action (Jung et al., 2022)

While the present study demonstrated the effect of effortful physical exertion on
task performance across cognitive load, we did not observe any significant difference in
TEPRs under concurrent physical exertion and cognitive load. That is, there was no
significant difference for the dual-task effects on pupil size during the 900 ms post-
memory delay interval. In addition, we did not observe any significant difference in post-
memory pupil size across the cognitive load conditions, which is inconsistent with prior
research reporting increased pupil size under high cognitive loads (Alnaes et al., 2014;
Ahern & Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018; Kahneman & Beatty, 1966;
Wahn et al., 2021; Zhou et al., 2022). The results for TEPRs under physical exertion and
cognitive load in the present study may be at conflict with the effort-accuracy tradeoff
hypothesis suggesting that less invested effort could lead to lower accuracy (Payne et al.,
1993). However, it is possible that observers’ perceived effort for cognitive load in the
present study was not a function of task performance, and therefore accuracy. For

instance, it is possible that observers aim to minimize cognitive effort and hoped to
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maintain high levels of accuracy (Johnson & Payne, 1985). Although the accuracy
differed among the high and low physical exertion conditions for high cognitive load,
observers accuracy was fairly high (86% accuracy) during for the high cognitive load
under effortful physical exertion condition.

Lastly, we observed a significant difference in post-memory and pre-memory
pupil size across the physical exertion conditions, replicating prior work suggesting
effortful physical exertion may stimulate the sympathetic nervous system (Hautala et al.,
2009; Patel & Zwibel, 2022) and thus induce greater arousal, or pupil dilation (Hayashi &
Someya, 2011; Nielsen & Mather, 2015; McDougal & Gamlin, 2015; Mathét, 2018;
Z¢non et al., 2014). These results suggest that our manipulation of physical effort does
induce greater arousal.

The lack of interaction between physical and cognitive effort on TEPRs does not
support our prediction that mental effort and physical effort may share common
neurocognitive mechanisms (Xie & Zhang, 2023). It could be possible that motor and
cognitive actions have separate resource pools (Feghhi & Rosenbaum, 2019) and
therefore separate neurocognitive mechanisms for task-induced arousal. However,
engagement in one domain may have a direct impact on task performance in another
domain where concurrent effortful physical exertion may impair inhibitory control (Azer
et al., 2023), visual search (Park et al., 2021), and WM performance at larger WM loads
(Xie & Zhang, 2023). In fact, the interaction between physical and cognitive effort on
WM performance in the present study is supported by prior research suggesting that

physical exertion may negatively impact cognitive task performance at the expense of
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control related processes (Azer et al., 2023; Park et al., 2021; Xie & Zhang, 2023). In
addition, the observed increase in pupil dilation for the high physical effort condition may
be supported by the Yerkes-Dodson inverted U hypothesis (Yerkes & Dodson, 1908).
The Yerkes-Dodson inverted U hypothesis suggests that the level of task-induced arousal
can be beneficial or harmful to performance where optimal levels of arousal can improve
performance while high levels of arousal can impair performance. As observed in the
present study, beyond optimal task-induced arousal by the high physical exertion
condition was harmful to WM performance.

While not significant, pupil size was numerically in the same direction as prior
research where observers experienced larger TEPRs under high cognitive load (Alnaes et
al., 2014; Ahern & Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018; Kahneman &
Beatty, 1966; Wahn et al., 2021; Zhou et al., 2022). Nonetheless, one possibility for the
inconsistent findings could be due to a direct competition between motor and cognitive
dual tasks on underlying neurocognitive mechanisms. To the best of our knowledge, the
present study is a novel dual task paradigm investigating pupil size under effortful
physical action and cognitive load while prior research has yet to investigate underlying
neurocognitive mechanisms under similar dual-task conditions. Studies investigating
TEPRs across cognitive load and alternative cognitive tasks typically report increased
pupil size in the dual task verses the single task condition (Wahn et al., 2016; Vogels et
al., 2018); however, these studies assess TEPRs for within domain dual-tasks rather than

across domain dual-task conditions.
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Another possibility for the inconsistent findings for TEPRs on cognitive load
could be due to resource allocation for memory items in both cognitive load conditions.
For example, when cognitive load is too high observers may not have enough recourses
to process the high load condition and therefore TEPRs may not be observed
(Peysakhovich et al., 2015). While this is not the case for the present study, it is possible
that memory set size 1 and memory set size 3 for the stimuli used in the present study
may recruit equivalent resources (Xie & Zhang, 2023) and thus may not produce a
significant difference arousal across both load conditions. For instance, the orientation
bars used in the present study may promote gist representations or configural encoding,
which can contribute to improved WM performance (Xie & Zhang, 2017). That is, the
uncircled bars in the high load condition in the present study can promote configural
encoding (Xie & Zhang, 2017), which supports Humphreys’ configural encoding account
of improved visual short-term memory performance (Delvenne et al., 2002). Therefore,
mental effort across the low and high cognitive load conditions in the present study may
be similar leading to no significant difference in arousal.

Future research should continue to investigate if mental and physical effort may
share common neurocognitive mechanisms using stimuli or methodologies that may
prevent chunking or configural encoding. For instance, the WM stimuli used in the
present study may have promoted configural encoding (Xie & Zhang, 2017), which could
have led to a similar perception of effort for both cognitive load conditions. This caveat
could be addressed in future research by using stimuli, such as encircled bars, to prevent

configural encoding (Xie & Zhang, 2017). Another cavate of the present study includes a
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lack of subjective measure for perceived arousal. The present study objectively measured
pupil dilation as a proxy measure for LC-NE activity and arousal (Auston-Jones &
Cohen, 2005; Liu et al., 2017), however, future research should consider investigating
perceived arousal to better understand the relationship between objectively measured
arousal and subject arousal in relation to mental effort under effortful physical exertion.
4.5.1 Conclusion

Using a novel dual-task paradigm, the present study investigated the interactive
effect of physical and cognitive effort on pupillary response. Task performance was
impaired under the high cognitive load and effortful physical exertion. These results
replicate prior work suggesting that under higher cognitive loads effortful physical
exertion can impair task accuracy (Xie & Zhang, 2023). In addition, we observed a
significant difference in pre-memory and post-memory interval pupil size across effortful
physical exertion where participants’ pupil size was larger under the high physical
exertion condition in comparison to the low physical exertion condition. Therefore, we
replicated results suggesting heightened arousal under effortful physical exertion
(Hayashi & Someya, 2011; Nielsen & Mather, 2015; McDougal & Gamlin, 2015;
Mathot, 2018; Zénon et al., 2014). However, we did not observe any difference in TEPRs
for the interaction between physical exertion and cognitive load, which is inconsistent
with our prediction. In addition, we did not observe any significant difference in post-
memory pupil size across the cognitive load conditions. This result is inconsistent with

prior research reporting increased pupil size under high cognitive load (Alnaes et al.,
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2014; Ahern & Beatty, 1979; Hess & Plot, 1964; Krejtz et al., 2018; Kahneman & Beatty,

1966; Wahn et al., 2021; Zhou et al., 2022).
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Table 6.

Sample Demographics
Characteristics Mean (SD)/% t df p
Age (years) 19.15 (1.41) - - -
Gender - - -
Female 37.50%
Race/Ethnicity - - -
Asian 32.20%
Black/African American 6.50%
White 12.90%
More than one race 12.90%
Prefer not to respond 16.10%
MVC 3.61 30 .007

Female
Male

98.58 (31.85)
174.47 (67.94)
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Figure 10.
Stimuli and procedure for the concurrent physical exertion and visual WM change

detection task

Squeeze the handgrip at the indicated level!

Note. Each trial began with a 4,000 ms screen prompting participants to grip the Hand
Dynamometer at the indicated level (5% or 50% MVC). Participants were asked to
maintain the squeeze until the test array. The memory array appeared for 100 ms and
contained 1 memory item (low WM load) or 3 memory items (high WM load). After a
900-ms delay interval, a test array was presented for 2,000 ms and participants were
instructed to make a ‘same’ or ‘different’ response within the 6,000 ms interval.
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Figure 11.

Two-way interaction with WM load (set size 1 vs. set size 3), and physical effort (5% vs.
45% MVC)
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Note. Accuracy results for successful handgrip trials across WM load (low vs. high) and
physical effort (5% vs. 45%).
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Figure 12

RT results for the WM task under physical effort
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Note. Mean reaction times (RTs) for successful handgrip and correct WM load trials
across WM load (low vs. high) and physical effort (5% vs. 45%).

149



Figure 13.

Pupillary Response for the WM task under physical effort
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Note. Mean pupillary response for successful handgrip trials across WM load (low vs.
high) and physical effort (5% vs. 45%). A) Pupillary response for the 400 ms pre-
memory stimulus interval under physical effort. B) Pupillary response for the 900 ms
post-memory stimulus interval under physical effort.

150



Chapter 5. General Discussion

5.1 Reduced Inhibitory Control and Heightened Arousal Under Effortful Physical
Exertion

The research presented in this dissertation demonstrated the impact of concurrent
effortful physical exertion on inhibitory control and arousal across three separate
empirical studies. Chapter 2 and Chapter 3 demonstrated that older and younger adults,
respectively, had reduced inhibitory control when task-irrelevant items were present
under high physical effort. This effect was observed using lab generated stimuli (Chapter
2) and stimuli we encounter daily (Chapter 3) when participants were required to recall or
detect task-relevant information and actively inhibit task-irrelevant information. In
addition, Hierarchical Bayesian ex-Gaussian Analyses of reaction time in Chapter 2
demonstrated that reduced inhibition for older, but not younger, adults when task-
irrelevant items were present under effortful physical exertion was indexed by slower
reaction times. These results could be explained by an arousal-based enhancement effect
(see Park et al., 2021) possibly stemming from the same neurocognitive mechanism
where effortful physical exertion may yield heightened arousal thus increasing NE
released by the LC (Nielsen & Mather, 2015). The LC-NE system is modulated by
distractor interference (Aston-Jones & Cohen, 2005). Therefore, it is possible that
reduced inhibition under high physical effort when distractors are present could result
from beyond optimal levels of arousal stemming from heightened effortful physical

exertion resulting in poor performance (Davey, 1973; Yerkes & Dodson, 1908).
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Chapter 4 further investigated arousal stemming from effortful physical exertion
during a working memory task to understand the impact of cognitive load and physical
exertion on task evoked pupillary responses (TEPRs). Effortful physical exertion using
isometric handgrip increased observers’ pupil dilatation and thus induced heightened
arousal. Previous studies have also reported induced arousal due to effortful physical
exertion (Nielsen & Mather, 2015; Zénon et al., 2014). However, Chapter 4 failed to
replicate results from previous studies reporting increased pupil dilation under higher
cognitive load (Hess & Plot, 1964; Krejtz et al., 2018; Kahneman & Beatty, 1966). In
addition, the results presented in Chapter 4 did not support the arousal-based account of
concurrent effortful physical exertion and cognitive load on TEPRs. Nonetheless, task
performance was impaired under high cognitive load and effortful physical exertion
suggesting that physical exertion may negatively impact cognitive task performance at
the expense of control related processes (Azer et al., 2023; Park et al., 2021; Xie &
Zhang, 2023). Although the dual task results do not support an arousal-based account,
they support an inhibitory-control account of concurrent effortful physical exertion of
cognition.

Several previous studies have also investigated dual-task decrements during
effortful motor tasks and have demonstrated impaired performance on one, or both,
domains under dual-task conditions (Doumas et al., 2009; Plummer-D’Amato et al.,
2011, 2012; Rapp et al., 2005; Voelcker-Rehage & Alberts, 2007). Similarly, Chapter 2
and Chapter 3 of the present dissertation aimed to understand the impact of effortful

physical exertion on cognition using simple isometric handgrip muscle contractions and
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demonstrated impaired inhibitory control under high physical effort. These results may
appear to be similar (i.e., worse performance during dual-task condition). However, using
isometric handgrip muscle contraction rather than more complex motor actions (e.g., gait,
precision grip, postural control) the present dissertation demonstrated that an effortful,
yet simple, motor action can impair inhibitory control and induce heightened arousal.
Isometric handgrip muscle contractions involve activation of the hand muscles to produce
a power grip (Cain & Stevens, 1971), which in comparison to more complex motor
actions tend to require less cognitive control and involvement of control networks ((Lim
et al., 2021; Mahoney et al., 2016; Ehrsson et al., 2000; Guillery et al., 2017).

The results observed in the present dissertation are supported by effort-based
accounts investigating the involvement of cognitive control in tasks where greater effort
is required (Shenhav et al., 2017; Székely & Micheal, 2021; Jung et al., 2022). According
to these accounts, the extent to which cognitive control may be involved in mental effort
is the driving factor for task performance when greater effort is required (Shenhav et al.,
2017; Székely & Micheal, 2021). Physical effort on the other hand during dual-task
conditions can impair cognitive control when the degree of effort on the physical task is
high (Jung et al., 2022). In line with these hypotheses, the present dissertation
demonstrated an inhibition-based account for working memory and perception under
effortful physical exertion where high effort impaired cognitive control when task-
irrelevant information was present.

It is possible that motivation, while not directly measured in the present

dissertation, can play role on task performance under effortful physical exertion. For
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instance, when observers were asked to squeeze a hand dynamometer at different levels
of their MVC as they imaged the force they were producing was to achieve a goal of
unclogging a Ketchup bottle, results indicated that the amount of force exerted was a
function of task demand and task difficulty (Richter, 2015; Richter et al., 2021; Stanek &
Richter, 2016; Stanek & Richter, 2021). Across these studies, force exerted was used as a
measure of effort to achieve a goal based on motivation. These results were in part
supported by the motivational intensity theory (Brehm & Self, 1989), which states that
the amount of effort invested in a task depends on the task demand where higher task
difficulty will require more energy invested in the task. In addition, the amount of effort
invested in a task is determined by whether success on the task is perceived to be
possible. Participants across the three empirical chapters in the present dissertation were
able to successfully maintain exerted effort on the hand dynamometer at, or slightly
above, the indicated level for approximately 88.87% of all trails. In line with previous
research and the motivational intensity theory the results observed in the present
dissertation infer that amount of effort invested in the motor task was high possibly due
to motivation that task performance on the motor task and the concurrent cognitive tasks

would be successful.

5.2 Translational Relevance
The work presented in this dissertation also has significant translational implications
that may encourage policymakers to make future policy recommendations to provide

older adults with state and/or federal funding to purchase vehicles with self-driving

154



capabilities as an external aid. Normal age-related declines may occur in cognitive (e.g.,
impaired working and long-term memory and slower reaction time; Park et al., 2009) and
physical (e.g., loss of muscle strength/mass; Samuel et al., 2013; Sparling et al., 2015)
functions and may interact with one another leading to altered and/or impaired physical
(grip, balance, and gait; Doumas et al., 2009; Rapp et al., 2006; Plummer-D’ Amato et al.,
2011; 2012) and cognitive (reduced distractor inhibition; Azer et al., 2023) abilities.
These impairments may consequently result in detrimental outcomes, including injury or
fatality while driving. In fact, while previous research has demonstrated older drivers
drive less frequently than younger drivers, older adults are more likely to be involved in a
car accident resulting in fatal injury (Loughran et al., 2007)°.

Driving is a cognition-heavy task that involves the simultaneous use of physical
action. The cognitive component in driving involves the ability to maintain focused
attention on the task at hand (i.e., driving safely to our intended destination) and
inhibiting task-irrelevant information in our surrounding environment (i.e., distracting
billboards or sounds). The physical action involved in driving includes gripping the
steering wheel, orienting head and eye movements to the necessary visual field, and
alternating one’s foot from the brake to the gas paddle. Older adults who live in areas
with high traffic congestion will benefit from learning about the impact of the physical
component involved in driving and how it may impact the cognitive component involved
in driving. In addition, older adult may also benefit from the use of vehicles with self-
driving capabilities, which may ameliorate the negative impact of engaging in a

concurrent cognitive and physical task. Therefore, considering solutions such as
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autonomous vehicle incentive programs as an external assistive device for older adults
may decrease the rate of injury due to this negative interaction. This policy
recommendation may also aid in maintaining older adults’ well-being given many older
adults report increased depressive symptoms, social disconnectedness, and a loss of

independence after driving cessation (for a review see Chihuri et al., 2016).

5.3 Future Research Directions

The collective empirical work in this dissertation provides both an inhibition-
based and arousal-based account of concurrent effortful physical exertion on working
memory, inhibitory control, and perception. However, there are several outstanding
questions that remain to be answered in future studies.

First, for the arousal-based account to be fully understood, further research should
investigate if arousal produced by effortful physical exertion impacts cognition and
overlapping neurocognitive mechanisms (i.e., pupil dilation as an index of arousal) in a
similar manner to arousal induced by emotion (Leuches et al., 2017; Xie & Zhang, 2016;
2022). For example, induced arousal from exposure to negative emotional valence during
a working memory task boosts working memory precision (Xie & Zhang, 2016, 2022). In
addition, fear perception is associated with negative emotion and heightened arousal as
indexed by increased pupil dilation (Leuchs et al., 2017), which can easily capture
attention (Ohman et al., 2001; Miyazawa & Iwasaki, 2009). Therefore, testing the
arousal-based account of concurrent effortful physical exertion to compare arousal

induced under high physical effort and negative emotion is necessary in order to draw

156



translational connections between arousal and cognition. For instance, police officers
facing a fearful situation that may evoke negative emotion, and therefore heightened
arousal, may be more likely to precisely recall information in their working memory (Xie
& Zhang, 2016, 2022), which captured their attention (Leuchs et al., 2017). Nevertheless,
the question remains if police officers or military personal engaging in effortful physical
exertion (e.g., chasing a suspect) will be able to produce the same precise recall of
information as a fearful situation evoking negative emotion.

Second, to further draw translational connections and better equip policymakers with
evidence to provide additional funding incentives for older adults to purchase vehicles
with self-driving capabilities future research investigating effortful physical exertion
while driving on cognition should be conducted. For example, imagine driving in traffic
and attempting to merge onto a lane while another car is attempting to merge onto the
same lane and the car in front of you suddenly breaks. You grip the steering wheel tighter
and pump the breaks. Here, you are exerting greater physical force on the steering wheel,
making it difficult to inhibit distracting information. While this is true for everyone, older
adults may be more impacted by concurrent effortful physical exertion (tightly gripping
the steering wheel) during a cognition-heavy task (driving). In fact, on average drivers
exert approximately 31% maximum voluntary grip force on the steering wheel when
driving (Eksioglu & Kiziliaslan, 2008), which is consistent with the effortful physical
exertion condition exerted by older adults in the present dissertation. When exerting 30%
maximum voluntary grip force during a working memory task, older adults’ inhibitory

control of access to working memory was compromised when distractors were present
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(Azer et al., 2023). These results simulate a real-world scenario of dual power grip and
cognitive task but assessing effortful physical exertion using maximum voluntary grip
force on a steering wheel during a driving simulator may further provide applied and
translational support for policy recommendations.

Lastly, while empirical research presented in this dissertation demonstrated that
effortful physical exertion impaired inhibitory control and induced heightened arousal,
the subjective experience of perceived exertion has yet to be assessed. For instance,
ratings of perceived exertion are higher during a dual physical and cognitive task
regardless of level of daily habitual exercise in comparison to single-task conditions
(Condello et al., 2019). That is, higher subjective perception of effort was reported when
a working memory task was performed simultaneously during a locomotor gait task. In
addition, both actual and perceived physical exertion using an isometric handgrip
exercise increased pupil diameter with increasing effort (Zenon et al., 2014) suggesting
that both actual physical exertion and perceived exertion can similarly induce heightened
arousal. Perceived exertion is measured by using the Borg ratings of perceived exertion
scale (Borg, 1998), which is self-report outcome measure completed at the end of the task
and asks observers to rate their perceived exertion for the motor task from Very, very
light (i.e., How you feel when lying in bed or sitting in a chair relaxed — Little to no
effort) to Maximum exertion (i.e., How you felt with the hardest work you have ever done
— Don’t work this hard!). More recently, Padmanabhan et al., (2023) reported an
empirical measure of perceived effortful physical exertion using isometric handgrip

exercises with varying exertion levels. Similar to the methodology presented in this
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dissertation, participants’ maximum voluntary contraction (MVC) was measured, and
participants were asked to grip the hand dynamometer at different levels of their MVC
during the practice phase. During the test phase, participants were asked to grip the hand
dynamometer at unknown levels of their MVC and report the amount of effort they
perceived the during exertion trial (Padmanabhan et al., 2023). Using similar
methodology as Borg (1988) and/or Padmanabhan et al. (2023), future studies should
consider incorporating a subjective measure of perceived exertion to better understand

the impact of perceived effortful physical exertion on inhibitory control and arousal.
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