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ABSTRACT 

From subtle shifts in satiety cues to alterations in social dynamics, organisms manage an 

extensive set of environmental demands. Individuals must anticipate and respond to these shifts 

in their ever-changing environments to promote survival. Motivational processes coordinate 

physiological and behavioral prioritization driven by current and anticipated needs. Often as one 

motivation increases, organisms de-prioritize other motivational processes and shift resources 

towards behavioral and physiological processes associated with the most pressing needs. This 

dissertation provides a multi-level analysis of motivation across contexts, focusing on hunger, 

fatigue, and loneliness. I investigated how individuals dynamically shift physiological resources 

to meet current needs by examining autonomic physiology during motivational competition. 

Study 1 focuses on the autonomic correlates of mental and physical fatigue. Data from Study 1 

demonstrate that prolonged mental fatigue may increase parasympathetic activity and decrease 

sympathetic activity. Physical fatigue was associated with rapid sympathoexcitation and 

parasympathetic withdrawal. Study 2 focuses on hunger and competing need states, 

demonstrating that brief fasting may increase resting parasympathetic nervous system activity. 

Finally, Study 3 investigates loneliness and motivated cognition. Results from Study 3 are a 

departure from past work on the topic, demonstrating that moderate levels of perceived social 

isolation may not motivate shifts in social cognition. Taken together, these three studies 

underscore the dynamic nature of psychophysiological systems and motivate future investigation 

into how social and non-social motivational processes interact.  
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CHAPTER 1: 

GENERAL OVERVIEW AND INTRODUCTION 

1.1 Maintenance of Stability through Change   

Our world is incredibly dynamic. From subtle metabolic shifts to navigation of social 

networks, organisms manage an extensive set of environmental demands. Individuals constantly 

anticipate and respond to cues in their rapidly shifting world to promote survival. To partially 

account for constant fluctuations in the external environment, organisms often shift physiological 

and psychological processes to meet current needs. To avoid threats and promote survival, 

individuals must manage an expansive set of goals, including monitoring basic satiety cues 

associated with hunger, protecting the body from harm when fatigued, and maintaining positive 

social relationships.  

Remarkably, under constant environmental stress, bodily systems generally remain stable 

(Gross, 1998). From the time of Hippocrates (Cofer & Appley, 1964), individuals have been 

hypothesizing about how bodily systems remain stable in the face of constant environmental 

change. When describing the constancy of physiological systems, 19th-century French 

physiologist Claude Bernard noted that systemic stability is partly due to internal states 

compensating for external environmental variability (Bernard, 1879). Bernard’s theory about 

internal constancy was underappreciated during his lifetime. However, Bernard’s work has 

framed much of modern psychophysiological theory. Inspired by Bernard’s theory, American 

physiologist Walter Cannon later coined the term homeostasis. Homeostasis is an automated 

process by which biological systems maintain stability through internal physiological shifts in 

response to shifts in the external environment (Billman, 2020). Blood pressure maintenance is a 

classic example of a homeostatic regulatory process. Variations in blood pressure reflect a 
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response to environmental stressors aimed at maintaining cardiovascular homeostasis. Arterial 

blood pressure is maintained in a narrow band of values through a negative feedback loop via the 

activation of brainstem-mediated reflex adjustments (Adolph, 1961), modulated by arterial and 

cardiopulmonary reflexes. However, not all regulatory processes can be maintained with  

relatively simple homeostatic feedback loops.   

Psychophysiological regulatory mechanisms encompass many levels of control extending 

from lower reflexes to higher-order control of behavior, emotion, and cognition. Cannon’s 

homeostatic set-point model may not sufficiently account for the intricacy and multiplicity of 

systems that an organism must manage for survival. Systems within an organism do not exist in a 

vacuum and need to be able to coordinate shared resources flexibly. Moreover, waiting to react 

leaves individuals vulnerable to environmental threats. Organisms have evolved dynamic 

neurobehavioral systems beyond comparatively simple homeostatic regulatory processes 

(Goldstein & McEwen, 2002). Through the evolution of higher-order brain structures, organisms 

across species have developed the capacity to anticipate environmental perturbations (Schulkin 

et al., 1994). Not only can organisms respond to environmental stressors, but they can also learn 

from past stressors and prepare for future stressors. The ability to anticipate environmental 

stressors is advantageous because many environmental stressors occur rapidly and sometimes 

without warning. Additionally, learning from past exposure to stressors allows individuals to 

prepare for similar stressors in the future. 

Allostasis is generally defined as maintaining constancy through change (McEwen & 

Wingfield, 2003). Through allostatic regulatory processes, organisms can change the levels of 

one or more physiological parameters to adjust to new or changing environments. Learning and 

anticipatory actions are core features of allostasis. Allostasis allows individuals to learn to 
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predict stressors and facilitate psychophysiological coordination in response to unpredictable, 

stressful events. Rather than physiological parameters having invariant set points, the value of a 

variable can and should change to cope with the demands presented by environmental changes.  

1.2 Motivation  

One of the ways that organisms manage behavioral selection is through the generation of 

motivational programs. Broadly, motivation represents an organism’s willingness to expend or 

conserve energy to reach a goal (Cosmides & Tooby, 2000). Motivational systems take 

environmental context into account and rapidly shape behavior by prioritizing current needs. For 

example, if an animal is hungry, it will often endure a higher than average risk and expend 

greater than the typical effort to obtain and consume food (Dixon et al., 2014). When an 

individual is satiated, motivation shifts energetic resources away from food procurement and 

onto maintenance of other essential processes. Additionally, motivation influences the perception 

of environmental stimuli. For example, when hungry, individuals perceive food as tastier and 

better smelling than when satiated (Janowitz & Grossman, 1949).  

Shifts in motivational states are not purely related to an organism’s willingness to expend 

energy on singular goals due to ever-changing environmental context and need states. An 

organism’s internal systems must simultaneously account for perturbations in other internal 

systems and the external world. As individuals have an abundance of needs that must be 

simultaneously addressed, motivational processes are often conflicting. For example, when dams 

(female rats) undergo an immune challenge, they must simultaneously manage maternal care 

responsibilities and mount an immune response. The dam’s sickness response is a brain-derived 

motivational program for energy conservation. When the dam is sick, the sickness response 

conflicts with her motivational program associated with maternal care. While undergoing an 
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immune response, dams will decrease certain maternal care behaviors at ambient temperatures 

but engage in these caretaking behaviors at colder temperatures when her pups especially need 

warmth (Aubert et al., 1997). The results from this experiment indicate that social motivation to 

care for pups is flexible and responsive to shifts in both her internal environment (i.e., sickness) 

and external environment (i.e., temperature of housing). These results also demonstrate the 

profound influence of social motivation and how bodily needs can become deprioritized in the 

face of social needs.  

Social engagement allows individuals to survive and prosper through information 

transfer, labor division, and defense from predation. Recent evidence demonstrates that social 

needs are comparable to hunger and thirst for survival (Dunning, 2011). Social goals, such as 

connecting with conspecifics, directly fulfill many other safety and physiological needs, such as 

hunger and fatigue. For example, social interactions involve communication about the 

whereabouts of food and division of labor to ease the burden on individual group members.  

Studying competing motivational processes inherently necessitates investigation at 

multiple levels of analysis. Motivational processes require coordination of cognitive, affective, 

behavioral, and physiological systems. Psychological and social processes that support goal 

attainment cannot be completely understood without investigation of the underlying 

physiological systems that support and maintain psychological functioning. Likewise, we cannot 

wholly understand human systemic physiology without understanding an individual's social and 

psychological context.  Throughout this dissertation, I will demonstrate how measuring and 

analyzing psychophysiological processes across multiple levels of analysis promotes a more 

complete understanding of phenomena.  
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1.3 The Autonomic Nervous System 

The Autonomic Nervous System (ANS) innervates most organs in the human body and 

mediates the neural regulation of allostasis (Blessing & Gibbins, 2008). The ANS extends from 

the brain to the body’s periphery and maintains allostasis in response to and anticipation of 

stressors within the body and the external world (McEwen & Wingfield, 2003). The ANS 

generally operates involuntarily and promotes the flexible and efficient distribution of bodily 

resources. The ANS also operates rapidly, on the order of milliseconds, allowing organisms to 

change physiological activation patterns quickly in response to shifting needs (Kreibig, 2010; 

McCorry, 2007).  When describing the ANS, Walter Cannon wrote that the system was named 

“autonomic” because it acts automatically, without direction from the cerebral cortex (Cannon, 

1939). While the ANS generally operates outside of an individual’s conscious awareness, 

Cannon was incorrect about the cortex's involvement in ANS signaling. Lower-order neural 

regions that mediate ANS functioning extensively communicate with the cortex, modulating 

lower-level neural projections. For example, psychological stressors can promote baroreflex 

inhibition through higher order neural signaling. The baroreflex is a key mechanism for the 

control of blood pressure. Psychological stressors suppress the capacity of the arterial baroreflex 

to control short-term fluctuations in blood pressure. Neuroimaging data in humans demonstrates 

that reduced baroreflex sensitivity covaries with increases in neural activity in the CAN. 

(Gianaros et al., 2012).   

The ANS has two branches: the parasympathetic nervous system (PNS) and the 

sympathetic nervous system (SNS). The preganglionic neurons of the sympathetic branch contain 

relatively short axons that terminate on the sympathetic chain ganglia. Parasympathetic preganglionic 

fibers contain long fibers that terminate on ganglia on peripheral organs (Wehrwein et al., 2016). As 

neural circuitry between the central nervous system (CNS) and the PNS in the periphery is 
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bidirectional, the brain receives visceral feedback through the vagus nerve, the primary nerve of the 

PNS. Cardiac function is jointly regulated by the PNS and the SNS, allowing for separate 

measurements of each branch at the level of the heart (Norman et al., 2014). The SNS provides 

excitatory cardiac input and  often sympathetic activity increases in response to environmental 

stressors. SNS activity facilitates elevated cardiovascular activity and promotes affective and 

behavioral reactions aiding in goal attainment. The PNS, in contrast, provides tonic inhibitory cardiac 

control and promotes inhibition of reflexive reactions, enabling more elaborate processing of 

affective and behavioral responses (Thayer & Lane, 2009a). In some contexts, PNS activity  indexes 

higher level neural inhibition necessary for flexible modification of psychophysiological processes. 

For example, cognitive reappraisal of negative emotions is associated with increases in PNS activity 

(Butler et al., 2006). Higher resting PNS activity is also associated with improved emotion regulation 

(Smith et al., 2017) and reduced feelings of social isolation (Quintana et al., 2013).  

The Central Autonomic Network (CAN) comprises the set of brain regions involved in 

autonomic modulation and control (Sklerov et al., 2019). The CAN is an intricate network of 

brainstem, limbic, and prefrontal regions implicated in both resting ANS functioning and the 

modulation of ANS activity in response to and anticipation of environmental stressors. While 

there is not a universal consensus on which neural structures comprise the CAN, primary 

structures within the CAN include the insula, amygdala, hypothalamus, periaqueductal gray 

matter, parabrachial complex, the nucleus of the tractus solitarius, and ventrolateral medulla. The 

hypothalamus integrates autonomic functioning throughout the CAN, and the anterior limbic 

circuit integrates bodily sensations with emotional and goal-related autonomic responses 

(Sklerov et al., 2019). 

CAN modulation is one way in which motivation aids in the maintenance of allostasis. 

Environmental cues associated with current needs are bidirectionally communicated between the 
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CNS and ANS, prompting rapid behavioral changes to support goal attainment (Lang, 2010).  

For example, hunger and immune cues are partially relayed to the brain through the vagus nerve 

(Cortelli et al., 2013; Drazen & Woods, 2003; Wang et al., 2002), the principal nerve of the 

parasympathetic nervous system (Thayer & Sternberg, 2006). Prefrontal and limbic neural 

structures process sensory information when integrating internal and external environmental cues 

for behavioral prioritization (Groenewegen & Uylings, 2000). For example, inhibitory 

projections from the prefrontal cortex to limbic structures aid in behavioral prioritization when 

integrating internal and external environmental cues (Thayer, 2006). Additionally, 

communication from the CAN to prefrontal cortical and motor brain regions directs behavioral 

responses essential for regulating processes such as emotion regulation and social behavior 

(Thayer & Lane, 2009b). 

1.4 The Current Work 

This dissertation describes three studies that examined competing motivational processes 

across contexts. Through this body of research, I aim to demonstrate the breadth of functions 

motivation plays in an individual’s  ability to flexibly adapt to their environment. Focusing on 

fatigue, hunger, and loneliness, I will discuss how physiology, behavior, and cognition 

adaptively shift in anticipation of and response to an organism’s needs. Fatigue, hunger, and 

loneliness are all protective and motivate maintenance of allostasis. Mental and physical fatigue 

motivate individuals to end non-rewarding tasks and reorient resources towards more pressing 

needs. Hunger motivates the consumption of food and aids in the metabolic maintenance of 

allostasis. Loneliness motivates engagement with the social world and protects against the 

deleterious effects of chronic perceived social isolation.  I will also describe how the 

measurement of autonomic cardiac physiology can aid in elucidating our understanding of 
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resource prioritization. The Autonomic Nervous System (ANS) mediates the neural regulation of 

allostasis (Blessing & Gibbins, 2008) and aids in the rapid distribution of physiological resources 

in support of goal attainment. Autonomic measures included in two of my studies index efferent 

neural signaling and provide insight into how the ANS may shift when an individual is hungry 

and fatigued.  

 Study 1 investigates how mental and physical fatigue relate to parasympathetic and 

sympathetic nervous system activation patterns. I induced mental and physical fatigue in this 

experiment and examined how autonomic patterns shift during fatigue induction. Study 2 

examined motivational competition between hunger, pain, and sensitivity to pain in others. Study 

2 also investigated if hunger, manipulated through fasting, influences behavior and autonomic 

physiology. Finally, Study 3 investigated how loneliness may impact cognitive functioning. This 

study used a loneliness induction paradigm and examined attentional biases and working 

memory capacity with social and non-social stimuli.  

  



9 

 

CHAPTER 2: FATIGUE AND THE AUTONOMIC NERVOUS SYSTEM 

2.1 Introduction  

Fatigue is associated with an overwhelming and sustained sense of exhaustion and 

decreased capacity for physical and mental work (van der Linden, 2011). Additionally, fatigue 

represents a decrease in motivation to continue an unrewarding activity when required to sustain 

high levels of effort over long periods (Hockey & Hockey, 2013). Mental fatigue is described as 

feelings of tiredness and lack of energy during or following prolonged periods of demanding 

mental activity (Boksem & Tops, 2008). However, mental fatigue can also arise due to 

insufficient stimulation and may thus also be associated with other states, such as boredom and 

drowsiness (Gawron et al., 2001). Physical fatigue generally refers to exhaustion from physical 

exertion (Tanaka & Watanabe, 2012). Mental fatigue and physical fatigue have historically been 

examined in separate bodies of literature. However, mental and physical fatigue are associated 

with the motivation to stop or downregulate effort while engaging in effortful tasks and 

reorientating resources towards goals associated with more pressing needs or more significant 

rewards.  

The impact of mental fatigue on subsequent physical performance has been well 

documented in recent years. Several studies have demonstrated that physical performance is 

negatively affected when preceded by mental fatigue induction (Brown et al., 2020; Marcora & 

Staiano, 2009; Mehta et al., 2013). For example, when a physically demanding task follows 

mental fatigue induction, behavioral and self-reported measures of physical fatigue are higher 

than when the physically fatiguing task is performed independently (Cutsem et al., 2018). 

Performance deficits and heightened reports of perceived exertion following mental fatigue 

induction have spanned various exercise types. Mental fatigue particularly impacts endurance 
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performance (e.g., long runs, bikes, or swims) possibly due to the noradrenergic neurotransmitter 

system hastening central fatigue and speeding the rating of perceived exertion (Cutsem et al., 

2017). The current theoretical explanation for these findings posits that effort from mental 

fatigue carries over into the perception of effort during physical performance tasks (Cutsem et 

al., 2017). Heightened perception of effort at the start of physically fatiguing tasks results in 

heightened fatigue throughout the physical performance and promotes the motivation to end the 

physical performance task. Also, recent evidence suggests that physical performance deficits 

when mentally fatigued may be caused by a decreased capacity for dopamine and norepinephrine 

reuptake following cognitive fatigue (Meeusen & Roelands, 2018). 

Mental and physical fatigue may partially share neural mechanisms. The Anterior 

Cingulate Cortex (ACC) is an integral component of the limbic system and is associated with 

cognitive and emotional processes, such as attentional and emotional regulation (Bush et al., 

2000). Past work suggests that activation of the ACC relates to both cognitive load associated 

with mental fatigue and the perception of effort during exercise associated with physical fatigue 

(Tanaka et al., 2014). The anterior insula is associated with deliberative processes associated 

with the exertion of mental effort (Müller & Apps, 2019). The anterior insula also processes 

interoceptive bodily signals associated with muscle fatigue, increasing motivation to stop an 

effortful task (Liu et al., 2002). The anterior insula is a critical component of a recently described 

'fatigue network' associated with mental work (Wylie et al., 2020).  This network monitors 

internal bodily states and evaluates the value of pursuing the current course of action given 

current needs. Additionally, research in clinical populations has helped uncover the crucial role 

played by the cortico-striatal reward circuitry in fatigue (Dobryakova et al., 2013). Recruitment 
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of reward circuitry indicates that the amount of effort expended on a fatiguing task may depend 

on the perceived reward expected from completing the task.  

Motivational programs, such as fatigue generation are partially directed through 

bidirectional processing between the central and peripheral nervous systems. Activation of the 

ANS is one mechanism through which resources can be rapidly shifted around to meet current 

demands and maintain stability within an organism. The ANS extends from the brain to the 

body's periphery and maintains internal stability in response to and anticipating stressors from 

the internal and external environment (McEwen & Wingfield, 2003). The relationship between 

ANS activity, upstream neural activity, and behavioral prioritization is primarily explained by 

the bidirectional flow of information throughout the Central Autonomic Network (CAN) 

(Benarroch, 2012), the neural network principally responsible for the control of the ANS. 

Feedback and feedforward signals processed within the CAN, such as the ACC and insula, 

regulate the intensity of physical fatigue to ensure that the effort exerted is tolerable (McMorris 

et al., 2018).  Predictions of fatigue related sensory information are fed forward by dorsolateral 

prefrontal cortex (DLPFC) projections to the insular cortex. The feedback is compared to the 

predictions in order to generate an awareness of fatigue level, which is forwarded to the ACC. 

Finally, the LPFC integrates information to make a decision as to whether to continue or stop the 

effortful activity (McMorris et al., 2018).  

Examining peripheral physiological mechanisms during mental and physical fatigue 

induction may partially elucidate the physiological mechanisms associated with the well-

documented psychological phenomena associated with fatigue. The physiological mechanisms 

by which fatigue during mentally taxing tasks impact fatigue during physical tasks are not yet 

clearly established. Psychophysiological regulatory mechanisms associated with fatigue 
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encompass many levels of control, extending from lower reflexes to higher-order control of 

behavior, emotion, and cognition. As fatigue involves affective, cognitive, behavioral, and 

autonomic components measurement at multiple levels of analysis provides a more complete 

understanding of phenomena. While there are undoubtedly other neural regions activated during 

cognitively and physically demanding tasks, examining the efferent flow of information from the 

CAN has particular relevance for the study of fatigue. Examination of autonomic activity during 

effortful tasks also provides additional insight into the temporal nature of fatigue generation. 

Autonomic activation patterns rapidly fluctuate on the order of milliseconds. Measurement of the 

Parasympathetic Nervous System (PNS) and Sympathetic Nervous System (SNS) thus allows us 

to precisely determine when autonomic activation patterns shift and examine how this 

corresponds to when an individual reports feeling fatigued.  

The current study expands on existing work demonstrating how mental fatigue impacts 

subsequent physical performance. There is no robust physiological evidence that explains how 

and why mental fatigue impacts physical fatigue and performance. Uncovering a relationship 

between fatigue and autonomic physiology will provide insight into medical conditions 

associated with fatigue and provide additional insight into why this phenomenon occurs. Gaining 

a better understanding of physiological shifts associated with fatigue helps explain why fatigue 

motivates individuals to stop effortful tasks. Indeed, examining the physiological correlates of 

fatigue provides insight into how organisms prioritize physiological resources to protect the body 

from harm. Past work has demonstrated that mental fatigue caused by the prolonged cognitive 

load is associated with sympathetic hyperactivity (Mizuno et al., 2011) and decreases in PNS 

activity (Zhang & Yu, 2010). Caveats of these works include small sample sizes and inconsistent 

techniques used to derive estimates of autonomic cardiac control. However, there is a well-
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established relationship between physical fatigue and autonomic activation patterns. Generally, 

as physical fatigue rises, PNS activity falls, and SNS activity rises (Arai et al., 1989; Gronwald et 

al., 2018), which would match the effects of the past studies on mental fatigue. While there 

appears to be a shared directional relationship between ANS activation patterns of physical and 

mental fatigue, little is known about how these activation patterns relate to the broader shared 

psychological features of mental and physical fatigue or why mental fatigue exasperates physical 

fatigue.  

 I aimed to partially elucidate the relationship between ANS activity and perceived 

fatigue during mentally and physically fatiguing tasks. First, I sought to confirm that the tasks 

induced fatigue by examining mental fatigue and perceived exertion throughout the mentally and 

physically fatiguing tasks. I then examined the temporal dynamics of ANS activity during mental 

fatigue induction, hypothesizing that SNS activity would rise and PNS activity would drop 

throughout the physical fatigue task. Past work has demonstrated that prolonged cognitive load is 

associated with increased SNS activity and decreased PNS activity (Mizuno et al., 2011). 

Mentally fatiguing tasks, such as the Stroop Task, have also been related to decreased PNS 

activity and increased SNS activity (Hoshikawa & Yamamoto, 1997). Likewise, I predicted that 

PNS activity would drop and SNS activity would rise during mental fatigue induction (Fisher et 

al., 2015). I then examined if ANS activity during mental fatigue induction predicted ANS 

activity during subsequent physical exertion. As past work has demonstrated that mental fatigue 

is associated with shifts in ANS activity (Mizuno et al., 2011) and impairs performance on 

subsequent physically fatiguing tasks (Marcora & Staiano, 2009), I hypothesized that the 

magnitude of ANS activity changes throughout the mentally fatiguing task would predict the 

magnitude of change in ANS activity throughout the physically fatiguing task. I also examined 
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how PNS and SNS shifts map onto behavioral and self-reported mental and physical fatigue 

measures, with the hypothesis that shifts in ANS activity would be strongly correlated with 

behavioral and self-reported measures of fatigue. This hypothesis was again based on past work 

demonstrating the relationship between ANS activity and fatigue induction (Fisher et al., 2015; 

Mizuno et al., 2011).  

2.2 Methods  

2.2.1 Participants 

The experiment was approved by the Institutional Review Board of the University of 

Chicago. Participants were recruited from the University of Chicago student population and the 

local community. 82 (48 female) University of Chicago and Chicago community members aged 

18 – 35 (mean 21.94) were included in the final dataset. See Table 3.1 for a more detailed 

display of participant demographics and self-report measures. Participants provided informed 

consent and were provided monetary or course credit compensation for participation. Before 

enrollment in the study, participants were screened for a history of illnesses that would interfere 

with participation in the exercise task. 

2.2.2 Procedure  

Upon arriving at the laboratory, participants first completed the informed consent 

paperwork and a questionnaire assessing state affect. Next, the research assistant affixed 

electrodes to the participant's chest and back and began the continuous recording of autonomic 

cardiac activity. The participant then sat quietly for five minutes while I collected baseline 

autonomic activity. The participant was then left alone in the testing room for 90 minutes to 

complete the mental fatigue task. Next, the participant watched a 10-minute neutral video as a 

recovery period between the mentally fatiguing and physically fatiguing task. Participants 
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watched one of three videos: a video with natural scenery, urban scenery, or an animated video 

with neutral objects. The video that participants watched did not impact any of the analyses 

discussed below. The research assistant then provided detailed instructions for the submaximal 

exercise task and fit the subject with a heart rate monitor worn on the chest. Next, the participant 

completed the YMCA submaximal cycle ergometer test. The research assistant monitored heart 

rate in real-time to determine the progression of the ergometer test. The participant completed a 

series of self-report questionnaires (detailed below). Finally, the research assistant debriefed the 

participant about the study and answered any questions before compensating the subject and 

instructing them to depart the laboratory.  

2.2.3 Self-Report Questionnaires  

Measures of demographic variables, cognitive functioning, state and trait affect, and 

personality were collected via Qualtrics. Participants completed questionnaires including the 

Positive and Negative Affect Schedule (PANAS) (Watson et al., 1988a), the International 

Physical Activity Questionnaire (IPAQ) (Craig et al., 2003), the Brief Fatigue Inventory (BFI) 

(Mendoza et al., 1999), and the Attentional Function Index (AFI) (Cimprich et al., 2011).  

2.2.4 Mentally Fatiguing Task 

Behavioral tasks were administered using E-prime 2.0. Stimulus presentation was 

displaced on a 24” monitor facing the participant, seated approximately 30” away. Immediately 

following baseline physiological data collection, participants completed a 90-minute mentally 

fatiguing task, the AX-Continuous Performance Task (AX-CPT). As cue-probe pairs, the A 

cue/X probe pair constitutes the target and occurs frequently; all other pair-types that require a 

nontarget response are examined with two types of lure trials, BX (an X probe not preceded by 

an A cue) and AY (an A cue not followed by an X probe). The AX-CPT has been previously 
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used to reliably induce mental fatigue (Cutsem et al., 2017; Macmahon et al., 2014). See Figure 

2. 1 for example stimuli from the AX-CPT task.  

2.2.5 Physically Fatiguing Task  

Participants then completed a modified version of the YMCA sub-maximal ergometer 

test (Golding et al., 1989).  The cycle ergometer task was administered using a Lode (Excalibur 

Sport, Corval Lode B.V., Lode Medical Technology, Groningen, Netherlands) cycle ergometer. 

Three or four consecutive 3-minute workloads were completed, depending on duration to 

exhaustion. Subjects performed cycle ergometry at a fifty revolutions/minute cadence, and the 

initial workload was 25 Watts. Heart rate during the last 15 seconds was used to determine 

subsequent workloads (if HR <80 beats/min:125 Watt; 80 to 90 beats/min:100 Watt; 90 to 100 

beats/min:75 Watt; and >100 beats/min: 50 Watt). The test was terminated when the participant's 

heart rate reached 80% of the predicted max heart rate. Age-predicted max heart rate was 

calculated using the following formula: 0.8 * (208 - .7 * age) (Tanaka Hirofumi et al., 2001). 

Heart rate was monitored in real-time using a Polar H10 heart rate monitor and Polar Beat's 

corresponding software package. The Polar H10 band has been validated for excellent RR 

interval (the time elapsed between two successive R-waves of the QRS signal on the 

electrocardiogram) signal quality throughout various activities (Gilgen-Ammann et al., 2019). 

Physical exertion was assessed every minute by assessing the Rate of Perceived Exertion (RPE) 

through Borg's rating scale of perceived exertion (the scale ranged from 6 ("No Exertion at All") 

to 20 ("Maximal Exertion")) (Borg, 1982).  RPE was normalized to the percent of maximum 

possible for analyses. See Figure 2. 2 for greater detail on the YMCA Submaximal ergometer 

task procedures.  
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2.2.6 Measurement of the Parasympathetic Nervous System  

A standard lead II configuration was used for obtaining the electrocardiogram (ECG). 

Data was collected using a BioNex two-slot mainframe (Mindware Technology, Gahanna, OH) 

connected to a laptop computer. Time stamping triggers were integrated into the behavioral task 

scripts to provide millisecond resolution for the cardiac and behavioral data. We sampled the 

ECG signal at 1000 Hz. The ECG signal was analyzed using Mindware Technology’s HRV 

software, Version 3.10.  Visual inspection and manual data editing were completed to ensure 

proper artifacts and ectopic heartbeat removal.  

Respiratory sinus arrhythmia (RSA) is a phenomenon associated with heart rate 

fluctuation within the respiratory frequency band. RSA refers to the speeding and slowing of the 

heart via the vagus nerve, the principal nerve of the PNS. High-frequency heartrate variability 

(hf-HRV) (a measure of RSA) was derived by spectral analysis (Mindware HRV software, 

Version 3.1.5) of the interbeat interval series obtained from the ECG. The interbeat interval 

series was time-sampled at 4 Hz to obtain an equal interval time series that was detrended, end-

tapered and submitted to a Fast Fourier Transform, which then was integrated over the 

respiratory frequency band (0.12 – 1.0 Hz). Typically, 0.12 – 0.42 Hz is considered the standard 

respiratory frequency band, as it corresponds to normative deviations in respiration rate at rest (7 

to 24 RR (breaths/minute)). We chose to extend the frequency band for this experiment because 

participants frequently exceeded 24 RR during the physically fatiguing task.   

2.2.7 Measures of the Sympathetic Nervous System  

Pre-ejection period (PEP) derived from impedance cardiography is the period between 

the electrical invasion of the ventricular myocardium (Q wave of the ECG) and the aortic valve 

opening. PEP depends on the time development of intraventricular pressure; it is widely used as 



18 

 

an index of myocardial contractility. Because variations in contractility are primarily under 

sympathetic control, PEP is commonly used as a noninvasive measure of sympathetic cardiac 

control (J. T. Cacioppo et al., 1994). Lower PEP values represent higher levels of sympathetic 

cardiac control. PEP values are represented in milliseconds.  

2.2.8 Data Analysis Plan  

All analyses were run with and without age, gender, and ethnicity as covariates. The 

demographic variables did not impact model significance. Model results are reported without 

demographic variables included. Data cleaning and manipulation were done using the dyplyr 

package (Mailund, 2019). Visualizations were generated using Microsoft Excel. Multi-level 

models were run using the lme4 package (Bates et al., 2007, p. 4). Subjects were included as a 

random factor in all repeated measure MLMs. All predictors in regression models were 

standardized using the scale function in base R. Repeated measure correlations were generated 

using the rmcorr package (Bakdash & Marusich, 2017). All other models were generated in base 

R. Autonomic, and behavioral values  +/- 3SD from the mean were excluded from analyses.  

2.3 Results   

2.3.1 Participant Exclusion  

We recruited and ran 95 subjects through the procedure described above. Remarkably, all 

participants completed both the mental and physical fatigue tasks. A total of thirteen subjects 

were excluded from analyses, leaving us with 85 subjects in the final dataset. Four subjects were 

excluded for excessively low accuracy (greater than 3 SD less than the group mean) or excessive 

missing values from the mental fatigue task. Three subjects were excluded for incomplete or 

excessively noisy ANS data collected during the mental fatigue task. Six subjects were excluded 

for excessively noisy ANS data collected during the physical fatigue task.  
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2.3.2 Fatigue Induction Validation   

Mental fatigue was significantly higher at the end of the mental fatigue task (M = 5.35, 

SD = 1.74) than at the start of the mental fatigue task (M = 2.80, SD = 1.39), t(153) = 10.34, p < 

0.001.  An MLM confirmed that that mental fatigue significantly increased with time during the 

mental fatigue task (β(82, 654) = 0.44, SE = 0.02, CI = [0.40, 0.48], p < 0.001). See Figure 2.3 

for visualization of mental fatigue across time.  

Physical fatigue, as proxied by perceived exertion, was significantly higher at the end of 

the exercise task (M = 16.70, SD = 2.81) than at the start of the exercise task (M = 7.58, SD = 

1.65), t(118) = 9.50, p < 0.001. A hierarchical linear model confirmed that physical fatigue 

significantly rose with time during the exercise task (β(82, 778) = 0.84 SE = 0.02, CI = 

[0.81,0.87], p < 0.001). See Figure 2.4 for visualization of physical fatigue across time. On 

average, it took participants 44.7 (sd = 23.81) minutes to reach max mental fatigue and 9.2 (sd = 

1.81) minutes to reach maximum physical fatigue.  

2.3.3 ANS Activity throughout Fatigue Induction  

PNS activity significantly rose throughout the mental fatigue task (β(82, 645) = 0.22, SE 

= 0.02, CI = [0.17, 0.26], p < 0.001) and significantly decreased throughout the physical fatigue 

task (β(82, 890) = -0.83, SE = 0.02, CI = [-0.86, -0.79], p < 0.001). See Figure 2. 3 and Figure 2. 

4 for visualizations of these relationships, respectively. SNS activity significantly dropped 

throughout the mental fatigue task (β(79, 591) = -0.08, SE = 0.02, CI = [-0.04, -0.12], p < 0.001) 

and rose throughout the physical fatigue task (β(80, 689) = 0.48, SE = 0.03 ,CI = [0.43,0.53], p < 

0.001 ). See Figure 2. 5 and Figure 2. 6 for visualization of these relationships, respectively.  
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2.3.4 ANS and AX-CPT Behavioral Measures 

PNS activity and self-reported mental fatigue ratings were positively correlated, r(567) = 

0.30, p < 0.001, and SNS activity was negatively correlated with mental fatigue, r(503) = -0.16, p 

< 0.01 throughout the mental fatigue task. See Figure 2. 3 and Figure 2. 5 for visualizations of 

these relationships. We found that task accuracy, an index of sustained attention, significantly 

dropped with time (β(82, 1147) = -0.06, SE = 0.03, CI = [-0.12,0], p < 0.001). Task accuracy was 

also negatively correlated with mental fatigue over time, r(495) = -0.24, p < 0.001. A repeated 

measure correlation revealed that our data do not show a significant relationship between PNS 

activity and task accuracy (r(483) = -0.04, p > 0.05) or SNS activity and task accuracy (r(437) = -

0.04., p > 0.05)  

2.3.5 ANS and Physical Fatigue Task Behavioral Measures  

 PNS activity and self-reported physical fatigue ratings were strongly negatively 

correlated, r(689) = -0.85, p < 0.001, and SNS activity and self-reported physical fatigue ratings 

were strongly positively correlated, r(563) = 0.52, p < 0.001 throughout the physical fatigue task. 

See Figure 2. 4 and Figure 2. 6 for visualization of these relationships.  

2.3.5 Relationship between mental and physical fatigue tasks 

Time to reach maximal self-reported mental fatigue negatively predicted time to reach 

maximal self-reported physical fatigue (r(82) = -0.23, p < 0.05). See Figure 2.7 for a 

visualization of this relationship. PNS activity at maximal mental fatigue predicted PNS activity 

throughout the subsequent physical fatigue task. Subjects with higher PNS activity demonstrated 

steeper drops in PNS activity during the physical fatigue task than individuals with low PNS 

activity at maximal mental fatigue. Individuals with high PNS at maximal mental fatigue ended 

up with significantly lower PNS activity at the end of the physical fatigue task than individuals 
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with low PNS activity at maximal mental fatigue (β = 1.19, SE = 0.03, CI = [1.13, 1.25], p < 

0.01). See Figure 2.8 for a visualization of this relationship.  

There was no significant relationship between PNS activity r(292) = 0.05, p > 0.05) or 

SNS activity (r(219) = 0.05, p > 0.05) during mental and physical fatigue tasks, as measured by 

within-subject repeated measures correlations. There was also no significant relationship 

between self-reported fatigue during the mental and physical fatigue tasks, as measured by a 

within-subject repeated measure correlation (r(285) = -0.02, p > 0.05).  

2.4 Discussion 

We sought to examine how autonomic physiology shifts throughout fatigue induction. 

We induced both mental and physical fatigue through an in-lab experiment and measured both 

branches of the ANS. We found that rises in mental fatigue were strongly associated with rises in 

parasympathetic activity. This relationship between PNS activity and mental fatigue was counter 

to our predictions and previous work demonstrating an inverse relationship between PNS activity 

and mental fatigue. While some work has shown that mental fatigue may be associated with 

drops in PNS activity (Mizuno et al., 2014), other literature suggests that sustained attention is 

related to increases in PNS activity over time (Pattyn et al., 2008). Given the strong relationship 

between time, mental fatigue ratings, and PNS activity, we believe mental fatigue is driving the 

rise in PNS activity throughout the mental fatigue task. Cardiac autonomic measures typically 

remain stable at rest (Kleiger et al., 1991); if an individual were to sit in a chair for 90 minutes 

without completing the AX-CPT, it would be improbable for PNS activity to rise and SNS 

activity to drop as it did during our administration of the AX-CPT. This further demonstrates that 

mental fatigue is likely driving the shifts in autonomic activity described above. Additionally, 
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mental fatigue ratings were significantly related to rises in hf-HRV and drops in PEP during the 

mentally fatiguing task.  

We also found that individuals who took longer to reach maximal self-reported mental 

fatigue took less time to reach maximal self-reported physical fatigue than individuals who took 

less time to reach maximal mental fatigue. This result may indicate that individuals who take 

longer to become mentally fatigued may be more prone to rapid physical fatigue induction due to 

a carry-over in perceived effort. Additionally, PNS activity at maximal mental fatigue predicted 

PNS activity decline during the physical fatigue task. Subjects with higher PNS activity 

demonstrated steeper drops in PNS activity during the physical fatigue task than individuals with 

low PNS activity at maximal mental fatigue. Individuals with high PNS at maximal mental 

fatigue ended up with significantly lower PNS activity at the end of the physical fatigue task than 

individuals with low PNS activity at maximal mental fatigue.  This examination of within-

subject PNS activity shifts partially elucidates the physiological relationship between mental and 

physical fatigue. ANS activation may be a mechanism through which MF influences physical 

performance during PF induction.  As PNS activity rose throughout the mentally fatiguing task, 

it may be that individuals who demonstrated especially large increases in PNS activity during 

mental fatigue induction have greater autonomic flexibility, as demonstrated by the sharper drops 

in their PNS activity during the physically fatiguing task. One explanation for this finding is that 

individuals who demonstrate high PNS activity during intense cognitive stress have greater 

flexibility in overall autonomic activation patterns in response to mental and physical stressors.  

Future work will investigate these relationships further and investigate individual 

differences in autonomic flexibility and if this is related to the magnitude of how fatigued an 

individual feels. Implications for our findings include a better understanding of the physiological 
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correlates of fatigue. Continuing to elucidate the physiological manifestation of fatigue will aid 

in diagnosing and treating fatigue-associated disorders such as chronic fatigue syndrome and 

depression. Future directions include examining any potential effects of physical fatigue on 

mental fatigue. Indeed, if mental and physical fatigue represent a single phenomenon, is it likely 

that physical fatigue may impact mental fatigue in the same way that mental fatigue impacts 

physical fatigue. A limitation of our study was that we did not have a control group of subjects 

who did not experience mental fatigue induction before physical fatigue induction. While there is 

ample evidence to suggest that mental fatigue impacts physical fatigue and performance (Cutsem 

et al., 2017), less is known about the potential impact of physical fatigue on mental fatigue and 

cognitive performance. While current work suggests that mental and physical fatigue may 

represent a heavily overlapping but separable construct, additional work may suggest otherwise. 

If physical fatigue impacts mental fatigue and cognitive performance, this will suggest that 

mental and physical fatigue represent a singular construct that shares physiological resources. 

Examining autonomic activity when physical activity precedes a mentally fatiguing task will 

complement our current analyses and provide additional insight into the psychophysiological 

regulatory mechanisms associated with fatigue.  
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2.5 Appendix A: Chapter 2 Tables and Figures 

 

 

 

Figure 2. 1 Example stimuli from AX-CPT task  

 

 

 

 

 



25 

 

 

Figure 2. 2 YMCA Cycle Ergometer Protocol  

(Garatachea et al., 2007) 
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Figure 2. 3 Mental Fatigue Ratings and PNS Activity  

Error bars represent the standard error of the mean. Mental fatigue increased linearly with time 

during the AX-CPT task. PNS activity (hf-HRV) also increased linearly with time throughout the 

AX-CPT task. PNS activity and mental fatigue ratings were significantly correlated over time 

(r(567) = 0.30, p < 0.001). Error bars represent the standard error of the mean. 
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Figure 2. 4 Physical Fatigue Ratings and PNS Activity 

Physical fatigue ratings increased (β = 0.84 SE = 0.02, CI = [0.81,0.87]) and PNS activity 

decreased with time (β = -0.83, SE = 0.02, CI = [-0.86, -0.79]) throughout the physical fatigue 

task. Physical fatigue ratings and PNS activity values were significantly negatively correlated 

over time (r(689) = -0.85, p < 0.001). Error bars represent standard error of the mean.  
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Figure 2. 5 Mental fatigue ratings and SNS activity  

Mental fatigue ratings rose (β = 0.44, SE = 0.02, CI = [0.40, 0.48]) and SNS activity decreased 

(β = -0.08, SE = 0.02, CI = [-0.04, -0.12]) throughout time during the AX-CPT task. Mental 

fatigue ratings and SNS activity were significantly correlated over time during the AX-CPT task 

(r(503) = -0.16, p < 0.01). Error bars represent standard error of the mean. Y-axis reverse scored 

because lower PEP values represent higher SNS activity. 
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Figure 2. 6 Physical Fatigue ratings and SNS activity 

SNS activity (β = 0.48, SE = 0.03 ,CI = [0.43,0.53]) and physical fatigue ratings (β = 0.84 SE = 

0.02, CI = [0.81,0.87]) significantly rose over time during the cycle ergometer task. Physical 

fatigue ratings and SNS activity values were significantly positively correlated over time (r(563) 

= 0.52, p < 0.001). Error bars represent standard error of the mean. Y-axis reverse scored 

because lower PEP values represent higher SNS activity. 
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Figure 2. 7 Time to reach maximal physical fatigue, predicted by time to reach maximal mental 

fatigue 

Time to reach max MF negatively predicted time to reach maximal physical fatigue (r(82) = -

0.23, p < 0.05). The shaded region represents standard error of the mean.  
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Figure 2. 8 PNS Activity during Physical Fatigue task predicted by PNS activity during Mental 

Fatigue Task 

Subjects with higher PNS activity demonstrated steeper drops in PNS activity during the 

physical fatigue task than individuals with low PNS activity at maximal mental fatigue. 

Individuals with high PNS at maximal mental fatigue ended up with significantly lower PNS 

activity at the end of the physical fatigue task than individuals with low PNS activity at maximal 

mental fatigue (β = 1.19, SE = 0.03, CI = [1.13, 1.25], p < 0.01). Error bars represent standard 

error of the mean.  
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CHAPTER 3: PSYCHOPHYSIOLOGY OF HUNGER AND PAIN PERCEPTION 

3.1 Introduction  

Ingestion and metabolism of energetic resources are essential components of life (Dupré & 

O’Malley, 2013). Hunger generally refers to the motivation to seek and ingest food (Powley, 

2009). As hunger increases, organisms are increasingly willing to expend effort and endure risks 

to forage and consume food. For example, hungry birds are more willing to cross a dangerous 

water barrier to access food than satiated birds (Dixon et al., 2014). Goals associated with hunger 

sometimes come at the expense of other processes (Gailliot, 2013). For example, extreme hunger 

can be associated with a decrease in water consumption (McFarland, 1964), demonstrating how 

current needs drive behavioral shifts (McEwen & Wingfield, 2003). Hunger is associated with 

allostatic perturbations, such as increases in plasma ghrelin and leptin (Campfield, 1996). 

Physiological shifts associated with hunger can be detected through awareness of internal 

visceral states, often felt in the abdomen (Friedman et al., 1999).  

Interoceptive awareness refers to the perceived intensity of visceral sensations and is 

primarily processed through afferent signaling of visceral sensations from the ANS to the CNS 

(Critchley & Garfinkel, 2017). Perception of hunger is strongly influenced by how intensely an 

individual perceives visceral sensations of fullness (Stevenson et al., 2015). Consequently, 

individuals who are poor at matching bodily sensations associated with hunger to actual energy 

needs are prone to overeating and obesity (Simmons & DeVille, 2017). Sensory information 

related to hunger is processed in the hypothalamus, a key neural structure involved in activation 

of the ANS (Kreibig, 2010). When an individual is hungry, the ANS aids in restoration of 

allostasis through pancreatic adrenergic and cholinergic signaling, integral in regulation of 

insulin and glucagon (Havel & Taborsky, 1989).   
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We can better understand how internal and external environmental contexts impact 

motivation's flexibility by examining multiple motivational processes simultaneously. An 

individual has a finite number of resources to work with and needs to utilize these resources 

efficiently when multiple needs co-occur. Investigating co-occurring motivational states with 

strong bodily feeling states, such as hunger and pain, provides insight into how the strength of 

perception of physical sensations impacts the prioritization of motivational processes. Social 

context and visceral motivational processes, such as hunger and pain, often interact. For 

example, when an individual feels validated by a partner, pain ratings decrease during a pain 

tolerance task (Leong et al., 2015). Additionally, decreases nutrients in an individual’s diet has 

been associated with increases in social punishment for norm violations (Strang et al., 2017). 

While not directly investigating hunger, this study causally demonstrated that altering the 

macronutrient components of a meal (i.e., low carbohydrate/high protein or high protein/low 

carbohydrate) influences an individual’s willingness to tolerate social norm violations. hunger, 

pain, and empathy allows for a unique understanding of how motivation may be flexible to 

internal bodily shifts and social context.  

Pain refers to the motivation to avoid actual or potential bodily damage (A. C. Williams & 

Craig, 2016). Many brain areas involved in the affective dimension of pain processing also 

modulate ANS activity. For example, the anterior insula receives input from the ANS and the 

spinothalamocortical pathway, which projects peripheral pain information to the CNS (Critchley 

et al., 2013; Leone et al., 2006). The tight connection between the pain processing system and 

the ANS allows the ANS to rapidly prepare the body for behavioral responses to pain (Leone et 

al., 2006). There is evidence that hunger may decrease chronic pain symptomatology in humans 

(Michalsen, 2010) and dampen behavioral and affective responses to chronic pain in rodents 
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(Alhadeff et al., 2018). There is also evidence that chronic pain may dampen hunger (Bosley et 

al., 2004). To the best of our knowledge, work directly examining the dynamic interactions 

between acute pain and acute hunger in humans has yet to be documented.  

In mammals, empathy is crucial for living in social groups and caring for others (Decety et 

al., 2012). Empathy represents an ability to perceive and vicariously experience the emotions of 

others, at least in terms of valence and arousal (Decety, 2015). Humans utilize empathy to 

support interpersonal cooperation and navigation of social relationships (Rumble et al., 2010). 

Empathy motivates individuals to simulate and better understand others’ emotions (Decety, 

2011). Some evidence suggests that certain socially cooperative behaviors may be deprioritized 

under acute hunger states. For example, recent work has demonstrated that acute hunger 

decreases children’s willingness to share resources (Huppert et al., 2020). While these behaviors 

may indicate a shifting of resources associated with empathy, it is necessary to examine empathy 

under hunger conditions better to understand the motivational relationship between hunger and 

empathy.  

Study 2 was designed to potentially elucidate the behavioral, affective, and autonomic 

correlates of motivational competition between hunger, empathy, and pain. I first investigated 

any potential impact of hunger on cognitive and affective empathy, hypothesizing that hunger 

would be associated with dampened cognitive and affective empathy. Also, I hypothesized that 

hunger would be associated with decreased perception of pain in others – the second index of 

empathy, due to a reorientation of cognitive and emotional resources towards goals associated 

with food consumption. I also used a pain induction protocol to investigate the relationship 

between hunger and pain. I hypothesized that hungry participants would show a dampened pain 

response resulting from the motivational prioritization of hunger. I also predicted that 
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participants in the hunger group would demonstrate higher baseline PNS activity, indicating 

heightened emotional and physiological flexibility (Kok & Fredrickson, 2010). This hypothesis 

was based on past work in animal models demonstrating that brief fasting may increase resting 

PNS activity (Mager et al., 2006).  

3.2 Methods  

3.2.1 Participants 

137 (91 female) University of Chicago undergraduate students and Chicago community 

members, ages 18 – 30 (mean 20.9) participated in the study (Asian/Pacific Islander = 32.1%, 

African American = 13.9%, Caucasian = 40.9%, Hispanic = 10.9%, Multiple Ethnicities = 

2.2%). See Table 3. 1 for demographic and self-report measures breakdown between groups. 

Experimental groups were matched on age, gender, and ethnicity. Participants provided written 

informed consent and were provided monetary or course credit compensation for participation. 

This study was approved by the Institutional Review Board of the University of Chicago. Prior to 

enrollment in the study, participants were screened for a history of mental illness, including 

eating disorders. I also screened for fainting, diabetes, hypoglycemia, and medications that 

interfere with cardiac functioning.  

3.2.2 Procedure  

This procedure was approved by the Institutional Review Board of the University of 

Chicago. Participants were recruited from the University of Chicago student population and the 

local community. All participants were provided written informed consent and monetary or 

course credit compensation. Before enrollment in the study, participants were screened for a 

history of eating disorders, fainting, diabetes, hypoglycemia, and medications that interfere with 

cardiac functioning. Participants were randomly assigned to either the hunger or control groups. 
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Participants randomized to the hunger condition were informed that they were required to fast for 

a minimum of 6 hours before testing on the day of the study. I selected this deprivation period to 

capture the hunger state that most individuals experience as they approach their next meal 

(Batterink et al., 2010). Subjects were also informed that consuming water (but no caloric or 

caffeinated beverages) was acceptable to control for thirst as a competing motivation. To ensure 

fasting compliance to the best of our ability, I reminded participants of the fasting requirement 

the day before study participation and administered a sham salivary glucose test. Fasting time 

was measured by asking subjects how many hours and minutes it had been since their last meal. 

Additionally, hunger was assessed using a 100-point Visual Analogue Scale ranging from 

‘Not at all Hungry’ to ‘Extremely Hungry’ in a subgroup of participants. After completing the 

questionnaires, participants completed a series of behavioral tasks, detailed below. All behavioral 

tasks were administered using E-prime 2.0  (Schneider et al., 2002) and displayed on a 39” 

monitor facing the participant, seated 60” away. Participants first completed the pain recognition 

task and finished with the cold pressor task. After completing the cold pressor task, participants 

completed a battery of self-report questionnaires. Finally, the research assistant compensated the 

participant for their time and instructed them to leave the laboratory.  

3.2.3 Measurement of the Parasympathetic Nervous System  

A standard lead II configuration was used for obtaining the electrocardiogram (ECG). 

Data was collected using a BioNex two-slot mainframe (Mindware Technology, Gahanna, OH) 

connected to a laptop computer. Time stamping triggers were integrated into the behavioral task 

scripts to provide millisecond resolution for the cardiac and behavioral data. ECG was sampled 

at 1000 Hz. The ECG signal was analyzed using Mindware Technology’s HRV 

software,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
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Version 3.10. Visual inspection and manual data editing were completed to ensure proper 

artifacts and ectopic heartbeat removal.  

Respiratory sinus arrhythmia (RSA) is a phenomenon associated with heart rate 

fluctuation within the respiratory frequency band. RSA refers to the speeding and slowing of the 

heart via the vagus nerve, the principal nerve of the PNS. High-frequency heart rate variability 

(hf-HRV) (a measure of RSA) was derived by spectral analysis (Mindware HRV software, 

Version 3.1.5) of the interbeat interval series obtained from the ECG. The interbeat interval 

series was time-sampled at 4 Hz to obtain an equal interval time series that will be detrended, 

end-tapered and submitted to a Fast Fourier Transform, which then was integrated over the 

respiratory frequency band (0.12 – 0.42 Hz).  

3.2.4 Measures of the Sympathetic Nervous System  

Pre-ejection period (PEP) derived from impedance cardiography is the period between 

the electrical invasion of the ventricular myocardium (Q wave of the ECG) and the aortic valve 

opening. PEP depends on the time development of intraventricular pressure; it is widely used as 

an index of myocardial contractility. Because variations in contractility are primarily under 

sympathetic control, PEP is commonly used as a noninvasive measure of sympathetic cardiac 

control (J. T. Cacioppo et al., 1994). Lower PEP values represent higher levels of sympathetic 

cardiac control. PEP values are represented in milliseconds.  

3.2.5 Pain Sensitivity Task  

To assay empathy related to hunger, sensitivity to pain in others was measured using a 

previously validated pain recognition paradigm (Decety et al., 2010). This task involves viewing 

ten short videos of different individuals expressing pain and rating the amount of pain expressed 

using a Visual Analogue Scale (ranging from ‘no pain’ to ‘very intense pain’). Higher ratings on 
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this scale correspond to heightened sensitivity for pain in others. The video clips are 3.5 seconds 

in duration. The videos showed the transition from neutral (0.5 s) to pained (3 sec) facial 

expression, demonstrating an acute pain stimulus-response. See Figure 3.1 for a visual 

representation of the pain sensitivity task.  

3.2.6 Pain Tolerance Task 

I chose to use the cold pressor paradigm, a widely used method in research settings, to 

assess pain tolerance (Mitchell et al., 2004) (Lovallo, 1975). During the cold pressor task, 

participants were instructed to submerge their left foot in circulating water and ice, maintained at 

0 – 3 ° C. Participants were instructed to hold their foot in the cold bath for as long as they could 

tolerate. The task ended as soon as the participant removed their foot from the bath. The 

maximum duration allowed was 300 seconds. If the participant still had their foot in the bath at 

300 seconds, the experimenter instructed the participant to remove their foot from the bath. The 

participants' duration in the bath was used as the primary outcome measure of pain tolerance. 

Longer durations are interpreted as higher pain tolerance. Additionally, participants reported 

their perception of pain every 30 seconds using a Visual Analogue Scale (ranging from ‘no pain’ 

to ‘the worst pain imaginable’).  

3.2.7 Self-Report Questionnaires  

 Participants completed self-report questionnaires, including the Questionnaire of 

Cognitive and Affective Empathy (QCAE) (Reniers et al., 2011). The QCAE contains two 

subscales, indexing cognitive empathy and affective empathy. Cognitive empathy can represent 

the internal mental state of another individual or theory of mind. Affective empathy can be 

described as a response to the emotional display of another person and other emotional stimuli 

(Reniers et al., 2011). Participants also completed the Positive and Negative Affect Schedule 



39 

 

(PANAS) (Watson et al., 1988a). The PANAS is one of the most commonly used measures of 

mood, comprised of two 10-item scales used to extract measures of positive and negative affect.  

3.2.8 Data Analysis Plan  

All analyses were run with and without age, gender, and ethnicity as covariates. Adding 

these demographic variables into models did not change model significance. The results 

described below are reported without demographic variables in the models. Hunger was 

operationalized in three ways: 1) hunger ratings measured on a 100-point Likert scale, 1) time 

since last meal measured in hours and minutes, and experimental grouping (hunger/control). 

Hunger ratings and time since last meal were measured and analyzed continuously, and 

experimental grouping was a factor variable in models. Models with hunger ratings only include 

participants who has fasted for a minimum of 6 hours. Unpaired t-tests were used to compare 

experimental groups' behavioral task results and questionnaire measures. Pearson correlations 

were used to test relationships between continuous measures. Autonomic and behavioral values  

+/- 3SD from the mean were excluded from analyses. Statistics were run in R (version 4.1.2 ). 

All models were generated in base R. Data cleaning and manipulation were done using the 

dyplyr package (Mailund, 2019). Figures were generated using the ggplot2 package (Wickham, 

2011) and Microsoft Excel.  

3.3 Results   

3.3.2 Participant Exclusion 

Of the 137 participants, eight were excluded from PNS activity analyses due to 

inadequate quality of baseline autonomic recording. Four subjects were excluded from the 

behavioral empathy analyses due to incomplete task data. Additionally, twenty-seven 
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participants were excluded from the cold pressor analyses due to failure to submerge their foot in 

the water bath or a task malfunction resulting in inaccurate behavioral data.  

3.3.1 Manipulation Check  

Participants in the control condition averaged 2.98 hours since the last meal (sd = 1.49) 

and reported an average of 42.51 (sd = 29.96) on the hunger scale. Within the hunger group, 

hours since the last meal varied from 6 to 21 hours, and in the control group, hours since the last 

meal varied from 0 to 5 hours. Within the hunger group, hunger ratings ranged from 9 to 100, 

and in the control group, hunger ratings ranged from 0 to 86. Both hours since last meal (t61 = 

11.13, p < 0.001) and hunger ratings (t62 = 3.74, p < 0.001) were significantly different between 

experimental groups. Data were analyzed between experimental conditions and regressed across 

hours since the last meal and hunger ratings.  

Across all subjects, hunger ratings positively correlated with hours since the last meal 

(r(64) = 0.38, p < 0.01), and thus I am confident that our fasting intervention induced an increase 

in hunger. The relationship between hunger ratings and time since last meal was particularly 

strong in control group (r(39) = 0.49, p < 0.01). Surprisingly, there was not a significant 

correlation between hunger ratings and time since the last meal in the hunger group (r(23) = -

0.06, p > 0.05), demonstrating that hunger levels were relatively homogenous throughout the 

hunger group.  Participants in the hunger condition averaged 10.51 (sd = 4.86) hours fasted and 

reported an average of 66.24 (sd = 21.42) on the hunger scale.  

3.3.3 Self-Report Questionnaires 

See Figure 3.1 for a correlation matrix of questionnaire measures collected during Study 

2. See Table 3. 1 for a breakdown of demographic variables and questionnaire measures between 

experimental groups.  
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Counter to our predictions, there were no significant group differences in self-reported 

cognitive or affective empathy (t119 = 0.13, p > 0.05) , (t112 = 0.96, p > 0.05). Also counter to our 

predictions, hunger ratings were not associated with either cognitive (r(23) = 0.21, p > 0.05) or 

affective (r(23) = 0.18, p > 0.05) empathy ratings. Additionally, time since last meal was not 

significantly associated with cognitive (r(53) = 0.13, p > 0.05)  or affective (r(53) = 0.10, p > 

0.05) empathy.  

Additionally, there were no significant differences between groups in positive (t117 = 

0.40, p > 0.05) or negative affect (t119 = 0.09, p > 0.05). Hunger ratings were not significantly 

associated with positive (r(23) = 0.46, p > 0.05) or negative affect (r(23) = 0.16, p > 0.05). Time 

since last meal was not significantly associated with positive (r(53) = 0.23, p > 0.05) or negative 

(r(53) = 0.95, p > 0.05) affect.  

3.3.4 Pain Sensitivity Task 

The pain sensitivity task was analyzed for the average pain rating of others (0 – 100) 

across ten trials. Participants reported an average of 40.0(sd = 14.8) on this scale across trials.  

Results from the pain recognition task revealed no significant differences between groups 

(t102= 0.94, p > 0.05). There was also no significant relationship between hunger ratings and pain 

recognition ratings (r(23) = 0.10, p > 0.05).  

3.3.5 Pain Tolerance Task 

Participants were allowed to keep their foot in the cold bath for a maximum of 300 

seconds and averaged 200.9 (sd = 116.29) seconds in the cold bath. Latency to remove foot from 

the cold bath ranged from 9.5 seconds to 300 seconds. Participants’ first pain rating, taken 

directly after placing their foot in the cold bath, averaged 25.9(sd = 18.9), on a 100 point Likert 
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scale. Participants’ reported an average of 58.2 (sd = 20.9) for their maximal pain rating on the 

same 100 point Likert scale.   

 Latency to remove foot from the bath was non-significant between groups (t94 = 0.97, p 

> 0.05). Self-reported pain ratings between groups were not significantly different (t79 = 1.70, p = 

0.09). There was a trending result such that individuals in the hunger group reported higher pain 

ratings than individuals in the control group (t79 = 1.70, p = 0.09). Time fasted did not 

significantly correlate to either latency to remove foot (r(41) = 0.04, p > 0.05) or self-reported 

pain ratings (r(42) = 0.15, p > 0.05). Hunger ratings did not correlate with either latency to 

remove foot (r(19) = 0.27, p > 0.05) or perceived pain ratings (r(19) = 0.22, p > 0.05). See 

Figure 3.12 for a visualization of latency to remove foot from the cold bath between 

experimental groups. See Figure 3.13 for a visualization of pain ratings between experimental 

groups.  

3.3.6 Autonomic Activity 

Resting hf-HRV was significantly higher in the hunger group relative to the control group 

(t118 = 2.05, p < 0.05), consistent with our prediction. See Figure 3.7 for a visualization of hf-

HRV between experimental groups. Resting SNS activity, indexed by PEP, was lower, but not 

significantly so, in the hunger group than the control group (t122 = 1.72, p = 0.08). See Figure 3.9 

for a visualization of this relationship. In the hunger condition, Baseline hf-HRV was not 

significantly correlated hunger ratings (r(20) = -.09, p > 0.05). Hunger ratings in the hunger 

group were not significantly related to resting SNS activity (t20 = 0.41, p > 0.05).  

SNS activity, as indexed by PEP, significantly rose during from baseline to the first 

minute of the cold pressor task t69 = 2.03, p < 0.05. While PNS activity generally dropped, there 

was no significant change in PNS activity from baseline to the first minute of the cold pressor 
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task (t97 = 1.16, p > 0.05).There were no significant group by time interactions between group 

membership (hunger/control) and SNS F(1, 68) = 1.76, p > 0.05 or PNS F(1, 97) = 1.47 , p > 

0.05) change from baseline to the first minute of the cold pressor task.  

3.4 Discussion 

The current study was designed to elucidate the behavioral, affective, and autonomic 

correlates of motivational competition between hunger, empathy, and pain. I first confirmed that 

our fasting manipulation worked by verifying that individuals assigned to fast for a minimum of 

6 hours self-reported higher hunger ratings than individuals in the control group.   

I predicted that participants in the hunger group would demonstrate higher baseline PNS 

activity, indicating heightened emotional and physiological flexibility (Kok & Fredrickson, 

2010). I found a significant effect on hunger and resting PNS cardiac control. Subjects in the 

hunger induction group had higher baseline hf-HRV values than subjects in the control group. 

Higher resting PNS activity is associated with improved emotion and cognitive regulation (Smith 

et al., 2017). Our results demonstrating that fasting for 6+ hours is associated with heightened 

PNS activity indicate that brief fasting may have a positive impact on cognitive and emotional 

regulatory processes.   

I had hypothesized that hungry participants would show diminished empathy. Results 

from Study 2 show that there were no significant differences between individuals in the 

sensitivity to the pain of others as a function of hunger motivation. Additionally, there were no 

significant relationships between hunger and self-reported cognitive or affective empathy. 

Although past work has suggested that empathy is flexible given interpersonal and contextual 

factors (Decety, 2015b), short-term hunger may be too mild of a stressor to influence empathy 

directly.  
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 I hypothesized that hungry participants would show a dampened pain response resulting 

from the motivational prioritization of hunger. I saw no significant relationship between hunger 

and behavioral responses to pain. These data suggest that acute hunger may not influence shifts 

in acute pain perception. One potential explanation for this is that acute pain must be prioritized 

over hunger in most contexts. While hunger-induced chronic pain dampening has been 

previously reported (Bosley et al., 2004), additional work is needed to understand the 

relationship between hunger and acute pain. 

Limitations of the current study include the sample used, primarily composed of 

undergraduates at the University of Chicago, whose results may not generalize to a broader 

population. Additionally, I could not guarantee that participants complied with the fasting 

instructions with absolute certainty. We also chose to use a somewhat limited fasting duration. 

Perhaps 6 hours is not a long enough fasting duration to induce motivational shifts between 

hunger, empathy, and pain. Taken together, our study's findings provide little evidence for direct 

motivational shifts within the domains of acute hunger, positive or negative empathy, pain, and 

empathy after acute hunger induction. Hunger is an integral component of allostatic regulation, 

yet many unanswered questions about how this life-sustaining motivation interacts with co-

occurring motivational processes. This line of research warrants future investigation, as studies 

examining motivational competition during acute hunger have implications for biological, 

cognitive, and social processes related to food procurement and consumption. Examining hunger 

using a more comprehensive range of fasting durations will allow us to understand better how 

hunger's magnitude plays a role in dynamic motivational systems.  
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3.5 Appendix B: Chapter 3 Figures and Tables 

 

Table 3. 1 Study 3 Demographic and Self-Report Measures 

Numbers in parentheses represent standard deviation.  

 

 

Figure 3. 1 Study 2 questionnaire correlation matrix 

Numbers in boxes represent Pearson correlation coefficients.  

 

(N = 137)    

 Control Group Fasting Group 

Number of Subjects 81 55 

Hours Fasted  3.0(0.16) 10.5(0.66) 

Sex (% female)  65.4 69.1 

Age (years) 21.0(0.32) 20.5(0.34) 

PANAS - Negative Affect 14.7(0.61) 14.7(0.72) 

PANAS - Positive Affect 26.7(0.97) 26.1(1.17) 

STAI - Trait 39.4(0.95) 38.9(1.27) 

CES-D 12.0(0.89) 11.3(1.15) 

Cognitive Empathy Score 36.6(0.90) 36.8(1.06) 

Affective Empathy Score 26.5(0.51) 27.3(0.67) 
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Figure 3. 2 Example stimuli from Pain Sensitivity Task 

These images represent stills from the 3-second video clips. Stimuli were borrowed with 

permission from (Decety et al., 2010). 

Figure XX: Hunger Ratings, compared between groups  

Individuals who fasted for 6+ hours (i.e., ‘hunger’ group) reported significantly higher hunger 

ratings than individuals in the control group.  

 

 

 

 

 
Figure 3. 3 Hunger ratings, compared between groups 

Individuals in the hunger group (i.e., fasted for more than 6 hours) reported significantly higher 

hunger ratings than individuals in the control group (t62 = 3.74, p < 0.001). Error bars represent 

standard error of the mean. 
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Figure 3. 4 Relationship between time fasted and hunger ratings across all subjects 

Across all subjects, there was a positive linear relationship between hours since the last meal and 

hunger ratings (r(64) = 0.38, p < 0.01). The shaded grey region represents the standard error of 

the mean.  

 

 

Figure 3. 5 Relationship between time fasted and hunger ratings, control group 

In the control group (hours since last meal < 6) there was a positive linear relationship between 

hours since last meal and hunger ratings (r(39) = 0.49, p < 0.01). The shaded grey region 

represents the standard error of the mean.  
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Figure 3. 6 Relationship between time fasted and hunger ratings, hunger group 

There was no significant relationship between time since the last meal and hunger ratings in the 

hunger group (> 6 hours since the last meal). The shaded grey region represents the standard 

error of the mean.  

 

 

Figure 3. 7 PNS activity at rest, compared between experimental groups 

Individuals in the hunger group demonstrated significantly higher PNS activity at rest than 

control group members (t118 = 2.05, p < 0.05). Error bars represent the standard error of the 

mean.  
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Figure 3. 8 SNS activity at rest, compared between experimental groups 

Individuals in the hunger group demonstrated lower SNS activity at rest than control group 

members (t122 = 1.72, p = 0.08). Y-axis reverse scored because lower PEP values represent 

higher SNS activity.  

 

 

 

Figure 3. 9 PNS activity at rest, hunger rating 

There was no significant relationship between hunger ratings and PNS activity at rest.   
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Figure 3. 10 Sensitivity to pain in others, compared between groups 

There was no significant difference between experimental groups in pain sensitivity ratings for 

others (t102= 0.94, p > 0.05). Error bars represent standard error of the mean.  

 

 

 

Figure 3. 11 Cognitive and affective empathy scores, compared between groups 

There was no significant difference between hunger groups in self-reported cognitive empathy 

(t119 = 0.13, p > 0.05) or affective empathy (t112 = 0.96, p > 0.05). Error bars represent the 

standard error of the mean.  
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Figure 3. 12 Time to remove foot from cold bath, between groups 

There was no significant difference between hunger groups in how long participants kept their 

feet in the cold bath (t94 = 0.97, p > 0.05). Error bars represent the standard error of the mean.  

 

 

Figure 3. 13 Cold Pressor: first pain rating, between groups 

Individuals in the hunger group demonstrated higher first pain ratings than individuals in the 

control group. While not statistically significant, the result was trending (t79 = 1.70, p = 0.09). 

Error bars represent the standard error of the mean.  
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Figure 3. 14 Cold Pressor: PNS Activity 

There was no group x time interaction between experimental group (hunger/control), time 

(resting/cold pressor), and PNS activity F(1, 97) = 1.47 , p > 0.05). Error bars represent standard 

error of the mean. 

 

 

 
Figure 3. 15 Cold Pressor: SNS Activity 

Y-axis reverse scored because lower PEP values represent higher SNS activity. There was no 

group x time interaction between experimental group (hunger/control), time (resting/cold 

pressor), and SNS activity F(1, 68) = 1.76, p > 0.05). Error bars represent standard error of the 

mean.  
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CHAPTER 4: LONELINESS AND MOTIVATED COGNITION 

4.1 Introduction  

The motivation to form and maintain meaningful relationships is extremely powerful 

because we cannot survive alone (J. T. Cacioppo & Hawkley, 2009a). Social species ranging 

from flies to humans benefit from relationships with conspecifics (Le Bras, 2021; Seeman, 

1996). Benefits of belonging to a social group include division of labor, protection against 

predators, and emotional support. While the need to engage with conspecifics is ubiquitous 

across social species, the magnitude of this need varies across and within individuals. Some 

individuals require little social interaction to thrive, while others require more social 

engagement. Loneliness represents the pain of feeling alone during perceived social isolation (J. 

T. Cacioppo & Hawkley, 2009a). The perception of social isolation is what drives loneliness. 

Individuals can live relatively solitary lives and not experience loneliness, while other 

individuals who have rich social lives may feel very lonely (Hawkley & Cacioppo, 2010). 

Indeed, it is the perception of social isolation that drives aversive feelings associated with 

loneliness. Perceived social isolation predicts physical and mental health outcomes above and 

beyond what is predicted by objective social isolation. For example, perceived social isolation 

predicts elevated blood pressure beyond what could be predicted by social support or objective 

social isolation (Hawkley et al., 2006). Additionally, perceived social isolation has been found to 

predict lifetime depressive symptomatology above and beyond objective measures of isolation (J. 

T. Cacioppo et al., 2006) 

While loneliness is certainly aversive, loneliness may have evolved to signal that one’s 

social connections are weakened and motivate the reconnection with others needed for personal 

wellbeing and survival of one’s genes. Much like hunger and fatigue, loneliness is highly 
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motivating and prompts behavioral shifts that enable an individual to renew life-sustaining social 

connections. Loneliness has been described as ‘hunger’ for social reconnection and the 

motivational components of loneliness parallel how hunger motivates us towards food 

procurement and consumption. Indeed, the ventral striatum, previously shown to increase in 

response to craving food, also activates when individuals view images of close loved ones 

(Inagaki et al., 2016). Following brief bouts of loneliness, individuals often successfully diminish 

feelings of social isolation and meet their social goals (Matthews-Ewald & Zullig, 2013). 

Previously lonely individuals are able to diminish feelings of social isolation because they have 

reached their goal. In this instance, the motivation to reengage with the social world prevailed 

and these previously lonely individuals now feel more secure in their social relationships.  

However, approximately 20-30% of individuals report chronic loneliness (Martín-María 

et al., 2020). It is often deleterious to one’s physical and mental health to be lonely for prolonged 

periods of time. While acute loneliness is highly motivating, chronic loneliness may no longer 

aid in social re-connection and can often be hazardous to an individual’s physical and mental 

health. Chronic loneliness is highly aversive and may lead individuals to believe that their social 

goals are impossible, potentially leading to a series of behavioral confirmation processes and 

negative social interactions. Not only does time spent away from conspecifics leave an individual 

vulnerable to environmental threats, but actual and perceived social isolation is also associated 

with a gambit of severe health outcomes (Cacioppo et al., 2002). A growing body of literature 

has documented the association between loneliness and cardiac, endocrine, and immune 

dysregulation (J. T. Cacioppo et al., 2002; S. J. Wilson et al., 2019), ultimately leading to higher 

morbidity and mortality rates in lonely individuals.  
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When the relationship between loneliness and adverse health outcomes was first 

examined, researchers developed the social control hypothesis as a possible mechanistic 

explanation for the relationship between loneliness and mortality (Umberson, 1992). Social 

control theory holds that the influence of social connections tends to discourage poor health 

behaviors and encourage good health behaviors. However, this explanation does not provide a 

sufficient mechanistic explanation for isolation's deleterious mental and physical effects. For 

example, objective social isolation is associated with decreased lifespan in ants (Koto et al., 

2015) and adiposity in mice independent of food intake (Sun et al., 2014).  

Chronic loneliness is also associated with aversive psychological outcomes. Chronic 

loneliness is broadly associated with weakened cognitive functioning (O’luanaigh et al., 2012): 

inclusive of acceleration of cognitive decline and risk for Alzheimer's Disease (Wilson et al., 

2007), increased negativity and depressive cognition (Donovan et al., 2017), and heightened 

sensitivity to social threats (Nowland et al., 2018). Cacioppo’s loneliness and social cognition 

model (J. T. Cacioppo & Hawkley, 2009b) asserts that loneliness contributes to biased social 

cognition and self-defeating cognitive psychophysiological processes.  The biases in social 

cognition may be one mechanism through which loneliness may lead to adverse health outcomes 

(Hawkley & Cacioppo, 2010). Shifts in cognition associated with loneliness impact emotions, 

decisions, behaviors, and interpersonal interactions, contributing to the association between 

loneliness and morbidity (J. T. Cacioppo & Hawkley, 2009b).  

The capacity to control attention is a crucial component of executive functioning and 

corresponds with an individual’s ability to meet social standards and personal goals.  (Diamond, 

2013). Several recent studies have documented attentional shifts associated with loneliness. For 

example, lonely individuals more rapidly differentiate between negative social stimuli and 
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negative non-social stimuli (S. Cacioppo et al., 2015), indicating an attentional bias towards 

negative environmental cues. These findings suggest that loneliness is associated with a 

heightened saliency of negative social information. In the short-term, hypersensitivity to social 

cues is adaptive for individuals aiming to reengage with group members. Attending to social 

cues allows lonely individuals to direct psychophysiological resources toward meeting their 

social goals. However, if left unchecked, hypersensitivity to negative social information may 

adversely shape social expectations and contribute to psychological and health outcomes 

associated with chronic loneliness.  

Much like attention, working memory is an integral component of adaptive psychological 

functioning (Salminen et al., 2012). While not as yet studied as loneliness and attention, some 

evidence suggests that loneliness may positively impact working memory. For example, 

depressed individuals experiencing high levels of loneliness have performed more accurately on 

working memory tasks when compared to non-lonely depressed individuals (Gao et al., 2020), 

reinforcing the theory that brief bouts of loneliness may positively impact cognition that aids in 

reengagement with the social world. Lonely individuals also demonstrated more robust 

functional connectivity between the cognitive control network and the dorsomedial prefrontal 

cortex during working memory performance. These neuroimaging results may be due to lonely 

individuals' greater negative self and social cognitive bias (J. T. Cacioppo & Cacioppo, 2018), 

indicating that lonely individuals require greater regulatory effort while performing cognitive 

tasks. To the best of our knowledge, there is no literature directly examining loneliness and 

working memory capacity in a non-clinical or non-geriatric population.  

The current study aims to provide insight into the effects of loneliness across multiple 

cognitive domains, including attention and working memory. I chose to use a loneliness 
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induction paradigm induced to induce feelings of acute loneliness. My chosen loneliness 

induction method was randomly assigning individuals to receive messages indicating that they 

are likely to end up alone in life or lead rich social lives. This paradigm has been used 

extensively in the loneliness literature and has been demonstrated to produce shifts in cognitive 

performance (R. Baumeister et al., 2002) and has been successful in inducing feelings of 

loneliness, based on the perception that one may end up alone (J. T. Cacioppo et al., 2014).  I 

sought first to replicate the well-documented shifts in attention associated with loneliness (J. T. 

Cacioppo et al., 2014). I predicted that lonely individuals would shift attentional resources 

towards negative words (both social and non-social), as measured by administering a Social and 

Emotion Stroop task. This prediction is based on past work demonstrating a cognitive negativity 

bias associated with loneliness (Montoliu et al., 2019). Additionally, I intended to replicate past 

work demonstrating that negative social stimuli are differentiated from negative nonsocial 

stimuli more rapidly in the lonely than in nonlonely individuals (S. Cacioppo et al., 2015). Next, 

I examined any impact loneliness may have on working memory capacity with the prediction 

that lonely individuals will demonstrate working memory capacity deficits based on well-

documented cognitive deficits associated with loneliness (J. T. Cacioppo & Cacioppo, 2014).  

4.2 Methods  

4.2.1 Participants 

Participants were recruited from Amazon Mechanical TURK. Participants with US IP 

addresses and a task approval rate above 95% were allowed to participate. Additionally, 

participants were screened for color blindness prior to enrollment. Participants provided 

informed consent prior to enrolling in the study and each Human Intelligence Task (HIT) was 

compensated at $6/hour. 99 participants (46 female), 21 – 73 years old (mean 39.0, sd = 11.5) 
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participated in the study. The sample’s ethnicity breakdown was as follows: Asian/Asian 

American = 8.2%, Caucasian = 71.0%, African American = 11.0%, Hispanic = 6.2%, Multiple 

Ethnicities = 3.1%. The sample’s educational attainment breakdown was as follows: Some High 

School = 1.0%, High School Diploma  = 35.1%, Trade School = 7.2%, Undergraduate Degree = 

46.4%, Master’s Degree = 9.3%, Doctoral Degree = 1.0%. The Future Alone and Future Belong 

groups did not significantly differ in age (t95 =  0.13 , p > 0.05), gender (X2(1, N = 97) = 1.21, p > 

0.05), race (X2(4, N = 97) = 1.07, p > 0.05), or educational attainment (X2(5, N = 97) = 2.19, p > 

0.05). See Table 4. 1 for a breakdown of self-report and demographic measures between 

experimental groups.  

4.2.2 Procedure  

This procedure was approved by the Institutional Review Board at the University of 

Chicago and was housed on Amazon Mechanical TURK (MTURK) and PsyToolKit’s servers. 

Participants completed the study in an average of 37.7 (SD = 8.9) minutes. Participants enrolled 

in the study on MTURK were linked to a series of self-report questionnaires and behavioral tasks 

housed on PsyToolKit. First, participants completed the self-report questionnaires. After 

completing the questionnaires, participants engaged in a future loneliness manipulation described 

below. Participants completed a series of behavioral tasks following the future loneliness 

manipulation described below. Finally, participants were debriefed through an on-screen 

message that communicated the purpose of the study.  

4.2.4 Future Loneliness Manipulation 

I used a social anticipation paradigm to manipulate participants’ perceptions of social 

isolation. Participants were randomly assigned to receive one of two messages after completing 

the self-report questionnaires. Participants were led to anticipate either a future filled with 
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satisfying relationships (Future Belong) or a lonely life (Future Alone), allegedly based on their 

questionnaire ratings.  

The Future Alone message read as follows: ‘Based on the results from the questionnaires 

you just completed: You are the type of person who will end up alone later in life. You may have 

several relationships, but these are likely to be short-lived. Relationships do not last, and when 

you are past the age where people are constantly forming new relationships, the odds are you’ll 

end up being alone more and more.’ 

The Future Belong message read as follows: ‘Based on the results from the 

questionnaires you just completed: You are the type who has rewarding relationships throughout 

life. You are likely to have a long and stable relationship and have friendships that will last into 

your later years. The odds are that you’ll always have friends and people who care about you’. 

This paradigm was initially developed by (J. Twenge et al., 2002). Since then, this 

manipulation has been recognized as an accurate method of inducing an impression of future 

social isolation (Wirth, 2016).   

 After reading either the Future Belong or the Future Alone message, participants were 

asked ‘How accurate do you think the prior statement was about your future?’ and responded to 

this question using a 5-point Likert scale ranging from ‘Not at All’ to ‘Extremely’. Additionally, 

participants completed a 3-item abbreviated version of the UCLA Loneliness Scale (Hughes et 

al., 2004) to assess momentary loneliness directly following the anticipation paradigm.  

4.2.3 Self-Report Questionnaires  

Participants completed a battery of self-report questionnaires to satisfaction with life 

satisfaction with social relationships, personality, and affect. Questionnaire measures included 

the UCLA Loneliness Scale (Version 3) (Russell, 1996), the Perceived Stress Scale (Cohen, 
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n.d.), the Center for Epidemiological Studies Depression Scale (CES-D) (Radolf, 1977), the 

Positive and Negative Affect Schedule (Watson et al., 1988b), The Satisfaction with Life Scale 

(Diener et al., 1985), and the Questionnaire of Cognitive and Affective Empathy (Reniers et al., 

2011).  

After the future loneliness manipulation, I administered a 3-item version of the UCLA 

Loneliness Scale. I assessed mental fatigue at baseline and after each block of the behavioral 

tasks using a 5-point Likert scale ranging from ‘Not at All’ to ‘Extremely’. I also asked 

participants how bored, content, irritable, and interested they were, using the same 5-point Likert 

scale between each experimental block to mask that I was interested in assessing mental fatigue 

at these time points.  

4.2.4 Behavioral Tasks  

All behavioral tasks were administered online via PsyToolKit (Stoet, 2010, 2017), a 

stimulus presentation software that has been validated against E-Prime 3.0 for accuracy of both 

response choice and response time (Kim et al., 2019). Behavioral tasks were counterbalanced 

such that half of the participants completed the Stroop task first, and half of the participants 

completed the change detection task first.  

Social and Emotional Stroop Tasks: 

 I administered a modified version of the classical Stroop task to assess the impact of 

loneliness on attentional biases and processing speed (Ray, 1979).  Participants were asked to 

identify the color of social words, emotional words, and neutral words. The social and emotional 

Stroop tasks are analogs of the original task that examines attentional change. Emotional and 

social Stroop tasks examine attentional shifts toward affective and social word stimuli by 

requiring individuals to identify the color in which emotional and social words are presented 
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(Holle et al., 1997; J. M. G. Williams et al., 1996). The emotional and social words were 

previously validated on Amazon’s Mechanical Turk for use with the Stroop task (Faig, 2019). 

The Stroop task consisted of 5 blocks (Social Negative, Social Positive, Emotional Negative, 

Emotional Positive, Neutral). Each block consisted of forty trials. See Words were presented for 

a maximum of 2000 ms. Participants were instructed to press the ‘R’ key if the word was 

presented in red, the ‘G’ key if the word was presented in green, ‘B’ if the word was presented in 

blue, and ‘Y’ if the word was presented in yellow. See Table 4. 2 for a complete list of words 

used in the Stroop task.  

Working Memory Task: 

 I administered a change detection task to assess any relationship between loneliness and 

working memory. The change detection task is one of the most commonly used working memory 

paradigms (Large et al., 2008; Rouder et al., 2011; Xu et al., 2018). Change detection measures 

of visual working memory have gained popularity in assessing individual differences in capacity. 

In the task I used, participants briefly viewed an array of simple visual items (for 200 ms), such 

as colored squares, and remembered these items across a short delay (1000 ms). At test, 

participations are presented with an item at one of the remembered locations, and they indicated 

whether the presented test item is the same as the remembered item (“no-change” trial) or is 

different (“change” trial). Participants were given 2500 ms to press either the ‘Z’ key for “no-

change” trials or the M key for “change” trials.  

The working memory paradigm consisted of 4 blocks, each with thirty trials. I chose to 

use a set size of 6 on all trials, based on recommendations from (Xu et al., 2018). Seventy 

percent were “change” trials, and 30% were “no-change” trials. Two blocks consisted of the 

presentation of social images. I chose to use neutral faces for the two social blocks, sourced from 
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The NimStim set of facial expressions (Tottenham et al., 2009). The neutral faces varied on two 

dimensions: sex (Male, Female) and race (White, Hispanic, Black, Asian). The remaining two 

blocks consisted of the presentation of neutral images. I used colored cubes for the neutral 

blocks. The cubes varied in two dimensions: cube color (Red, Green, Blue, Yellow) and which 

side of the cube had a white face (Top, Side). See Figure 4. 8 for example non-social stimuli 

generated for this experiment. See Figure 4. 9 for example social stimuli.  

In working memory capacity estimates, performance for change and no-change trials is 

calculated separately as hits (the proportion of correct change trials) and false alarms (the 

proportion of incorrect no-change trials) and converted into a set-size-dependent score 

henceforth referred to as K-Score. K-Scores used in this set of analyses were calculated as 

follows (Xu et al., 2018):  

K = N x (H-FA)  

Where N = Set Size (6 across all trials for our study), H = Hit Rate (% correct for change trials), 

FA = False Alarm Rate (% incorrect for non-change trials).  

4.2.6 Data Analysis Plan 

 Our primary outcome measures of loneliness in this study are experimental grouping and 

baseline loneliness. Experimental grouping (Future Alone/Future Belong) was included as a 

fixed factor in models. As indexed by UCLA Loneliness-V3, baseline loneliness was included as 

a random factor in models. All analyses were run with and without age, gender, and ethnicity as 

covariates. Statistics were run in R (version 4.1.2 ). Multi-level models were run using the lme4 

package (Bates et al., 2007). All predictors in regression models were standardized using the 

scale function in base R. All other models (e.g., ANOVA) were generated in base R. Subjects 

were included as a random factor in all repeated measure MLMs. Reaction time and K-Score 
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were dependent variables, operationalizing attentional biases and working memory capacity. 

Word category (Emotional/Social/Neutral) and image category (Social/Non-Social) were fixed 

factors in models. Visualizations were generated using the ggplot2 package (Whelan, 2008) and 

Microsoft Excel. Data cleaning and manipulation were done using the dyplyr package (Mailund, 

2019). Reaction time (RT) was log-transformed for analyses to reduce the effects of any outliers 

and or skew (Whelan, 2008). Reaction time and K-Score outliers defined as +/- 3SD from the 

mean were excluded from analyses. 

4.3 Results   

4.3.1 Participant Exclusion 

Two participants were excluded from the final dataset for responding incorrectly to 

validity checks included in the self-report questionnaires. Two subjects were excluded from the 

working memory task analyses for responding more than three standard deviations below or 

above the group mean reaction time. One subject was excluded from the Stroop task analyses 

due to their response accuracy falling more than three standard deviations lower than the group 

mean.  

4.3.2 Loneliness Induction  

Perceived accuracy of the questionnaire feedback was rated on a 5 point Likert scale. 

Individuals in the Future Alone group averaged 2.08 (sd = 1.22) and individuals in the Future 

Belong group averaged 3.36 (sd = 1.21) on the perceived accuracy question. Participants in the 

Future Alone group rated the feedback received as less accurate than participants in the Future 

Belong group (t95 = 5.19, p < 0.001). This is in line with past work using this anticipation 

paradigm (R. F. Baumeister et al., 2005; Piejka et al., 2021).  



64 

 

4.3.3 Self-Report Questionnaires 

See Figure 4. 1 for a correlation matrix displaying the relationships between all self-

report questionnaires. See Table 4. 1 for a breakdown of demographic and self-report measures 

compared between experimental groups. 

Participants averaged 35.3(sd = 6.2) on the UCLA loneliness questionnaire, my chosen 

measure of baseline loneliness. Baseline loneliness was significantly positively correlated with 

depression (r(95) = .29, p = 0.005), and perceived stress (r(95) = .31, p = 0.002). Baseline 

loneliness was significantly negatively correlated with life satisfaction (r(95) = -0.21, p = 0.03). 

Depression (CES-D), perceived stress (PSS), state affect (PANAS), life satisfaction (SWLS), and 

cognitive and affective empathy were not predictive of either Stroop or change detection task 

performance.  

The Future Alone and Future Belong groups were matched in baseline loneliness (t91 = 

0.60, p > 0.05), perceived stress (t81 = 0.24, p > 0.05), depression (t91 = 0.76, p > 0.05), negative 

affect (t92 = 1.61, p = 0.11), extraversion (t92 = 0.15, p > 0.05), general life satisfaction (t94 = 

0.04, p > 0.05), and cognitive (t95 = 1.40, p > 0.05) and affective (t93 = 0.003, p > 0.05) empathy. 

The Future Belong group had significantly higher positive affect ratings than the Future Alone 

group at baseline (prior to the anticipation paradigm), (t95 = 2.75, p < 0.01). All models 

comparing the Future Belong and Future Alone groups described henceforth were corrected for 

group differences in baseline positive affect.  

4.3.4 Emotional and Social Stroop Task 

 Participants averaged 717.2 ms (sd = 124.1) RT across all blocks, consistent with past use 

of the emotional Stroop task (Ballesteros et al., 2000; S. Cacioppo et al., 2015; J. M. G. Williams 

et al., 1996).  
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There was a trending relationship between word category (Social, Emotional, Neutral) 

and reaction time, such that participants responded more rapidly to social words than emotional 

or neutral words (β(97, 485) = -0.04, SE = 0.02, CI = [-0.06, -0.02], p = 0.06). See Figure 4. 4 for 

a visualization of Stroop RT compared between word categories across all subjects. See Figure 4. 

5 for a visualization of Stroop RT compared between word category and valence across all 

subjects. This trending finding was driven by participants responding more rapidly to positive 

social words than positive emotional words (β(97, 194) = 0.09, SE = 0.03, CI = [0.06, 0.12], p > 

0.05). There was no significant difference in participant RT to social negative compared to 

emotional negative words (β(97, 194) = 0.01, SE = 0.03, CI = [-0.02, 0.04], p > 0.05).  

An MLM demonstrated no main effect of experimental group (Future Alone, Future 

Belong) on Stroop RT (β(97, 485) = 0.08, SE = 0.09, CI = [-0.01, 0.17], p > 0.05). See Figure 4. 

2 for a visualization of Stroop RT compared experimental grouping and collapsed across all 

word categories. Additionally, a 2 x 3 repeated-measure ANOVA demonstrated no significant 

interaction between experimental grouping and word category (social, emotional, and neutral) on 

RT (F(2,384) = 0.94, p > 0.05). See Figure 4. 6 for a visualization of Stroop RT between word 

categories and experimental grouping. There was also no significant interaction between 

experimental grouping, word valence (positive/negative) in predicting RT (F(2,384) = 0.94, p > 

0.05). Additionally, was no difference in RT when comparing social negative and emotional 

negative word responses between experimental groups (F(1,95) = 0.11, p > 0.05). There was also 

no difference in RT when comparing social positive and emotional positive word responses 

between groups (F(1,95) = 1.08, p > 0.05).  

An MLM demonstrated no main effect of baseline loneliness on Stroop RT, as measured 

by the UCLA Loneliness Questionnaire – V3 (β(97, 485) = 0.08, SE = 0.09, CI = [-0.01, 0.17), p 
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> 0.05). See Figure 4. 3 for a visualization of Stroop RT compared across UCLA loneliness 

values, collapsed across word categories. Additionally, baseline loneliness was not predictive of 

any differences in RT between word categories (Social/Emotional/Neutral) (β(97, 485) = 0.07, 

SE = 0.1, CI = [-0.03, 1.7], p > 0.05). See Figure 4. 7 for a visualization of baseline loneliness 

and RT compared between Stroop word categories. Baseline loneliness was also not predictive of 

any differences in RT between positive and negative words (β(97, 485) = 0.14, SE = 0.1, CI = 

[0.04, 0.24], p > 0.05). Additionally, baseline loneliness ratings were not predictive of any 

differences in RT between positive social and positive emotional words (β(97, 194) = 0.07, SE = 

1.0, CI = [-0.03, 0.17], p > 0.05). Baseline loneliness ratings were also not predictive of any 

differences in RT between negative social and negative emotional words (β(97, 194) = 0.06, SE 

= 0.1, CI = [-0.04,0.16], p > 0.05).  

4.3.5 Change Detection Task 

 K-Score was our primary outcome measure of working memory capacity derived from 

the change detection task described above.  K-Score values ranged from -0.69 to 3.70, with an 

average of 1.43(sd  = 1.04). These K-values are consistent with past work using visual working 

memory paradigms (Rouder et al., 2011; Xu et al., 2018).  

A repeated-measures ANOVA revealed that participants demonstrated stronger working 

memory capacity on non-social blocks compared to social blocks (F(1,95) = 4.58, p < 0.05). See 

Figure 4. 12 for a comparison of social vs. non-social working memory performance, collapsed 

across all participants.  

A repeated measure ANOVA demonstrated no relationship between experimental group 

membership and K-Score, analyzed across all blocks (F(1,94) = 0.43, p > 0.05). See Figure 4. 10 

for visualization of working memory performance compared between experimental groups 
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collapsed across image categories. Additionally, there were no experimental group differences 

when comparing K-Scores between social and non-social blocks (F(1,94) = 0.94, p > 0.05). 

Figure 4. 13 for a visualization of working memory performance broken down by image 

category and experimental grouping. There was no significant relationship between baseline 

loneliness ratings and K-Scores, analyzed across all blocks (β(96, 192) = -0.11, SE = 0.09, CI = 

[-0.20, -0.02], p < 0.05). See Figure 4. 11 for visualization of working memory performance and 

baseline loneliness values, collapsed across image categories. Additionally, baseline loneliness 

was not predictive of differences in working memory capacity between image categories (β(96, 

192) = -0.14, SE = 0.10, CI = [-0.24, -0.04]). See Figure 4. 14 for visualization of working 

memory performance and baseline loneliness, broken down by image category.  

4.4 Discussion 

The current study was designed to replicate and extend upon literature examining the 

relationship between loneliness and cognitive functioning. Past work has shown that loneliness is 

associated with a broad range of cognitive impairments (O’luanaigh et al., 2012),  such as 

hypersensitivity to social threats (Nowland et al., 2018) and depressive cognition (Donovan et 

al., 2017). While not as thoroughly investigated as other aspects of cognition, some evidence 

suggests that acute loneliness may improve working memory capacity (Gao et al., 2020). 

Through the administration of an online study, I investigated if shifts in social motivation 

associated with loneliness may impact attentional biases and working memory capacity. While 

the relationship between loneliness and cognition has been previously examined, past work lacks 

behavioral support and focuses almost entirely on older adults. Counter to conventional thought; 

loneliness does not discriminate by age. Many children and young adults perceive themselves as 

socially isolated (Eccles & Qualter, 2021), particularly during the COVID-19 pandemic when 
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this online study was administered (Cooper et al., 2021). Extending upon current research 

examining loneliness and cognition, I intentionally recruited a broad range of ages, administered 

a social anticipation paradigm, and administered multiple behavioral tasks to assay attentional 

biases and working memory capacity.  

I operationalized loneliness through a baseline self-report questionnaire, the UCLA 

Loneliness Scale-V3, and through the use of social anticipation paradigm. I used the anticipation 

paradigm to manipulate participants’ perceptions of future social isolation. Half of the 

participants received a message that, based on their questionnaire results, they are predicted to 

have a lonely future, and half of the participants received a message that they were predicted to 

have a rich social life in the future. Past research using this experimental paradigm has 

demonstrated that the prospect of a lonely future can cause a decrease in self-regulatory capacity 

(R. F. Baumeister et al., 2005) and prosocial behavior (J. M. Twenge et al., 2007) and attentional 

capacity (R. F. Baumeister et al., 2005). When asked to identify what the purpose of the study 

was, none of the participants mentioned the anticipation paradigm. To the best of our knowledge, 

there is no published work using this paradigm in an online setting. It is possible that the 

paradigm is less efficacious when administered online compared to the traditional in-lab 

administration.  

Based on previous work examining loneliness and attentional biases, I hypothesized that 

loneliness would be associated with attentional biases towards negative and social stimuli (S. 

Cacioppo et al., 2015). I administered a social and emotional Stroop task and used RT as the 

primary outcome measure of attentional bias. I did not find any main effects of baseline 

loneliness on overall RT, RT compared between word categories (Social/Emotional/Neutral), 

and RT compared between word valences (Positive/Negative). I also did not find any main 
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effects of the anticipation paradigm on overall RT, RT compared between word categories 

(Social/Emotional/Neutral), and RT compared between word valences (Positive/Negative). I 

believe that these null findings may be due to two possible reasons. First, the evidence from (S. 

Cacioppo et al., 2015) that suggests lonely individuals process social stimuli more rapidly than 

non-social stimuli is based on EEG microstates, not behavioral results. Perhaps the relationship 

between loneliness and attentional biases using the Social Stroop task is not identifiable at a 

behavioral level of analysis. Secondly, subjects in the (S. Cacioppo et al., 2015) study 

participated in an in-lab study wearing an EEG cap. This environmental context is highly 

different from our experiment hosted online and may also account for variations in results.  

Based on the limited past work examining loneliness and working memory capacity, I 

hypothesized that loneliness would be associated with increased working memory capacity, 

particularly for social stimuli. This is based on past work with depressed individuals that 

demonstrated a positive relationship between loneliness and performance on an n-back task (Gao 

et al., 2020). To the best of our knowledge, there is no published work examining working 

memory and loneliness in healthy younger adults. I did not see any effect of loneliness on either 

social or non-social working memory capacity. While this result was counter to our predictions, 

this result suggests that loneliness in healthy adults may not impact working memory capacity. 

Perhaps working memory is only impacted when loneliness is chronic or coincides with clinical 

levels of depression.  

Study 3 demonstrates that loneliness may not affect attention or working memory 

capacity in healthy adults. A limitation of the study was that it was conducted online, and there 

was not a wide range of loneliness values in the sample. Additionally, the anticipation paradigm 

may not induce feelings of social isolation when administered online. Future iterations of this 
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work conducted online should further consider the methodological constraints of manipulating 

loneliness in an online setting. Future work investigating the relationship between loneliness and 

cognition should be examined in healthy young adults. Longitudinal work examining changes in 

loneliness and cognitive functioning over the lifetime is necessary to understand if there is a 

developmental component to loneliness’ impact on cognition.  
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4.5 Appendix C: Chapter 4 Figures and Tables  

N = 97 

 Future Alone (n = 50) Future Belong (n = 47) 

Sex (% female) 40.0 53.2 

Age (years) 40.2(12.0) 40.5(11.1) 

Ethnicity   

Caucasian 70.0 72.3 

Black 14.0 8.5 

Asian/Asian American 8.0 8.5 

Hispanic 6.0 6.4 

Multiple ethnicities  2.0 4.3 

Baseline Loneliness  34.9(7.0) 35.7(5.2) 

Life Satisfaction 19.9(8.1) 19.9(8.5) 

Positive Affect 19.7(4.9) 22.4(4.7) 

Negative Affect 19.1(4.3) 21.0(5.9) 

Extraversion 13.8(5.7) 13.6(6.4) 

Depression 13.7(10.7) 15.5(12.6) 

Life Satisfaction 19.9(8.1) 19.9(8.5) 

Perceived Stress 14.8(6.7) 15.2(8.5) 

Cognitive Empathy 57.9(10.8) 61.0(10.8) 

Affective Empathy  32.9(7.6) 32.9(8.2) 

Table 4. 1 Study 3 demographic and self-report measures  

Categorical variables are listed as a percentage of the group total. Means are reported for 

continuous variables. The numbers in parentheses are standard deviations for continuous 

variables and the percentage of group total for categorical variables. 
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Table 4. 2 List of words used in Stroop Task 

Word list validated by (Faig, 2019) 
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Figure 4. 1 Study 3 correlation matrix of questionnaires  

Only significant Pearson correlation values are included in this figure. 
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Figure 4. 2 Stroop Reaction Time: Experimental Grouping  

There was no significant difference in Stroop reaction time, across word categories, between the 

Future Alone and Future Belong groups. Error bars represent the standard error of the mean. 

  

 

 

Figure 4. 3 Stroop Reaction Time: Baseline Loneliness  

Baseline loneliness did not significantly predict Stroop reaction time across word categories. The 

shaded grey region represents the standard error of the mean.  
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Figure 4. 4 Stroop Reaction Time: Word Category  

There was no significant difference in RT between word categories; Social words had a lower, 

but not statistically significant, RT than neutral or emotional words (β = -10.29, SE = 5.4, CI = [-

20.91, 0.34]). Error bars represent the standard error of the mean. 

 

 

Figure 4. 5 Stroop Reaction Time: Word Category & Valence 

There was no significant difference in RT between negative social and negative emotional 

words. Participants responded more rapidly to social positive words than emotional positive 

words (β = -24.04, SE = 7.83, CI = [-39.46, -8.62]). Error bars represent the standard error of the 

mean.  
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Figure 4. 6 Stroop Reaction Time: Word Category & Experimental Group  

There was no significant difference between the Future Alone and Future Belong groups' RT 

responses to emotional, neutral, and social words. Error bars represent the standard error of the 

mean.  

 

 

Figure 4. 7 Stroop Reaction Time: Word Category & Baseline Loneliness  

Baseline loneliness did not predict RT differences between emotional, neutral, or social words. 

The grey shaded region represents the standard error of the mean. 
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Figure 4. 8 Example non-social stimuli used in the change detection task 

 

 

Figure 4. 9 Example social stimuli used in the change detection task 

Neutral faces sourced from the Nim-Stim set of facial expressions (Tottenham et al., 2009).  
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Figure 4. 10 Working Memory Capacity & Experimental Group 

There was no significant difference in working memory capacities, across stimulus types, 

between the Future Alone and Future Belong groups. Error bars represent the standard error of 

the mean.  

 

 
Figure 4. 11 Working Memory Capacity & Baseline Loneliness   

Baseline loneliness did not significantly predict working memory capacity across image 

categories. The grey shaded region represents the standard error of the mean.  
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Figure 4. 12 Comparison of Social vs. Non-Social Working Memory Performance   

Participants demonstrated higher working memory capacity on non-social trials. (F(1,95) = 4.58, 

p < 0.05). Error bars represent the standard error of the mean.  

 

 

Figure 4. 13 Social vs. Non-Social working memory performance, By Experimental Group 

There was no significant interaction between image category and experimental grouping (Future 

Alone, Future Belong) in predicting working memory capacity. Error bars represent the standard 

error of the mean.  
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Figure 4. 14 Social vs. Non-Social working memory performance, By Baseline Loneliness  

There was no significant interaction between baseline loneliness and image category in 

predicting working memory capacity. The grey shaded region represents the standard error of the 

mean 
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CHAPTER 5: GENERAL CONCLUSIONS  

This dissertation represents an examination of social psychophysical regulatory processes 

associated with a range of competing needs. From the fundamental drive to consume food, 

motivated by hunger, to much more dynamic socially-oriented motivational processes, such as 

empathy and loneliness, this dissertation sought to 1) demonstrate how motivation is flexible 

given environmental demands and 2) how the ANS plays a significant role in the regulation of 

motivational processes. By examining this wide array of motivational processes, including 

hunger, pain, empathy, fatigue, and loneliness, I aim to shed light on how motivation shapes 

psychological, behavioral, and physiological processes. This dissertation also seeks to motivate 

the multi-level study of the mechanisms that give rise to motivational shifts that allow 

individuals to survive and prosper. The three studies outlined above included self-report, 

behavioral, and physiological measures to maximize our understanding of the constructs 

measured.  

Study 1 investigated the relationship between fatigue and the autonomic nervous system. 

Counter to our predictions, PNS activity rose with mental fatigue, and SNS activity dropped over 

90 minutes. While past work has shown that mental fatigue may be associated with drops in PNS 

activity (Mizuno et al., 2014), other literature suggests that sustained attention is related to 

increases in PNS activity over time (Pattyn et al., 2008). Given the strong relationship between 

time, mental fatigue ratings, and PNS activity, I believe fatigue directly increased PNS activity 

throughout the mental fatigue task.  Continuing to elucidate the physiological manifestation of 

fatigue will aid in diagnosing and treating fatigue-associated disorders such as chronic fatigue 

syndrome and depression. Indeed, if mental and physical fatigue represent a single phenomenon, 

it is likely that physical fatigue may impact mental fatigue in the same way that mental fatigue 
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impacts physical fatigue. A limitation of our study was that I did not have a control group of 

subjects who did not experience mental fatigue induction before physical fatigue induction. 

While there is ample evidence to suggest that mental fatigue impacts physical fatigue and 

performance (Cutsem et al., 2017), less is known about the potential impact of physical fatigue 

on mental fatigue and cognitive performance. Examining autonomic activity when physical 

activity precedes a mentally fatiguing task will complement our current analyses and provide 

additional insight into the psychophysiological regulatory mechanisms associated with fatigue.  

Study 2, described in Chapter 3, investigated hunger’s role in motivational competition 

with another visceral need and socially-oriented motivation. I first examined state affect and 

found no influence of our hunger manipulation on positive or negative affect. Past work has 

demonstrated hunger’s impact on highly valanced negative emotions such as aggression 

(Fattorini et al., 2018) and anger (Awathale et al., 2020). Our study indicates that there may be 

no direct relationship between hunger and negative affect in general. Next, I hypothesized that 

hungry participants would show diminished empathy. I found no significant relationships 

between hunger and self-reported cognitive or affective empathy. Additionally, there were no 

significant differences between individuals in the sensitivity to the pain of others as a function of 

hunger. Although past work has suggested that empathy is flexible given interpersonal and 

contextual factors (Decety, 2015b), short-term hunger may be too mild of a stressor to influence 

empathy directly. I hypothesized that hungry participants would show a dampened pain response 

resulting from the motivational prioritization of hunger. I saw no significant relationship between 

hunger and behavioral responses to pain. These data suggest that acute hunger may not influence 

shifts in acute pain perception. One potential explanation for this is that acute pain must be 

prioritized over hunger in most contexts. While hunger-induced chronic pain dampening has 
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been previously reported (Bosley et al., 2004), additional work in human populations is needed 

to understand the relationship between hunger and acute pain. I found a significant effect 

between hunger and baseline PNS cardiac control. Subjects in the hunger induction group had 

higher resting hf-HRV values than subjects in the control group, potentially indicating 

heightened emotional and physiological flexibility (Kok & Fredrickson, 2010 

Our study's findings provide little evidence for direct motivational shifts within the 

domains of acute hunger, positive or negative empathy, pain, and empathy after acute hunger 

induction. Hunger is an integral component of allostatic regulation, yet many unanswered 

questions about how this life-sustaining motivation interacts with co-occurring motivational 

processes. Examining hunger using a more comprehensive range of fasting durations will allow 

us to understand better how hunger's magnitude plays a role in dynamic motivational systems.  

Finally, Study 3 investigated perceived social isolation and motivated cognition. I 

hypothesized that loneliness would be associated with attentional biases towards negative and 

social stimuli. I administered a social and emotional Stroop task, attempting to replicate past 

work examining the effect of loneliness on attentional biases to social stimuli (S. Cacioppo et al., 

2015). I did not find any main effects of baseline loneliness on Stroop performance across word 

categories or valence. I also did not find any main effects of experimental grouping (Future 

Alone/Future Belong) on Stroop performance across word categories or valence. I believe that 

my results did not replicate past findings because of the experimental context (online vs. in-lab). 

Past evidence of loneliness induced attentional biases to social stimuli has primarily been 

found at the neural level. I examined attentional biases at the behavioral level throughout Study 

3, with the hypothesis that loneliness would increase working memory capacity to social stimuli. 

I did not see any effect of loneliness on either social or non-social working memory capacity. 
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While this result was counter to our predictions, this result suggests that loneliness in healthy 

adults may not impact working memory capacity. Perhaps working memory is only affected 

when loneliness is chronic or coincides with depression (as is documented in prior work). This 

study demonstrates that loneliness may not affect attention or working memory capacity in 

healthy adults. Limitations of the study include online administration and relatively low 

loneliness values in the sample.   

Taken together, these three studies underscore the dynamic nature of psychophysiological 

systems and motivate future investigation into how social and non-social motivational processes 

interact. Future work investigating motivation and the autonomic nervous system should 

continue to investigate competing motivational processes in varied contexts. Continued multi-

level analysis of human motivational competition will inform our understanding of how 

individuals maintain stability in ever-changing environments.  
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