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ABSTRACT 

 
 
 Supervising Professor:  Christine Dollaghan, PhD 
 
 
 
 

This study aimed to identify the utility of reaction time (RT) and the task evoked pupil 

response (TEPR) as measures of non-volitional and volitional cognitive effort. Stimulus 

probability was manipulated to measure non-volitional changes in cognitive effort toward rare 

stimuli compared with frequent stimuli. Congruency was manipulated to measure volitional 

changes in cognitive effort toward incongruent compared with congruent stimulus-response 

pairings. Participants were 81 typical young adults who completed two blocks of 100 trials in 

which they responded with key presses using the left or right hand to tones presented 

monaurally. A 1500Hz tone indicated congruent responding: if the tone was presented in the 

right ear, the correct response was the right key. A 500Hz tone indicated incongruent responding: 

if the tone was presented in the right ear, the correct response was the left key.  Stimulus 

probability was manipulated such that each block contained 80 frequent trials (40 congruent, 40 

incongruent) and 20 rare trials (10 congruent, 10 incongruent). Hypotheses were as follows: the 

effect of congruency would be significant for both measures, and larger for RT than for TEPR; 

the effect of stimulus probability would be significant for both measures, and larger for TEPR 
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than for RT. Results revealed a significant effect of congruency for both RT (d  = 0.51) and 

TEPR (d  = 0.55), and a significant effect of stimulus probability for RT only (d  = 0.26). 

Significant block effects occurred such that the effect of stimulus probability for TEPR was 

significant in the positive direction (d  = 0.41) in Block 1 only; the effect was reversed in Block 

2. The effect of stimulus probability for RT trended toward significance in Block 2 only. The 

results of the congruency manipulation of this study indicate that RT and TEPR are sensitive 

indicators of volitional cognitive effort. Results of the stimulus probability manipulation indicate 

that TEPR is a sensitive indicator of non-volitional effort toward a rare stimulus, and subsequent 

decrease in effort when the stimulus has become familiar. Furthermore, results of this study 

reflect the complex role of the locus coeruleus for non-volitional and volitional cognitive effort.  
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CHAPTER 1 
 

INTRODUCTION AND LITERATURE REVIEW 
 
 

Cognitive effort is broadly defined as the mobilization of resources in order to execute a 

response to a stimulus. It is used synonymously in the literature with the terms “attentional 

effort” and “resource allocation.” Cognitive effort is dynamic. Changes in effort are influenced 

by task difficulty, controlled shifts in attention, task engagement, reflexive shifts in attention, and 

motivation to achieve task goals (Kahneman, 1973; Westbrook & Braver, 2015). Cognitive effort 

also varies as a result of individual differences in arousal and resource capacity.  

Cognitive effort can be divided into two broad categories: effort that is elicited by 

volitional control processes and effort that is elicited by non-volitional processes (Chiou & Rich, 

2014; Posner, 1980; Schettino, Rossi, Pourtois, & Müller, 2016). Changes in cognitive effort that 

occur in response to task difficulty, controlled shifts in attention, and motivation are considered 

volitional and are associated with top-down processing for cognitive control (Correa-Jaraba, Cid-

Fernández, Lindín, & Díaz, 2016; Olk & Kingstone, 2015). By contrast, changes that occur in 

response to reflexive shifts in attention are considered non-volitional. Non-volitional changes 

occur without conscious awareness and are associated with bottom-up processing in response to 

some change in stimuli (Correa-Jaraba et al., 2016; Escera, Alho, Winkler, & Naatanen, 1998; 

Escera, Corral, & Yago, 2002; Posner, 1980).  

Volitional and non-volitional aspects of cognitive effort may play importantly different 

functional roles in cognition. Changes in cognitive effort that are elicited by volitional processes 

facilitate controlled, goal-directed behavior (Chiou & Rich, 2014; Correa-Jaraba et al., 2016; Olk 

& Kingstone, 2015). Changes in cognitive effort that are elicited by non-volitional processes are 
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associated with the orienting reflex and alerting response that occur when changes in the 

environment are detected (Bidet-Caulet, Bottemanne, Fonteneau, Giard, & Bertrand, 2015; 

Chiou & Rich, 2014; Escera et al., 1998; Escera et al., 2002); these may enable the identification 

of relevant incoming information to support volitional, goal-directed behavior (Schettino et al., 

2016).  

A variety of behavioral and physiological measures have been used to study cognitive 

effort, but their utility in measuring non-volitional and volitional changes in cognitive effort is 

unclear. Few studies have manipulated both non-volitional and volitional changes in cognitive 

effort in ways that would allow comparisons between behavioral and physiological measures. 

The purpose of this study was to examine the utility of a behavioral measure, reaction time, and a 

physiological measure, the task evoked pupil response, for indexing non-volitional and volitional 

changes in cognitive effort in a single paradigm. 

The plan of this literature review is as follows. First, we provide an overview of measures 

and paradigms that have been used to explore cognitive effort and discuss the challenges to 

designing and interpreting such studies. Next we present systematic reviews of the evidence 

concerning two measures, RT and TEPR, in studies employing the stimulus probability 

paradigm, and in studies employing the congruency paradigm. Finally, we present the current 

study.  

 
Measurement of Cognitive effort 

Behavioral measures, including reaction time and error rate, are derived from tasks in 

which participants voluntarily execute responses to stimuli.  Physiological measures reflect 

involuntary physiological responses to stimuli; examples include measures of skin conductance, 
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heart rate, event related potential, functional magnetic resonance imaging, and the task evoked 

pupil response.  Slowed reaction time and increased error rate are among the behavioral 

measures that have been associated with increased cognitive effort, while increases in amplitude 

of physiological responses have generally been associated with increased cognitive effort.  

Reaction time (RT) is one of the most robust and commonly used behavioral measures of 

cognitive effort, and is used as a metric of both non-volitional and volitional changes in cognitive 

effort. TEPR is a commonly used physiological measure. TEPR is thought to reflect to locus 

coeruleus - norepinephrine activation patterns that are interpreted to be sensitive to reflexive, 

non-volitional changes in cognitive effort as well as volitional changes that guide goal-directed 

behavior (Aston-Jones & Cohen, 2005; Jepma & Nieuwenhuis, 2011; Nieuwenhuis, Aston-

Jones, & Cohen, 2005; Nieuwenhuis, De Geus, & Aston-Jones, 2011). However, little evidence 

exists concerning the relationship between RT and TEPR or their specific utility for measuring 

non-volitional and volitional changes of cognitive effort. 

 
RT and TEPR in Studies of Volitional and Non-volitional Changes in Cognitive Effort 

 RT and TEPR are both reported in studies that measure volitional changes in cognitive 

effort. Volitional changes in cognitive effort are measured in paradigms that manipulate some 

aspect of controlled attention, inhibition or task difficulty. Controlled attention and inhibition can 

be measured by manipulating congruency of stimulus and response. For example, the Stroop task 

(Stroop, 1935) involves measuring the difference between naming color words in same color ink 

(congruent: “red” in red ink) and naming color words in different colored ink: (incongruent “red” 

in blue ink). In this task, it is assumed that additional effort for controlled attention and inhibition 

is required for the incongruent stimulus-response pairings compared with the congruent. Laeng, 
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Ørbo, Holmlund, and Miozzo (2011) measured both RT and TEPR during a stroop task. They 

found a larger effect of congruency for RT than for TEPR. In a paradigm manipulating volitional 

changes in cognitive effort related to task difficulty, Karatekin, Marcus,  and Couperus (2007) 

measured RT and TEPR during a n-back task required participants to correctly identify or reject 

0-back and 1-back items. They found that RT and TEPR both increased in the 1-back condition 

as compared with 0-back condition, but TEPR only increased for correct identifications, not for 

correct rejections. These studies suggest that RT and TEPR measure different aspects of 

cognitive effort in a volitional paradigm. 

RT and TEPR also have been reported in studies designed to elicit non-volitional changes 

in cognitive effort. Non-volitional changes in cognitive effort are commonly measured by 

manipulating stimulus probability. For example, Kamp and Donchin (2015) found that both 

TEPR and RT increased when target stimuli were rare rather than frequent. They interpreted the 

increase in TEPR to the rare stimuli as an indication of increased cognitive effort needed to 

facilitate the volitional behavioral response and likened the effect to findings from other studies 

of volitional attention in which congruency manipulations also yielded increases in both TEPR 

and RT (e.g., Laeng, Ørbo, Holmlund, & Miozzo, 2011). This interpretation evinces the 

challenge of making a clear distinction between non-volitional and volitional measures of 

cognitive effort.  

Strong inferences about the utility of TEPR and RT as measures of non-volitional and 

volitional changes in cognitive effort are limited by a paucity of studies that compare behavioral 

and physiological responses to non-volitional and volitional changes in cognitive effort in a 

single task, particularly one in which participants are not consciously aware of manipulations 
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designed to evoke non-volitional responses. For example, some studies of non-volitional 

cognitive effort have used an oddball paradigm in which participants respond only to rare 

stimuli. However, directing participants to consciously attend and respond to a single stimulus 

type may increase their conscious awareness of it, convoluting volitional with non-volitional 

cognitive effort. In addition, reported effect sizes from studies of non-volitional cognitive effort 

and studies of volitional cognitive effort vary substantially.   

This study aimed to quantify the effects of non-volitional and volitional changes in 

cognitive effort on RT and TEPR by manipulating stimulus probability and congruency in a 

single task. To synthesize the current literature on the utility of RT and TEPR as measures of 

cognitive effort, we conducted two systematic reviews that are described below: one concerning 

evidence from studies employing stimulus probability paradigms, and one concerning evidence 

from studies employing the congruency paradigm.  We discuss each review in turn. 

 
Systematic Reviews of the Stimulus Probability and Congruency Literature 

 
 

Evidence from the Stimulus Probability Paradigm 

Stimulus probability tasks generally involve relatively simple target detection; targets are 

deemed frequent or infrequent depending on their probability of occurrence. As responses to 

frequent stimuli become rote, the comparatively greater amount of effort required for the 

response to the infrequent stimuli can be measured. Kahneman (1973) suggested that the 

increased attention required by the rare stimuli reflects momentary non-volitional changes 

associated with the orienting response. Importantly, the observed increase in cognitive effort 

toward rarely occurring stimuli does not require volitional control and individuals are often 
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unaware of the change in stimulus frequency (Posner, 1980; Schettino et al., 2016). However, 

some studies of probability have confounded stimuli and responses such that directed attention is 

required to respond to the rare stimuli while a different response or no response is required for 

the frequent stimuli. As stated by Kahneman (1973), “Much confusion has been caused by 

inconsistent usage in this context” (p. 48). A systematic review of the literature was conducted to 

synthesize the reported effects of stimulus probability for studies using TEPR and/or RT as 

dependent measures.  By synthesizing studies that report effects of stimulus probability, we gain 

a better understanding of the utility of TEPR and RT as measures of non-volitional cognitive 

effort. 

A database search was conducted June 15, 2016 to identify relevant studies on the effects 

of stimulus probability. The database used for literature search was EBSCO Academic Search 

Complete and included the following databases: ERIC, MEDLINE, PsycARTICLES, 

PsycEXTRA, PsycINFO, and PsycTESTS. See Table 1 for database search terms and results. 

References cited in results were also searched by hand.  The procedure for identifying relevant 

literature included a review of titles followed by a full text review. Studies were rejected based 

on title if the title indicated that the study sample included a population other than typical adults 

and/or if the study method did not involve a probability manipulation.  

Full texts were evaluated and studies that met the following criteria were included in the 

review: 1) the study reported the effects of stimulus probability on RT and/or TEPR; and 2) the 

study either reported the size of the effect or provided information necessary to calculate effect 

sizes (e.g., means, standard deviations, t-values). Five studies met the inclusionary criteria for 

review, three from the database search and two from hand searching. 



 

 7 

Table 1. Search terms and results: Systematic review of stimulus probability studies. 
Search terms Number of 

unique titles 

Number included in 

full text review 

Number included in 

final review  

“Stimulus Probability” AND 

Pupil AND Reaction Time 

4 2 2 

“Autonomic Attention” AND 

Pupil AND Reaction Time 

6 0 0 

Oddball AND Pupil AND 

Reaction Time 

3 2 1 

“Orienting Reflex”  
 
AND Pupil AND Reaction Time 

2 1 0 

 
Table 2 summarizes study characteristics including number of subjects, measures 

reported, number of trials in the rare condition, number of trials in the frequent condition, means, 

standard deviations, effect sizes and 95% confidence intervals.  

In these studies a variety of methods were used to manipulate stimulus probability. Three 

studies (i.e., Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Reinhard, Lachnit, & König, 2007; 

Richer & Beatty, 1987) used a form of a Go-No Go task or oddball task in which participants are 

directed to respond to certain stimuli while ignoring other stimuli. One study (Friedman, 

Hakerem, Sutton, & Fleiss, 1973) did not require a direct response to stimuli. One study (Kamp 

& Donchin, 2015) used a lexical decision task. Three studies reported both RT and TEPR as 

dependent measures. Two studies reported TEPR only. With regard to TEPR, all studies used 

peak TEPR. Peak TEPR indicates the baseline corrected maximum post-stimulus pupil dilation 

(pre-stimulus baseline subtracted from maximum post-stimulus dilation).  
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Table 2. Descriptive information on stimulus probability studies. 
Study N Age of   

participants 

Measure N rare trials N frequent  

trials 

M Rare (SD) M Frequent  

(SD)  

Effect size  

(95% CI) 
Friedman (1973) 8 18-24 yr TEPR 50 200 0.096 (0.060) 0.061 (0.040) 0.70 (-0.25, 1.65) 

Richer (1987) 10 College TEPR 12 48 0.63 (0.11) 0.35 (0.06)  3.29 (2.01, 4.58) 

Richer (1987) 10 College RT 12 48 551 (94) 273 (73)  3.33 (2.03, 4.63) 

Richer (1987) 10 College TEPRa 12 24 0.63 (0.11) 0.47 (0.09)  1.88 (0.88, 2.89) 

Richer (1987) 10 College RTa 12 24 551 (94) 434 (86)  1.40 (0.46, 2.33) 

Richer (1987) 10 College TEPRb 12 24 0.60 (0.12) 0.47 (0.08) 1.30 (0.38, 2.22) 

Richer (1987) 10 College RTb 12 24 528 (112) 406 (97)  1.17 (0.26, 2.08) 

Reinhard (2007) 14 M = 22.8 yr TEPR 10 40 0.35 (0.15)c 0.29 (0.10)c 0.47 (-0.26, 1.20) 

Reinhard (2007) 14 M = 22.8 yr RT 10 40 561 (82.69)c 511(96.53)c 0.56 (-0.18, 1.29) 

Gilzenrat (2010) 23 19-26 yr  TEPR 150 600 Not reported Not reported 2.56 d  (1.8, 3.33) 

Kamp (2015) 20 M = 23.5 yr TEPR 20 116 Not reported Not reported 0.68e  (0.05, 1.03) 

Kamp (2015) 20 M = 23.5 yr RT 20 116 729 (89) 619 (73) 1.36 (0.68, 2.03) 

Sources: Data adapted from Friedman, D., Hakerem, G., Sutton, S., & Fleiss, J. L. (1973). Effect of stimulus uncertainty on the 
pupillary dilation response and the vertex evoked potential. Electroencephalography and Clinical Neurophysiology, 34, 475–484;  

(table note continued)
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Gilzenrat, M. S., Nieuwenhuis, S., Jepma, M., & Cohen, J. D. (2010). Pupil diameter tracks 
changes in control state predicted by the adaptive gain theory of locus coeruleus function. 
Cognitive, Affective & Behavioral Neuroscience, 10(2), 252–69; Kamp, S., & Donchin, E. 
(2015). ERP and pupil responses to deviance in an oddball paradigm. Psychophysiology, 52(4), 
460–471; Reinhard, G., Lachnit, H., & König, S. (2007). Effects of stimulus probability on 
pupillary dilation and reaction time in categorization. Psychophysiology, 44, 469–475; Richer, 
F., & Beatty, J. (1987). Contrasting Effects of Response Uncertainty on the Task‐Evoked 
Pupillary Response and Reaction Time. Psychophysiology, 24, 258–262. 
Note: Studies are listed by first author and year of publication.  
a = choice reaction task. 
b = Go-No Go task.  
c = SD was calculated from reported SEM using the equation SD = SEM(√!) (Altman & Bland, 
2005). 
d = effect size calculated from reported t = 12.3 and N = 23. 
e = effect size calculated from reported t of 3.02 and N = 20. 

 

Studies made within-subjects comparisons between frequent and rare stimuli. To 

synthesize results using the appropriate measure effect size for within-subjects designs, Cohen’s 

dav was calculated for the studies that reported means and standard deviations and Cohen’s dz was 

calculated for studies that reported t values (Lakens, 2013) using the formulas shown below. 

Cohen’s dav = !"#$ !"!#!!"#$ !"#$%#&'
(!" !"!#!!" !"#$%#&')/!  

Cohen’s dz  = !! 

Figure 1 summarizes effect sizes and 95% confidence intervals (CI) calculated from the various 

within-subjects comparisons reported in these five studies, which are discussed in more detail 

below.  

In an early study, Friedman et al. (1973) studied TEPR across four stimulus probability 

conditions, in which 8 participants passively listened to two auditory stimuli (a single click and a 

double click). Distributions of sounds were either 20%/80% or 40%/60% and these were 

counterbalanced across four blocks so that, for example, in the 20%/80% condition: one block 
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contained 20% double click tones and 80% single click tones and in a second block the rare 

tones were single click tones. Participants completed 500 trials in which they were instructed to 

guess which tone would occur next before advancing to the next trial; they did not respond 

directly to the tones. The authors reported that TEPR was larger for the rare than for the 

frequently occurring stimuli.  Effect sizes were calculated from reported means and standard 

deviations to determine the difference between TEPR for stimulus probability of 20% and 80%. 

A large effect was found (dav = 0.7).  

Richer & Beatty (1987) investigated the effect of manipulating response probability on 

TEPR and RT using four auditory tones and five tasks. Each of the four stimuli had equal 

probability of occurrence in each of the five tasks, but response probabilities varied across tasks: 

100% in the simple choice task; 50% in the two-choice and simple Go-No Go task; and 25% in 

the four-choice and double Go-No Go task. Ten participants completed 240 trials across the five 

tasks; and results showed that both TEPR and RT increased significantly as response 

probabilities decreased. Effect sizes were calculated from the reported means and standard 

deviations for TEPR and RT at different levels of response probability. First, effect sizes were 

calculated from the difference between the choice tasks with probabilities of 25% and 100%. 

Effect sizes were large for both RT and TEPR (d = 3.33 and 3.29 respectively). Second, effect 

sizes were calculated for the difference between the Go-No Go tasks with 25% probability and 

50% probability. Effect sizes were again large for both RT and TEPR (dav = 1.17 and 1.3 

respectively). Finally effect sizes were calculated for the difference between choice tasks with 

probabilities of 25% and 50%. Effect sizes were again larger for both RT and TEPR (dav = 1.40 

and 1.88 respectively). 
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Figure 1. Plot of calculated effect sizes and 95% confidence intervals for stimulus probability 
studies. Note: Values to the right of d=0 indicate an increased response to infrequent compared 
with frequent stimuli. Studies are labeled on the right as first author, measurement reported. 
Effect sizes for TEPR and RT were reported for three different frequency comparisons reported 
by Richer & Beatty (1987), see below. Sources: Data adapted from Friedman, D., Hakerem, G., 
Sutton, S., & Fleiss, J. L. (1973). Effect of stimulus uncertainty on the pupillary dilation response 
and the vertex evoked potential. Electroencephalography and Clinical Neurophysiology, 34, 
475–484; Gilzenrat, M. S., Nieuwenhuis, S., Jepma, M., & Cohen, J. D. (2010). Pupil diameter 
tracks changes in control state predicted by the adaptive gain theory of locus coeruleus function. 
Cognitive, Affective & Behavioral Neuroscience, 10(2), 252–69; Kamp, S., & Donchin, E. 
(2015). ERP and pupil responses to deviance in an oddball paradigm. Psychophysiology, 52(4), 
460–471; Reinhard, G., Lachnit, H., & König, S. (2007). Effects of stimulus probability on 
pupillary dilation and reaction time in categorization. Psychophysiology, 44, 469–475; Richer, 
F., & Beatty, J. (1987). Contrasting Effects of Response Uncertainty on the Task-Evoked 
Pupillary Response and Reaction Time. Psychophysiology, 24, 258–262.  
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 Reinhard, Lachnit, and König (2007) investigated the effect of stimulus probability on 

TEPR and RT using a complex Go-No Go task in which frequent stimuli occurred on 80% of 

trials and rare stimuli on 20% of trials. Of the frequent stimuli, 40 were Go stimuli and 40 were 

No Go stimuli; of the rare stimuli, 10 were Go stimuli and 10 were No Go stimuli. Twenty-eight 

participants completed a total of 100 trials. Reinhard, Lachnit, and König reported significant 

effects of stimulus probability for both TEPR and RT. Because RT can only be measured for Go 

trials, effect sizes were calculated from the reported means and standard deviations for TEPR 

and RT to determine the difference between the 40 Go and 10 Go stimuli. Effect sizes calculated 

here were moderate for both RT and TEPR (d = 0.56 and 0.47 respectively). 

Gilzenrat, Nieuwenhuis, Jepma, and Cohen (2010) reported the effect of stimulus 

probability on the TEPR during an auditory oddball task. Participants were instructed to respond 

to a rare “target” tone that occurred on 20% of trials while ignoring a frequently occurring tone, 

which occurred on 80% of the trials. Twenty-three participants completed a total of 750 trials. 

Overall, Gilzenrat and colleagues found significantly larger TEPRs for the rarely occurring target 

tone compared with the frequently occurring tone. The effect size was calculated from the 

reported t-value for the difference in TEPR between frequent tones and rare tones. The effect 

size was large (d = 2.56). 

 Kamp and Donchin (2015) manipulated stimulus probability in a task that required 

participants to make lexical judgments about visually presented words or pictures as 

edible/inedible, living/ not living, and size (smaller or larger than a shoebox). The lexical 

pairings represented frequent and rare stimuli and were randomly determined and distributed 

across six blocks. For example, in one block the frequent stimuli were edible and the rare stimuli 
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were inedible; in another block the frequent stimuli were living and the rare stimuli were not 

living. Twenty participants completed a total of 438 trials. Kamp and Donchin reported 

significant effects of stimulus probability for both RT and TEPR such that RT was longer and 

TEPR was larger for infrequent trials compared with frequent trials. For RT, the effect size 

calculated from the reported means and standard deviations the difference between rare and 

frequent trials. For TEPR, the effect size was calculated from the reported t-value for the 

difference between rare and frequent trials. The effect size was large for RT (d  = 1.28) and 

moderate for TEPR (d = 0.67). 

 
Summary of stimulus probability studies 

Data retrieved from the stimulus probability studies reviewed here illustrates several 

challenges inherent in interpreting the utility of TEPR and RT as measures of non-volitional 

cognitive effort. Sample sizes were small (< 30 participants), which may have inflated the point 

estimates for effect sizes as well as contributing to wide confidence intervals. Variability in study 

methods (e.g., tasks, definitions of rare and frequent stimuli, numbers of trials) likely contributed 

to the significant variability in effect sizes and confidence intervals shown in Figure 1 and Table 

2; when taking into account the lower bound of the 95% confidence interval, some effect sizes 

were large while others fell below zero, indicating no effect of stimulus probability. Most 

important for the present study, with the exception of Friedman et al. (1973), all stimulus 

probability studies reviewed here required a different response to rare stimuli than to frequent 

stimuli. The manipulation of both stimulus and response frequency creates a demand for 

volitional effort in responding to the rare stimuli that impedes observation of the non-volitional 

change in cognitive effort associated with the probability manipulation. Accordingly, the effect 
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of non-volitional changes in cognitive effort on RT and TEPR is uncertain from the stimulus 

probability literature reviewed here. 

 
Evidence from the Congruency Paradigm 

In the congruency paradigm some aspect of the compatibility between stimulus and 

response is manipulated (Wendt, Kiesel, Geringswald, Purmann, & Fischer, 2014). For example, 

the traditional Stroop task involves reading names of colors printed in either black ink (non-color 

condition), an ink color that is congruent with the color name (congruent condition), or ink color 

that is different from the color name (incongruent condition) (Stroop, 1935). In the Simon task, 

stimuli are often presented visually on either the right or left side of a computer monitor and 

assigned a right or left response; conflict is induced by incongruency between the location of the 

stimulus and the response (Simon & Berbaum, 1990). The Eriksen flanker task (Eriksen & 

Eriksen, 1974) a visual target is presented in the center of focus with distracting “flanker” stimuli 

presented on each side of the target. The distracting stimuli are manipulated to be either 

congruent (similar in appearance) or incongruent (dissimilar in appearance) with the target 

stimulus. 

In all congruency tasks, the difference between incongruent and congruent responding 

requires volitional cognitive effort in the incongruent condition to resolve the conflict and 

respond correctly (Brown et al., 1999; van Steenbergen & Band, 2013).  A systematic review 

was conducted to synthesize the current literature reporting effects of congruency on TEPR and 

RT. By examining effect sizes reported in the current literature, we gain better understanding of 

the utility of TEPR and RT as measures of volitional cognitive effort. 

A database search was conducted June 15, 2016 to identify relevant studies on the effects 
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of congruency using the same databases and procedures for identifying relevant literature as 

described earlier for the review of stimulus probability studies. Table 3 shows search terms and 

results. Hand search from references was also conducted. Four studies met the inclusionary 

criteria for review, two from database search and two from hand search. 

Table 3. Search terms and results: Systematic review of congruency studies. 
Search terms Number of 

Unique titles 

Number included in 

full text review 

Number included in 

final review  

Congruency AND Pupil And 

Reaction Time 

5 4 2 

“Directed Attention” AND 

Pupil AND Reaction Time 

1 0 0 

“Attention Control” AND Pupil 

AND Reaction Time 

2 0 

 

0 

“Cognitive Effort”  
 
AND Pupil AND Reaction 
Time 

9 1 0 

 
Table 4 summarizes study characteristics including number of subjects, measures 

reported, number of congruent and incongruent trials, means, standard deviations, effect sizes 

and 95% confidence intervals. Of the studies identified, two used the Stroop task (Brown et al., 

1999; Laeng et al., 2011), one used the flanker task (Braem, Coenen, Bombeke, van Bochove, & 

Notebaert, 2015), and one used the Simon task (van Steenbergen & Band, 2013). TEPR was 

reported in all four studies although different methods were used to calculate it as described 

below. Three of the four studies also reported RT. 
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Table 4. Descriptive information on congruency studies. 
Study N Age of  

 
participants 

Measure N congruent  
 
trials 

N incongruent  
 
trials 

Mean (SD)  
 
incongruent  

Mean (SD)  
 
congruent  

Effect size 
 
(95% CI) 

Brown (1999) 7 M = 26.3 yr TEPR NR NR 5.54 (0.87) 5.35 (0.88) 0.22 (-0.77, 1.20) 

Laeng (2011) 40 M = 26.8 yr TEPR 80 80 0.072 (0.11) 0.044 (0.91) 0.60 (0.16, 1.04) 

Laeng (2011) 40 M = 26.8 yr RT 80 80 914 (95) 771 (89) 1.55 (1.05, 2.05) 

Braem (2013) 20 M = 21.3 yr TEPR 60 60 NR NR 0.65a (0.03, 1.28) 

Braem (2013) 20 M = 21.3 yr RT 60 60 NR NR 2.11b (1.35, 2.86) 

van Steenbergen 

(2013) 

34 18-27 yr TEPR 300 300 NR  NR Partial eta2 = 0.40 

van Steenbergen 

(2013) 

34 18-27 yr RT 300 300 NR NR Partial eta2 = 0.90 

Sources: Data adapted from Braem, S., Coenen, E., Bombeke, K., van Bochove, M.E., & Notebaert, W. (2015). Open your eyes for 
prediction errors. Cognitive, Affective, & Behavioral Neuroscience, 15, 274-380; Brown, G.G., Kindermann, S.S., Siegle, G.J., 
Granholm, E. Wong, E.C., & Buxton, R.B. (1999). Brain activation and pupil response during covert performance of the Stroop Color 
Word task. Journal of the International Neuropsychological Society, 5, 308-319; Lang, B., Ørbo, M., Holmlund, T., & Miozzo, M. 
(2011). Pupillary Stroop effects. Cognitive Processing, 12, 13-21. van Steenbergen and Band (2013). Pupil dilation in the Simon task 
as a marker of conflict processing. Frontiers in Human Neuroscience, 7, 1-11. 
Note: Studies are listed by first author and year of publication. NR = Not reported.  
a = effect size calculated from reported t = 2.9 and N = 20.  
b = effect size calculated from reported t of 9.3 and N = 20. 
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Within-subjects comparisons between congruent and incongruent stimuli were reported 

in all studies; to determine effect sizes, Cohen’s dav was calculated for studies that reported 

means and standard deviations and Cohen’s dz was calculated for studies that reported t values 

(Lakens, 2013). One study (van Steenbergen & Band, 2013) reported partial eta squared as the 

effect size and did not report values from which a d- value could be calculated; accordingly, this 

study is not shown in the forest plot (Figure 2).  

 
Figure 2. Plot of calculated effect sizes and 95% confidence intervals for congruency 
studies. Note: Values to the right of d=0 indicate differences in the expected 
direction, i.e., relatively greater TEPR, relatively slower RT, and relatively less accurate  
responses to incongruent than to congruent stimuli. Effect sizes are reported on the left as first 
author, measure. Sources: Data adapted from Braem, S., Coenen, E., Bombeke, K., van 
Bochove, M.E., & Notebaert, W. (2015). Open your eyes for prediction errors. Cognitive, 
Affective, & Behavioral Neuroscience, 15, 274-380; Brown, G.G., Kindermann, S.S., Siegle, 
G.J., Granholm, E. Wong, E.C., & Buxton, R.B. (1999). Brain activation and pupil response 
during covert performance of the Stroop Color Word task. Journal of the International 
Neuropsychological Society, 5, 308-319; Lang, B., Ørbo, M., Holmlund, T., & Miozzo, M. 
(2011). Pupillary Stroop effects. Cognitive Processing, 12, 13-21. 

 
Using the Stroop task with 7 participants, Brown et al. (1999) compared TEPR for 

congruent and incongruent responding. A small effect size (dav = 0.22) was calculated from the 
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study’s reported means and standard deviations. It should be noted that this study did not use a 

baseline-corrected TEPR; rather, TEPR was defined as the average post-stimulus pupil dilation.  

Laeng et al. (2011) reported the baseline-corrected peak TEPR as well as RT in 40 participants 

who completed 80 congruent and 80 incongruent trials of a Stroop task. The effect of congruency 

was calculated from the study’s reported means and standard deviations. The effect was 

moderate for TEPR (dav = 0.60) and large for RT (dav = 1.55).  

Braem et al. (2015) used the flanker task to investigate the effect of congruency on RT 

and the baseline-corrected peak TEPR. Twenty participants completed 60 congruent and 60 

incongruent trials. The authors found a significant main effect of congruency for RT. However, 

the effect of congruency for TEPR was only significant for trials following correct responses. 

The effect size for RT, calculated from the t -value for the main effect of congruency, was large 

(dz = 2.11). The effect size for TEPR, calculated from the significant t-value for the effect of 

congruency following correct trials only, was moderate (dz = 0.65).  

van Steenbergen and Band (2013) used the Simon task to examine the effect of 

congruency on RT and the baseline-corrected mean TEPR. Thirty-four participants completed a 

total of 600 trials (6 blocks of 100 trials each; 300 congruent, 300 incongruent). These 

investigators reported that the effect of congruency was large for RT (η2p = 0.903) and moderate 

for TEPR (η2p = 0.404).  

 
Summary of congruency studies 

The congruency manipulation is expected to evoke voluntary changes in cognitive effort, 

and significant congruency effects were found for RT and TEPR in all studies.  Based on point 

estimates, effect sizes for RT were larger than those for TEPR, which is consistent with the view 
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of RT as being relatively more sensitive to the volitional changes in cognitive effort elicited by 

incongruent stimuli. However, given the small number of studies, the different tasks employed, 

the different methods used to calculate TEPR, and the variations in effect sizes shown in Figure 

2, it appears that assumptions concerning the extent to which TEPR may index volitional 

changes in cognitive effort are unwarranted.   

 
Summary of Systematic Reviews of Stimulus Probability and Congruency Studies 

Systematic reviews of the literature for the stimulus probability and congruency 

paradigms were conducted to synthesize the current literature for effects of non-volitional and 

volitional changes in cognitive effort on TEPR and RT. From the current literature on stimulus 

probability, the effect of stimulus probability on TEPR and RT is reported across studies; 

however, effect sizes varied across studies. The studies included in the stimulus probability 

review incorporated methods that challenge the interpretation of the effects as it is unclear 

whether the effects are due to voluntary or involuntary changes in effort. Furthermore, overall, 

small sample sizes were reported, which may have inflated the effect sizes. Regarding the current 

literature on congruency, the effect of congruency on RT appears to be large. The effect of 

congruency on TEPR was small and varied across studies. However, studies incorporated 

different methods for calculating TEPR, which likely contributed to the variability.   

Challenges to interpretation of the role of RT and TEPR in measurement of non-

volitional and volitional cognitive effort outlined earlier include: 1) lack of studies that allow for 

comparison of behavioral and physiological responses to non-volitional and volitional changes in 

cognitive effort in a single study; 2) Paucity of studies that allow for observation of non-

volitional changes free from conscious awareness of the manipulation; 3) inconsistency in effects 
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reported across studies in the literature.  This study aims to advance our understanding of the 

utility of RT and TEPR as indicators of non-volitional and volitional changes in cognitive effort.  

 
Current Study 

The present study was designed in an effort to circumvent some of the issues that have 

hampered the understanding of how volitional and non-volitional changes in cognitive effort are 

evidenced in a behavioral measure, RT, and a physiological measure, TEPR.  First, congruency 

and stimulus probability were independently manipulated in a single task to allow for 

comparison of RT and TEPR. Second, the same behavioral response was required throughout the 

task, reducing the potential confound of controlled attention required for responding differently 

to rare and frequent stimuli.  

Congruency was manipulated by requiring different key presses to tones presented 

monaurally via headphones. A 1500Hz tone prompted congruent responding, in which the side 

of the key press was the same as the side in which the tone was heard (i.e., right ear, right key; 

left ear, left key).  A 500Hz tone prompted incongruent responding. Congruency was equally 

distributed i.e., 50% of the stimuli were congruent and 50% were incongruent. Stimulus 

probability was manipulated by presenting 80% of the stimuli in one ear (40% congruent, 40% 

incongruent) and 20% of the stimuli in the other ear (10% congruent, 10% incongruent), yielding 

four conditions: Frequent-Congruent (FC), Frequent-Incongruent (FI), Rare-Congruent (RC), 

and Rare-Incongruent (RI).  There were 200 trials: 80 FC trials, 80 FI trials, 20 RC trials, and 20 

RI trials.   

Three of the four conditions, FC, FI, and RC, were included in planned comparisons for 

each of the two dependent variables, RT and TEPR. Non-volitional changes in cognitive effort, 
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the stimulus probability effect, were defined as the magnitude of the difference between rare and 

frequent stimuli during congruent trials (i.e., RC – FC).  Volitional changes in cognitive effort, 

the congruency effect, were defined as the magnitude of the difference between incongruent and 

congruent stimuli during frequent trials (i.e., FI – FC).  No specific hypotheses were tested 

concerning the RI condition as this condition represents both a non-volitional and volitional 

changes in cognitive effort. All participants completed all conditions of the task, enabling within-

subject changes in RT and TEPR for the stimulus probability and congruency comparisons to be 

analyzed.  

Previous studies have shown significant effects of stimulus probability for RT and TEPR; 

additionally, studies have shown significant effects of congruency for both RT and TEPR. 

Therefore, it was hypothesized that 1) the effect of stimulus probability would be significant for 

both RT and TEPR; 2) the effect of congruency would be significant for both RT and TEPR.   

Although the existing evidence precludes strong predictions regarding the size of the 

effects, studies have implicated TEPR as a measure of non-volitional change in cognitive effort 

and RT as an indicator of volitional change in cognitive effort. Therefore, we hypothesized that 

1) the size of the stimulus probability effect (RC – FC) would be larger for TEPR than for RT; 2) 

the size of the congruency effect (FI – FC) would be larger for RT than for TEPR. 

Based on the systematic reviews presented above, effect sizes for stimulus probability 

and congruency manipulations ranged from 0.22 to 3.33. It was determined that an effect size as 

small as 0.30 would be meaningful for both the stimulus probability effect (i.e., the difference 

between RC and FC) and for the congruency effect (i.e., the difference between FI and FC).  

With four planned comparisons (two for RT and two for TEPR) and an experiment-wise alpha 
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level of p = 0.05 (one-tailed), the Bonferroni-corrected alpha level for each comparison is p = 

0.0125.  With an effect size of 0.30, statistical power of 0.80, and alpha of 0.0125, a sample size 

of 109 participants was necessary (Faul, Erdfelder, Buchner, & Lang, 2009; Faul, Erdfelder, 

Lang, & Buchner, 2007).  
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CHAPTER 2 
 

METHOD 
 
 

Participants 

One hundred and ten participants were recruited among students in undergraduate and 

graduate programs at the University of Texas, Dallas. The study was advertised via the 

University’s web-based recruitment tool to undergraduate students in the Psychological Sciences 

program, who received course credit for participation. The study was also advertised with brief 

in-class descriptions in classes for graduate students in the Communication Sciences and 

Disorders and Audiology programs; when permitted by course instructors, graduate students 

received extra credit for participating in the study. The University’s Institutional Review Board 

approved the study and informed consent was obtained from all participants.  

 Participants were required to be between the ages 18-26, to have no known history of 

neurologic or learning impairment based on a brief self-reported screening tool (Appendix A), 

and to pass a pure tone hearing screening at 30dB for the two frequencies of interest, 500Hz and 

1500Hz.  No other inclusionary or exclusionary criteria were imposed. 

 Of the 110 participants recruited, 100 met these criteria and were included in the study.  

Of these, data from 81 participants met additional criteria for inclusion in statistical analyses as 

described below. The final sample consisted of 75 females and 6 males with an average age of 

22.27 years; the predominance of females in the sample is consistent with the 

underrepresentation of males in the graduate classes from which most participants were 

recruited. 
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 Procedure 
 
 Participants were tested individually in a single session in a quiet room in a research 

laboratory at the University of Texas - Dallas Callier Center for Communication Disorders in 

Dallas, TX.  As part of obtaining informed consent, participants were given the following 

overview of the task:   

You will wear headphones and hear two tones, a high pitch tone and a low pitch tone. 

While listening to the tones, you will be looking at a plus sign in the middle of the eye 

tracker screen. The two tones will indicate different responding. While you are listening 

to the tones, you will have a keyboard on your lap and you will place your right index 

finger on the right arrow key and your left index finger on the left arrow key. For the 

high pitch tone, you will press the arrow key that matches the side you heard the tone in. 

For example, if you hear the tone on the right side, you will press the right arrow key. 

For the low pitch tone, you will press the arrow key that is opposite the side you heard 

the tone in. For example, if you hear the tone on the right side, you will press the left 

arrow key. It is important to keep looking at the plus sign in the middle of the screen. The 

plus sign will be on the screen for one second before you hear the tone, it will stay on the 

screen while you hear the tone, while you make your response, and for about two seconds 

after you make your response. The plus sign will then disappear and you will hear a 

chiming sound; that means it is okay to blink. The plus sign will reappear before the next 

sound. 

After this description, informed consent was obtained and screening procedures were 

completed, after which eligible participants proceeded through instruction, practice trials, and 
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two blocks of experimental trials as described below. Each block lasted approximately 9 

minutes; the total time for participation from obtaining consent to completion of the task was 

approximately 30 minutes. 

 
Instructions 

 Participants were seated in front of a computer monitor; after headphones were placed 

comfortably they read the following instructions: 

You will hear a high pitch tone and a low pitch tone. Press the space bar for an example 

of the HIGH pitch tone [Binaural 1500Hz tone].  

Press the space bar for an example of a LOW pitch tone [Binaural 500Hz tone]. When 

you hear the high pitch tone: the response matches the side of the tone. 1. When the tone 

is in the RIGHT EAR, the correct response is the RIGHT ARROW KEY. 2. When the tone 

is in the LEFT EAR, the correct response is the LEFT ARROW KEY. Press the space bar 

for next instructions.  

When you hear the LOW pitch tone: The response is the opposite of the tone. 1. When the 

tone is in the LEFT EAR, the correct response is the RIGHT ARROW KEY. 2. When the 

tone is in the RIGHT EAR, the correct response is the LEFT ARROW KEY.  

Keep focusing on the middle of the screen. Blink when you hear the chiming sound at the 

end of the trial. Try to be both fast and accurate. Press the space bar for practice trials.   

These instructions were reviewed again at the beginning the first and second blocks of test trials. 

 
Practice Trials 
 

Participants completed a series of 12 practice trials comprising three instances of each of 
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the four stimulus types that occur during the experiment: left ear, 1500Hz tone; left ear, 500Hz 

tone; right ear, 1500Hz tone; right ear, 500Hz tone. Visual and auditory feedback concerning 

accuracy was provided during practice trials. Visual feedback included the words “correct” or 

“incorrect” presented on the screen. Auditory feedback included a buzzer sound for incorrect 

responses and a “ta-da” sound for correct responses. Participants were allowed to repeat the 

practice trials one time at their request.  

 
Test Trials 

Test trials occurred in two blocks of 100 trials. Calibration according to Tobii 

specifications as described below occurred prior to the onset of test trials in each block. Four 

different stimulus types were presented: frequent, incongruent (FI); frequent, congruent (FC); 

rare, incongruent (RI); rare, congruent (RC). In both blocks the ratio of frequent to rare stimuli 

was 80:20; each block presented 40 FI stimuli, 40 FC stimuli, 10 RI stimuli, and 10 RC stimuli. 

In Block 1, frequent stimuli (40 incongruent [500Hz] tones and 40 congruent [1500Hz] tones) 

were presented in the left ear and rare stimuli (10 incongruent and 10 congruent) were presented 

in the right ear. In Block 2, this was reversed with frequent stimuli in the right ear and infrequent 

in the left. Block 1 preceded Block 2 for all participants. Each block began with a sequence of 

five frequent stimuli, but the order of subsequent trials within the block was pseudorandomized 

so that at least two successive frequent stimuli preceded each rare stimulus.  

 
Apparatus 

 A Tobii T60XL eyetracker was used to measure pupil dilation with a sampling rate of 

60Hz in a quiet room with ambient light of approximately 130 Lux. Calibration according to 
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Tobii specifications occurred prior to each test block as follows. First, participants looked at 

small white dots, indicating the position of the eyes, on a black “track status” screen. Second, 

participants watched a red circle move to five calibration points on the screen. Calibration results 

were displayed immediately; green lines appeared at calibration points where gaze data was 

captured. Calibration was successful for all participants. Successful calibration was evident when 

1) solid white dots appeared in the “track status” screen; 2) solid green lines were in all 

calibration points when calibration results were displayed. 

E-Prime 2.0 software with a Tobii extension script was used to present auditory stimuli 

through the headphones; to capture timestamps associated with specific events; and to capture 

the reaction time and pupil dilation.  

Stimuli were presented through headphones (Beats by Dr. Dre StudioTM), and the left and 

right arrow keys on a standard QUERTY keyboard were used to obtain manual responses from 

participants.   

 
Stimuli 

 Auditory stimuli created using CoolEdit Pro Version 2.0 consisted of a 500Hz tone and a 

1500Hz tone, each 300ms in duration. Tones were presented monaurally at a comfortable 

listening level in either the right or the left ear via headphones. A white fixation cross, 

approximately six centimeters in length and in width, was visible in the center of a grey 

computer screen for 1000ms prior to stimulus presentation, during stimulus presentation, and for 

2000ms after stimulus offset (post-stimulus period). Participants were instructed to look at the 

fixation cross and to avoid blinking while it was visible. Immediately following the post-stimulus 

period the fixation cross disappeared and a chiming tone indicated that it was permissible to 
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blink until the fixation cross re-appeared 700ms later.  

 
Measures 

Reaction Time (RT) 

RT was measured in milliseconds as the time between the onset of the tone and the onset 

of the key press for each trial. RT data was processed using custom Matlab scripts. First, RT data 

was extracted for each of the three conditions of interest for each block: FI trials Block 1, FI 

trials Block 2, FC trials Block 1, FC trials Block 2, RC trials Block 1, and RC trials Block 2. 

Next, the average RT for each participant was calculated for each of the three trial types in each 

block. Finally, RT was averaged for each participant across the two blocks to yield an average 

RT for 80 FC trials; average RT for 80 FI trials; and average RT for 20 RC trials. 

 
Task Evoked Pupil Response (TEPR)  

 Custom Matlab scripts were created to process the pupil data as follows. First, the total 

percent of valid data was identified from each participant’s raw pupil data. Each pupil diameter 

reported by Tobii is automatically assigned a value estimating the validity of the data; invalid 

data, assigned a value of -1, may result from eye blinks, gross head movements, or computer 

errors. If more than 25% of a participant’s total data were invalid, the participant was excluded 

from analysis.  

Second, data from remaining participants were parsed into trial types (FC, FI, RC, and 

RI) and time windows of interest for each trial: baseline (1000ms prior to stimulus onset), and 

post-stimulus onset (from stimulus onset to 2000ms after stimulus offset). Then, a second 

validity check was performed. Each trial yielded approximately 60 raw baseline data points and 
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170 raw post-stimulus data points. If more than 40% of data points were invalid in either of the 

two time windows, the trial was discarded. For included trials any single invalid data point was 

replaced by the average pupil diameter for that eye for that time window. The average of the two 

eyes were then computed for each time window for each trial.  

Next, baseline pupil diameter was computed as the average pupil diameter during the 

baseline time window for each trial. Matlab scripts verified that there was a peak during the post-

stimulus onset time window for each trial, and peak dilation was then extracted.  TEPR was 

calculated as the difference between peak dilation and baseline for each trial. Finally, TEPR was 

averaged for FI, FC, and RC trials for each participant and for each block yielding an average 

TEPR for FI trials in Block 1, TEPR for FI trials in Block 2, TEPR for FC trials in Block 1, 

TEPR for FC trials in Block 2, TEPR for RC trials in Block 1, and TEPR for RC trials in Block 

2. Data were then averaged across the two blocks, yielding each participant’s average TEPR for 

FC, FI, and RC trials. Because individual trials were discarded if there were less than 60% valid 

data points, the number of total trials included for statistical analyses varied by participant. For 

example, if a participant had less than 60% valid pupil data points on one of the FC trials, the 

number of included FC trials for that participant would be 79 instead of 80. 

 
Statistical Analyses 

For each measure (RT and TEPR), two planned comparisons were conducted. The effect 

of congruency was computed with paired t tests contrasting FI with FC. The effect of stimulus 

probability was computed with paired t tests contrasting RC with FC. All t tests were computed 

using a web-based statistical calculator (www.socistatistics.com). Effect sizes and associated 

confidence intervals were calculated in Matlab.  
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Effect sizes (dz) were calculated from the t tests using the formula as discussed by Lakens 

(2013): 

!! =
!
√! 

 
The associated confidence intervals are reported with the dz value. Confidence intervals (CI) 

were calculated using the formula described by Turner & Bernard (2006) as follows:  

1) Standard Error of Measurement (SEM) = ( !
! +

!
! +

!"!
!(!!!))(1−

!
! !!! !!)  

2) Measure of Error (MOE) = SEM (1.96) 

3) 95% CI = dz  +/- MOE 
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CHAPTER 3 
 

RESULTS AND DISCUSSION 
 
 

 The purpose of this study was to further the understanding of how volitional and non-

volitional changes in cognitive effort are evidenced in behavioral and physiological measures.  

RT and TEPR were measured in a single task in which congruency was manipulated to elicit 

volitional changes in effort, and stimulus probability was manipulated to elicit non-volitional 

changes in cognitive effort. Eighty-one participants completed 200 trials presented in two blocks 

of 100 trials each in which they listened to two tones:  a high pitch tone that prompted congruent 

key press (high pitch tone in the right ear = right key press); and a low pitch tone that prompted 

incongruent key press (low pitch tone in the right ear = left key press). Congruency was equally 

distributed with 100 congruent trials and 100 incongruent trials. Stimulus probability was 

manipulated such that each block contained 80 frequent trials (40 congruent and 40 incongruent) 

and 20 rare trials (10 congruent and 10 incongruent). In Block 1, frequent trials were presented in 

the left ear and infrequent trials in the right; in Block 2 this order was reversed. Three conditions 

were of interest for hypothesis testing. For each of the two dependent measures, RT and TEPR, 

the difference between frequent incongruent (FI) and frequent congruent (FC) trials was used to 

estimate the congruency effect, and the difference between rare, congruent (RC) and frequent, 

congruent (FC) trials was used to estimate the stimulus probability effect. 

 In this chapter, we will first describe the participants included in the study. Next, we will 

we will describe the RT and TEPR data. Then, we will present the results of statistical analyses 

and effect sizes.  We will present a summary of the data description, statistical analyses, and 

effect sizes. Finally, we will present post-hoc analyses followed by a summary of results. 
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Participant Description 

 One hundred and ten participants were recruited to participate in the study. Of the 110, 7 

were excluded because they were older than 26 years and 3 were excluded due to positive 

neurological history on self-report. One hundred participants met criteria for age and 

neurological history. Nine additional participants were excluded due to equipment malfunctions; 

in two cases the computer failed to start-up and in seven cases, the computer stopped running 

during the experiment. Of the 91 participants remaining, 10 were excluded due to invalid pupil 

data on 25% or more of their total trials. Accordingly, 81 participants (75 female) were included 

in the statistical analyses; 71 were graduate students and 10 were undergraduate students. Figure 

3 summarizes exclusion and inclusion of participants. 

 

 
Figure 3. Description of participant exclusion. 
 

 
Description of Data 

 Average accuracy across all trials was 98% and ranged from 87% to 100%. There was no 

difference in accuracy between Block 1 and Block 2 suggesting task engagement throughout the 

200 trials. Anecdotally, the manipulations of the experiment appeared to be successful. 

110 recruited 

7 excluded due to 
age  

(older than 26) 		

3 excluded due to 
neurological 

history 		
9 excluded due to 
computer issues 

10 excluded due 
to invalid pupil 

data (> 25% total 
invalid) 

= 81 
included 
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Participants were consciously aware of the congruency manipulation as a result of task 

instructions and practice trials. After completion of the study, several participants were 

informally asked if they were aware of any difference in the proportion of stimuli presented 

Some participants guessed that maybe there were more high frequency tones than low frequency 

tones (these tones were equally distributed); no participant was able to identify the stimulus 

probability manipulation.  

 
 RT Data 

 Table 5 shows means, standard deviations, standard errors and 95% confidence intervals 

around the mean for RT in FC, RC and FI conditions. Appendix B shows the mean RT for each 

condition for each participant. 

 
Table 5. Summary of RT data by condition (N = 81). 
 Mean 95% CI around 

the mean 

Standard 

deviation 

Standard error of 

the mean 

RT FC 847.10 (790.98, 903.23) 257.72 28.64 

RT RC 869.46 (807.98, 930.94) 282.28 31.36 

RT FI 896.62 (837.43, 955.81) 271.79 30.20 

 
 

The dispersion of individual participant data points within each condition is plotted in 

Figure 4.  Two individuals were identified (participant 8 and participant 56) whose RTs in all 

three conditions were considerably slower than the group mean (more than 2.5 standard 

deviations above the mean). However, the fact that these participants had high accuracy (98% 

and 97%) and that their slow RTs were consistent across conditions suggests that they were 
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engaged in the task throughout the experiment; their slowed RTs might reflect a generally 

cautious response style or the use of a conscious or unconscious strategy of slowing responses to 

achieve high accuracy. The plots do not suggest unusually fast RTs, which could suggest 

disengagement with the task. 

 

 
Figure 4. Plot of individual participant data for RT by condition. Above is RT for the FC 
condition, middle is RT for the RC condition and bottom is RT for the FI condition. 
 

TEPR Data 

 Table 6 describes means, standard deviations, standard errors and 95% confidence 

intervals around the mean for TEPR in FC, RC and FI conditions. Appendix C shows the mean 

TEPR for each condition for each participant. Appendix D shows the total number of trials 

included for each condition for each participant after trials with more than 40% invalid data 

points were removed. 
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Table 6. Summary of TEPR data by condition (N = 81). 
 Mean 95% CI around 

the mean 

Standard 

deviation 

Standard error 

TEPR FC 0.48 (0.45, 0.51) 0.154 0.017 

TEPR RC 0.47 (0.44, 0.50) 0.146 0.016 

TEPR FI 0.51 (0.47, 0.54) 0.154 0.017 

 

 
Figure 5. Plot of individual participant data for TEPR by condition. Above is TEPR for the FC 
condition, middle is TEPR for the RC condition, and bottom is TEPR for the FI condition. 
 

The dispersion of individual participant data points is plotted in Figure 5. One individual 

(participant 55) was identified to have considerably larger TEPR than the mean for both the FC 

and FI conditions (more than 2.5 standard deviations above the mean). One participant’s TEPR 

was more than 2.5 standard deviations above the mean for the RC condition (participant 26). 
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These participants maintained high accuracy: accuracy for participant 55 was 100%; accuracy for 

participant 26 was 95%. Individual variation in the magnitude of pupil dilation may be attributed 

to influences such as variation in resource capacity and motivation/task engagement. Plots do not 

indicate any individual with below average TEPR, which could suggest disengagement in the 

task. 

 
Statistical Analyses 

 
The Congruency Effect 

It was hypothesized that the congruency effect would be significant for both RT and 

TEPR. Dependent t tests were computed to determine the difference between frequent, 

incongruent (FI) and frequent, congruent (FC) conditions. The congruency effect was significant 

for both TEPR and RT. See Table 7. 

 
Table 7. The congruency effect (FI-FC) (N  = 81). 

 t p dz 95% CI 

Observed 

powera 

TEPR 4.96 < 0.001 0.55 (0.24, 0.86) 0.996 

RT 4.61 < 0.001 0.51 (0.20, 0.82) 0.989 

a. Observed power calculated by G-Power using the achieved effect size, the sample size, and 
the alpha set at p = 0.0125.  
 

The Stimulus Probability Effect 

It was hypothesized that the stimulus probability effect would be significant for both 

TEPR and RT. Dependent t tests were computed to determine the difference between rare, 

congruent (RC) and frequent, congruent (FC) conditions. The stimulus probability effect was 
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significant effect for RT, but not significant for TEPR. See Table 8.  

 
Table 8. The stimulus probability effect  (RC – FC) (N = 81). 

 t p dz 95% CI 

Observed 

powera 

TEPR -0.97 0.17 (NS) -0.11 (NS) (-0.42, 0.20) 0.10 

RT 2.37 0.010 0.26 (-0.05, 0.57) 0.52 

a. Observed power calculated by G-Power using the achieved effect size, the sample size, and 
the alpha set at p = 0.0125.  
 
Effect Sizes 

 It was hypothesized that the size of the congruency effect would be larger for RT 

compared with TEPR. Cohen’s dz and associated confidence intervals for the congruency effect 

are reported in Table 8 and shown in Figure 6. The magnitude of the congruency effect was 

moderate and comparable for RT and TEPR (dz = 0.51 and 0.55, respectively).  

  
Figure 6. Plot of dz- values and associated 95% CI for congruency and stimulus probability. 
Note: CE = Congruency Effect; SPE = Stimulus Probability Effect. 
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It was hypothesized that the size of the stimulus probability effect would be larger for 

TEPR than for RT. Cohen’s dz and associated confidence intervals for the stimulus probability 

effect are reported in Table 8 and shown in Figure 6. The effect of stimulus probability was 

found to be not significant for TEPR. The effect size for RT was small (dz = 0.26) and the lower 

bound of the 95% CI fell below zero. As shown in Table 8, the statistical power to detect a 

difference of this magnitude with a sample size of 81 was low; nearly twice as many participants 

(155) would be necessary to detect a difference of dz = 0.26 with a statistical power of 0.80. 

 

Summary of Data Description and Statistical Analyses 

 Results of descriptive data analyses revealed inter-individual variability for both RT and 

TEPR in each condition. There were no consistent outliers across all conditions nor across 

measures. There was no evidence that individual variation reflected disengagement in the task; 

rather, outliers for RT may reflect individual variation in adapting a slowing strategy for 

successful performance, and outliers for TEPR likely reflect individual variation in influences 

upon cognitive effort such as resource capacity and degree of motivation to succeed. Results of 

statistical analyses revealed the following: 1) significant, moderate effect sizes for the 

congruency effect for both RT and TEPR; 2) significant, small effect of stimulus probability for 

RT; no effect of stimulus probability on TEPR. The unexpected outcomes of statistical analyses 

in addition to the variability in the data for TEPR and RT led to post-hoc analyses. 

 

Post-hoc Analyses 

 From the systematic reviews of the current literature described in the first chapter of this 
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manuscript, an effect of block was not anticipated. However, visual inspection of the data 

revealed a potential trend toward differences between Block 1 and Block 2 for RT and TEPR. 

 The purpose of post-hoc analyses was to determine whether there were differences in the 

stimulus probability and congruency effects between Block 1 and Block 2 for RT and TEPR that 

may have contributed to the variability in the data and the unexpected results. The results for 

each dependent measure were calculated in a 3 conditions (Frequent, Congruent; Rare, 

Congruent; Frequent, Incongruent) by 2 blocks repeated measures analysis of variance 

(RANOVA) using the statistical software, SPSS. Follow-up dependent t tests were computed to 

determine which conditions differed by block if a significant effect of block was found in the 

RANOVA.  

Separately, t- tests were computed to identify the effect of congruency and stimulus 

probability for RT and for TEPR by block. For eight- planned dependent t –tests (four t tests per 

measure), the threshold for statistical significance was set at p < 0.006. The size of the 

congruency effects and stimulus probability effects were compared for RT and TEPR for Block 1 

and Block 2. First, the results of the RANOVAs are reported with the follow-up t- tests. Second, 

t- tests for congruency and stimulus probability effects are reported by measure followed by the 

effect size comparisons for congruency effects and stimulus probability effects on RT and TEPR 

by block.  

 
RANOVA Results 

RT 

Results of RANOVA revealed significant effects of condition and block on RT; the 

interaction was not significant. See Table 9. Visual inspection of plotted estimated marginal 
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means revealed decrease in RT for Block 2 compared with Block 1 across conditions. See Figure 

7. Follow-up dependent t tests confirmed significantly faster RT for all conditions in Block 2 

compared with Block 1: for the difference in rare, congruent t  = -3.72 (p < 0.002); for the 

difference in the frequent, congruent condition t  = -6.41 (p < 0.0001); for the difference in the 

frequent, incongruent condition t  = -4.37 (p < 0.0001). 

 
Table 9. Results of RANOVA for RT (N = 81). 
 F p Partial Eta Observed Powera 

Condition 10.872 < 0.001 0.12 0.99 

Block 35.380 < 0.001 0.307 1.0 

Condition by block 0.633 0.532 0.008 0.155 

a. SPSS calculates observed Power using partial eta2 as the effect size and alpha set at 0.05. 
 
 

 
Figure 7. RT estimated marginal means for each condition and each block. 
 

TEPR 

Results of RANOVA revealed significant effects of condition and block as well as a 

condition by block interaction for TEPR. See Table 10. Visual inspection of plotted estimated 
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marginal means, as shown in Figure 8, revealed the following. First, the block effect was due to 

overall decreased TEPR for Block 1 compared with Block 2. This decrease was largely driven by 

the difference in the rare, congruent condition. Follow-up t tests confirmed a significant decrease 

in TEPR between Blocks 1 and 2 for all conditions except the frequent, incongruent condition: 

for the difference in rare, congruent t  = -6.935 (p < 0.00001); for the difference between 

frequent, congruent t  = -2.77 (p <0.007); for the difference between incongruent, frequent t  = -

1.55 (p = 0.13). Second, visual inspection of the marginal means shows the interaction between 

condition and block was largely driven by the difference in the pupil response to the rare 

stimulus between Block 1 and Block 2.  

 
Table 10. Results of RANOVA for TEPR. 
 F p Partial eta2 Observed powera 

Condition 8.2 0.002 0.093 0.888 

Block 24.364 < 0.001 0.233 0.998 

Condition by block 26.070 < 0.001 0.246 1.0 

a. SPSS calculates observed Power using partial eta2 as the effect size and alpha set at 0.05. 
 
 

 
Figure 8. TEPR estimated marginal means for each condition and each block. 
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Effect of Congruency and Stimulus Probability by Block 
 
RT: Dependent t-tests for the congruency effect by block 

 Dependent t tests were calculated to quantify the congruency effect for each block using 

the difference between FI and FC conditions for Block 1 and Block 2. Cohen’s dz and associated 

confidence intervals were calculated to determine the magnitude of the congruency effect for 

each block. See Table 11. The point estimate for the effect size is larger in Block 2 compared 

with Block 1; however, the confidence intervals overlap suggesting no difference in the 

magnitude of the congruency effect for RT between Blocks 1 and 2. 

 
Table 11. The congruency effect  (FI – FC) by block for RT (N = 81). 

 t p dz 95% CI 

Observed 

Powera 

Block 1 2.972 0.002  0.33 0.02, 0.64 0.65 

Block 2 4.574 < 0.001 0.51 0.20, 0.82 0.98 

a. Observed power was calculated in G-Power using the achieved effect size, the sample size, 
and p = 0.006 
 

RT: Dependent t-tests for the stimulus probability effect by block 

Dependent t-tests were calculated to quantify the stimulus probability effect for each block 

using the difference between RC and FC conditions in Block 1 and in Block 2. Cohen’s dz and 

associated confidence intervals were calculated as well to determine the magnitude of the 

stimulus probability effect for Block 1 and Block 2. The effect of stimulus probability failed to 

reach significance for in either block with a threshold set at p < 0.006 for the eight planned post-

hoc t-tests. However, the stimulus probability effect trended toward significance in Block 2. The 
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point estimate for effect size was larger for Block 2 than Block 1. However the lower bound of 

the confidence intervals for both blocks is less than zero. See Table 12. 

 
Table 12. The stimulus probability effect  (RC – FC) by block for RT (N = 81). 
 t p dz 95% CI Observed Powera 

Block 1 1.012 0.16 (NS) 0.11  -0.2, 0.52 0.06 

Block 2 2.3 0.012 (NS) 0.26 -0.05, 0.57 0.41 

a. Observed power was calculated in G-Power using the achieved effect size, the sample size, 
and p = 0.006 
 

TEPR: Dependent t tests for the congruency effect by block 

 Dependent t tests were calculated to quantify the congruency effect for each block using 

the difference between FI and FC conditions for Block 1 and Block 1. Cohen’s dz and associated 

confidence intervals were calculated to determine the magnitude of the congruency effect for 

each block. As shown in Table 13, there was a significant effect of congruency for Block 1 and 

2. Point estimates of the dz values for Block 1 and Block 2 appear to be different with a larger 

congruency effect in Block 2. However, the confidence intervals overlap. 

 
Table 13. The congruency effect  (FI– FC) by block for TEPR (N = 81). 

 t p dz 95% CI 

Observed 

Powera 

Block 1 2.75 0.003 0.31 -0.003, 0.61 0.59 

Block 2 5.00 < 0.001 0.56 0.24, 0.86 0.99 

a. Observed power was calculated in G-Power using the achieved effect size, the sample size, 
and p = 0.006 
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TEPR: Dependent t-tests for the stimulus probability effect by block 

Dependent t-tests were calculated to quantify the stimulus probability effect for each 

block using the difference between RC and FC conditions in Block 1 and in Block 2. Cohen’s dz 

and associated confidence intervals were calculated as well to determine the magnitude of the 

stimulus probability effect for Block 1 and Block 2. As shown in Table 14, follow-up t-tests 

confirmed the interaction between blocks for the effect of stimulus probability. The stimulus 

probability effect in Block 1 was in the predicted direction with larger TEPR for rare stimuli 

compared with frequent stimuli. However, in Block 2, TEPR was larger for the frequent stimuli 

than for the rare stimuli.  The 95% confidence intervals surrounding the dz values for the 

stimulus probability effects in Block 1 and in Block 2 do not overlap.  

 
Table 14. The stimulus probability effect  (RC – FC) by block for TEPR (N = 81). 

 t p dz 95% CI 

Observed 

Powera 

Block 1 3.73 < 0.001 0.41 0.10, 0.72 0.87 

Block 2 -3.19 < 0.001 -0.36 -0.67, -0.05 0.75 

a. Observed power was calculated in G-Power using the achieved effect size, the sample size, 
and p = 0.006 
 

Comparison of the Congruency Effect for RT and TEPR by Block 

 As stated earlier and re-iterated here, it was hypothesized that the effect of congruency 

would be significant for both RT and TEPR, and that it would be larger for RT than for TEPR. 

Statistical analyses that averaged TEPR across the two blocks and averaged RT across the two 

blocks for CF and FI conditions to determine the effect of congruency (FI – CF) revealed 
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comparable effect sizes for RT and TEPR. The point estimates and confidence intervals 

remained comparable for RT and TEPR in Block 1 and in Block 2. See Figure 9 for a forest plot 

of the size of the congruency effect on RT and TEPR for each block.  

 
Figure 9. Forest plot of dz-values and 95% CI for the congruency effect (CE) on TEPR and RT in 
Block 1 (B1) and Block 2 (B2). 
 

Comparison of the Stimulus Probability Effect for RT and TEPR by Block 

 As stated earlier and re-iterated here, it was hypothesized that the stimulus probability 

effect would be significant for both RT and TEPR, and that it would be larger for TEPR than for 

RT. Results from statistical analyses that determined the difference between RC and FC 

conditions by including the average TEPR across the two blocks and the average RT across the 

two blocks revealed the stimulus probability effect to be not significant for TEPR, but significant 

with a small effect for RT.  These results change when analyzing the data by block. For Block 1, 

the stimulus probability effect is significant and moderate for TEPR while the effect for RT was 

not significant. For Block 2, the stimulus probability effect was significant, but in the negative 
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direction for TEPR. The stimulus probability effect in the positive direction approached, but did 

not reach significance for RT in Block 2. Figure 10 presents a forest plot of the stimulus 

probability effect sizes for TEPR and RT by block. 

 
Figure 10. Forest plot of dz- values and 95% CI for the stimulus probability effect (SPE) for 
TEPR and RT in Block 1 (B1) and Block 2 (B2).  
 

Summary of Post-hoc Analyses 

 Results of RANOVA revealed significant block effects for RT and TEPR with overall 

faster RT and smaller TEPR across conditions in Block 2 compared with Block 1. A condition 

by block interaction was significant for TEPR. Results of post-hoc t –tests revealed the 

interaction to be driven by a difference between the stimulus probability effect in Block 1 and the 

stimulus probability effect in Block 2, with a moderate, positive effect in Block 1 and a small, 

negative effect in Block 2.  Post-hoc t-tests also revealed the effect of stimulus probability to be 

not significant for RT in Block 1, but marginally significant for Block 2. The effect of 

congruency did not differ between blocks for either measure. 
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CHAPTER 4 
 

GENERAL DISCUSSION 
 
 

 This study explored how volitional and non-volitional changes in cognitive effort are 

revealed through RT and TEPR. Volitional changes in effort were quantified by the effect of 

congruency on RT and TEPR; non-volitional changes in cognitive effort were quantified by the 

effect of stimulus probability on RT and TEPR. A novel auditory task was implemented that 

allowed for independent measurement of congruency and stimulus probability in a single task.  

The volitional changes in cognitive effort elicited in the congruency condition reflect 

increased controlled attention to maintain accuracy for incongruent stimuli compared with 

congruent stimuli. It was hypothesized that the effect of congruency would be larger for RT than 

for TEPR. Results of this study indicate that both RT and TEPR are sensitive to volitional 

changes in cognitive effort. Post-hoc block analyses revealed a consistent congruency effect 

between the two blocks for both RT and TEPR. The effect of congruency for both RT and TEPR 

in addition to overall high levels of accuracy suggests that participants exerted additional top-

down control to maintain accuracy for the incongruent condition compared with the congruent 

condition.  

 Non-volitional changes in cognitive effort elicited in the stimulus probability condition 

reflect reflexive shifts in attention to orient toward rare stimuli compared with frequent stimuli. It 

was hypothesized that the stimulus probability effect would be larger for TEPR than for RT. 

When averaging across the two blocks a significant, small effect was found for RT, but not for 

TEPR. However, the lower bound of the 95% confidence interval for the effect of stimulus 

probability on RT fell below zero. Much variability was observed in the rare condition for TEPR 
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when averaging across the two blocks. Post-hoc block analyses revealed a significant interaction 

between block and condition for TEPR such that TEPR was larger for rare stimuli than for 

frequent stimuli in Block 1 (dz = 0.41); the effect was reversed in Block 2 (dz  = -0.36). 

Additionally, post-hoc block analyses for RT revealed that the effect of stimulus probability was 

not significant in Block 1, but was marginally significant in Block 2. The significant effect of 

stimulus probability for TEPR in Block 1 followed by the trend toward significance for RT in 

Block 2 appears to reflect a behavioral adaptation that slowed down responses to the rare stimuli 

that was not observed in Block 1. Furthermore, the negative effect of stimulus probability on 

TEPR for Block 2 could be interpreted to suggest that TEPR reflects an adaptation of cognitive 

effort over time, as the rare stimulus becomes familiar and additional effort is no longer required. 

Overall, the results of the stimulus probability condition in this study reveal the role of non-

volitional cognitive effort to facilitate behavioral responding through identification of relevant 

incoming information to support volitional, goal-directed behavior (Schettino et al., 2016).   

Locus Coeruleus- Norepinephrine Activity, TEPR and RT 

The effect of congruency and stimulus probability on TEPR and RT found in this study 

may be interpreted in the context of the complexity of locus coeruleus-norepinephrine (LC-NE) 

activity to support cognitive functioning (Aston-Jones & Cohen, 2005; Murphy, O’Connell, 

O’Sullivan, Robertson, & Balsters, 2014; Murphy, Robertson, Balsters, & O’connell, 2011; 

Nieuwenhuis et al., 2011). Recall that the task-evoked pupil response is a measurement of 

increased pupil dilation post-stimulus compared with the pre-stimulus dilation. Presence of a 

TEPR is related to increase in LC-NE activity; lack of a TEPR (no change in post-stimulus 

dilation) is related to low LC-NE activity. This relationship has prompted the assumption that 
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TEPR may be an indirect measure of LC-NE patterns of activation (Aston-Jones & Cohen, 

2005). The LC-NE system facilitates both non-volitional and volitional forms of cognitive effort. 

With regard to volitional changes in cognitive effort, LC-NE is thought to respond with efferent 

projections to the prefrontal cortex allowing for additional cognitive effort when the need for 

cognitive control is detected The effect of congruency for TEPR revealed in this study may 

reflect LC-NE activity to resolve the conflict between the stimulus and response in the 

incongruent condition compared with the congruent condition. Furthermore, studies of LC-NE 

activity in monkeys show a close relationship between activation of LC-NE neurons and reaction 

time during a volitional cognitive effort task (Aston-Jones & Cohen, 2005).  The comparable 

congruency effect for TEPR and RT is supported by the role that the LC-NE system plays in 

cognitive control. 

Bouret and Sara (2005) and Sara and Bouret (2012) suggest that one primary function of 

the LC for non-volitional effort is to inform the prefrontal cortex to adapt a behavioral strategy 

when rare stimuli are encountered.  Furthermore, according to Bouret and Sara (2005, p. 575), 

the non-volitional response to rare stimuli occurs “many trials before overt behavioral 

adaptation.”  The trend toward a stimulus probability effect for RT in the second block may have 

resulted from the LC-NE response to non-volitional cognitive effort toward rare stimuli revealed 

by TEPR in Block 1.  Additionally, LC-NE activation shows habituation effects such that LC 

habituates as the salience of stimuli decreases over time (Nieuwenhuis et al., 2011, p. 167). The 

reverse effect of stimulus probability for TEPR in Block 2 may reflect the habituation of the LC 

to the rare stimuli; whereas the frequent stimuli remained salient as effort continued to be 

required for the congruency manipulation. 
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Study Limitations 

First, methodological issues may be associated with the use of TEPR as a measure due to 

data loss that occurs as a result of blinks, head movements, and/or eye tracker errors. Excessive 

data loss resulted in 16 participants being excluded from the study. There is no widespread 

agreement in the literature for a threshold of tolerable data loss for interpolation between data 

points. In fact thresholds for tolerable data loss are often not described. More stringent standards 

for data loss imposed by this study may have influenced results. Second, all participants were 

either undergraduates or graduates, which may contribute to the overall high levels of 

performance and prevents generalization of results to a more diverse population.  

 
Future Directions 

 This study uniquely manipulated congruency and stimulus probability to compare the 

effects of volitional and non-volitional cognitive effort on RT and TEPR. This study highlighted 

the dynamic and complex nature of cognitive effort and the challenges associated with 

measurement of non-volitional and volitional cognitive effort.  

First, the comparable effects of volitional changes in cognitive effort evidenced on RT 

and TEPR suggests that both measures indicate the effort required to maintain task goals with 

high levels of accuracy. This result differs from the effects reported in current literature, which 

suggest that RT and TEPR differ in their sensitivity to volitional changes in cognitive effort. To 

further understand the role of TEPR and RT in measurement of volitional cognitive effort to 

facilitate goal-directed behavior, future studies should use a paradigm that evokes a decrement in 

performance accuracy and measures the degree to which TEPR and RT index volitional effort 
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changes when participants need to flexibility adapt behavioral strategies to regain performance 

accuracy. 

Second, non-volitional changes in cognitive effort indexed by an increased TEPR for rare 

stimuli in Block 1 followed by habituation of the TEPR toward rare stimuli for Block 2 and trend 

toward significance for increased RT toward rare stimuli compared with frequent stimuli in 

Block 2 supports the role of non-volitional cognitive effort in identifying relevant stimuli to 

facilitate behavioral responding and adaptation of behavioral strategies. To further understand 

the role of non-volitional cognitive effort to facilitate behavioral responding, future studies 

should aim to identify the rate at which changes in behavioral response occur compared with the 

rate at which changes in TEPR occur.  

Third the effects of volitional and non-volitional changes in cognitive effort measured by 

TEPR support reports of TEPR as an indirect measure of LC-NE activity, and the complex role 

of the LC in volitional control and non-volitional, reflexive changes in attention. Additional 

studies are required using additional physiological measures such as fiber tracking techniques to 

further understand the relationship between TEPR and LC-NE activity and the role of LC in 

volitional and non-volitional cognitive effort. 

 
Conclusion 

This study was the first study to independently measure congruency and stimulus 

probability in a single task in order to compare volitional and non-volitional changes in cognitive 

effort measured by a behavioral measure, RT, and a physiological measure, TEPR.  The results 

of the study revealed the complex relationship between non-volitional and volitional cognitive 

effort. The results of the congruency manipulation of this study suggest that RT and TEPR are 
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sensitive indicators of volitional cognitive effort. Results of the stimulus probability 

manipulation suggest that TEPR is a sensitive indicator of non-volitional effort toward a rare 

stimulus, and subsequent decrease in effort when the stimulus has become familiar. Furthermore, 

results of this study reflect the complex role of the locus coeruleus for non-volitional and 

volitional cognitive effort. The comparable congruency effects for RT and TEPR reflect the 

supportive role of the locus coeruleus for cognitive control and behavioral responding. Results of 

the stimulus probability manipulation suggest that the LC supports non-volitional cognitive 

effort to facilitate adaptation of behavioral strategies to support task performance. 
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APPENDIX A 
 

STUDY INTAKE FORM 
 
 

Age:_______________ Gender: Male  Female 

What is your current education level? 

____ I am an undergraduate student 

____ I am a graduate student 

Do you have a history of any of the following? 

Learning disability Yes No 

Brain Injury  Yes No 

Concussion  Yes No 

Depression  Yes No 

Epilepsy  Yes No 

Schizophrenia  Yes No 

Bipolar disorder Yes No 

Other   Yes No 

If other, please describe: 

______________________________________________________________________________ 

______________________________________________________________________________

______________________________________________________________________________ 

______________________________________________________________________________ 
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APPENDIX B  
 

AVERAGE RT FOR FC, FI, AND RC TRIALS BY PARTICIPANT 
 
 

 FC FI RC 
1 878.9878049 1140.329268 877.4 

2 825.2073171 964.5365854 867.3 

3 935.1463415 948.3658537 882.8 

4 932.3780488 805.0365854 873.9 

5 813.9390244 835.1219512 869.95 

6 804.6219512 717.7804878 770.15 

7 861.3414634 975.0243902 837.85 

8 1911.865854 1659.963415 1982.6 

9 866.597561 845.6463415 883.8 

10 904.9390244 997.4146341 969.5 

11 1028.426829 1158.47561 1354.25 

12 928.804878 892.402439 896.6 

13 795.402439 835.695122 821.85 

14 961.8414634 1040.146341 931.6 

15 1077.134146 1071.792683 1245.3 

16 776.9634146 767.5121951 704.4 

17 922.9512195 1047.731707 1027.8 

18 532.0365854 653.1707317 564.95 

19 887.7682927 1132.463415 885.85 

20 624.8780488 674.0365854 586.15 

21 1196.658537 1257.939024 1184.35 

22 974.8292683 1063.54878 1013.4 

23 644.7682927 704.902439 635.55 

24 803.6585366 836.3902439 751.25 

   (continued) 
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 FC FI RC 
25 662.5731707 707.4512195 782.4 

26 712.7682927 687.8658537 725.95 

27 580.4512195 632.2682927 634.95 

28 708.8292683 780.7926829 763.8 

29 916.4390244 1004.04878 944.35 

30 866.3414634 943.9146341 910.55 

31 876.804878 841.0487805 897.2 

32 480.0853659 496.0243902 459.95 

33 794.8658537 808.304878 766.65 

34 832.9268293 839.8292683 764.3 

35 565.4512195 579.1097561 544.6 

36 824.3414634 898.3414634 811.05 

37 737.7439024 909.2073171 787.1 

38 775.6463415 823.3536585 902.25 

39 619.597561 637.7317073 614.8 

40 781.7195122 998.6219512 1005.8 

41 599.7682927 634.097561 601.35 

42 777.1341463 881.3170732 793.05 

43 544.5487805 602.7439024 580.3 

44 745.2926829 777.4390244 771.05 

45 691.4390244 667.1707317 796.95 

46 616.1829268 596.8414634 618.3 

47 876.4634146 943.3780488 824.95 

48 1093.939024 1292.512195 1100.95 

49 842.2926829 881.097561 1040.8 

50 746.9878049 757.1097561 731.95 

51 953.7926829 921.7804878 947.25 

52 759.5609756 886.8780488 755.1 

   (continued) 
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 FC FI RC 
53 698.195122 788.1829268 810.6 

54 1403.304878 1199.963415 1286.8 

55 684.3658537 821.4390244 641.25 

56 1921.804878 2279.97561 2151.55 

57 1434.292683 1320.987805 1233.05 

58 673.6341463 598.902439 642.3 

59 640.6463415 713.4878049 661.35 

60 1341.329268 1387.817073 1624.75 

61 584.5 566.3536585 554.05 

62 1253.426829 1503 1112.5 

63 925.0243902 1145.878049 1035.75 

64 1200.865854 1272.085366 1315.25 

65 771.9756098 862.6829268 793.8 

66 781.6463415 950.1219512 841.3 

67 869.8170732 927.804878 840.55 

68 906.5121951 916.3414634 893.95 

69 751.9146341 739.5853659 749.15 

70 706.5 836.6341463 663.35 

71 759.5853659 775.8292683 800.45 

72 1033.573171 976.7073171 1058.65 

73 767.1341463 752.9390244 785.3 

74 741.5853659 775.7073171 783.25 

75 968.6585366 981.6829268 887.75 

76 657.402439 635.4512195 659.25 

77 811.9512195 747.3170732 721.75 

78 553.5365854 639.0731707 607.5 

79 651.6219512 712.0853659 676.9 

80 549.5853659 606.6707317 555.3 

81 695.9268293 735.7682927 742.6 
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APPENDIX C 
 

AVERAGE TEPR FOR FC, FI, AND RC TRIALS BY PARTICIPANT 
 
 

 FC FI RC 
1 0.425593489 0.429780692 0.363931659 

2 0.417458215 0.419851264 0.510673707 

3 0.288318798 0.42909863 0.291541628 

4 0.576001453 0.586650639 0.674960552 

5 0.508565058 0.544735828 0.462491308 

6 0.3839193 0.414407829 0.414207224 

7 0.257501204 0.353089321 0.325768161 

8 0.342812779 0.339276476 0.337903413 

9 0.457706114 0.527751762 0.706399772 

10 0.561315613 0.631872345 0.675353877 

11 0.292596745 0.324698935 0.290494797 

12 0.389627402 0.401262669 0.436329012 

13 0.318464908 0.274115604 0.281565144 

14 0.290758298 0.273034647 0.276183189 

15 0.451757281 0.482146982 0.473184536 

16 0.44764155 0.479644173 0.476455677 

17 0.280224547 0.329281648 0.327603949 

18 0.500866454 0.485674206 0.481630927 

19 0.405382887 0.432709294 0.44661286 

20 0.304761597 0.319611766 0.311256628 

21 0.484289484 0.555019556 0.468569204 

22 0.309905197 0.324312447 0.295090797 

23 0.419766259 0.439646314 0.430134886 

24 0.376492215 0.387736017 0.414908797 

   (continued) 
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 FC FI RC 
25 0.47180426 0.54618328 0.386818504 

26 0.734294574 0.717372489 0.842389265 

27 0.667529391 0.635345338 0.616900899 

28 0.529311703 0.4931459 0.535692336 

29 0.316979795 0.363043541 0.265446038 

30 0.479739107 0.47621658 0.304712701 

31 0.746286392 0.763879978 0.690130982 

32 0.464064956 0.484162667 0.402617595 

33 0.602215088 0.619844647 0.565905401 

34 0.43399409 0.455537644 0.386355356 

35 0.566274283 0.558315083 0.686157292 

36 0.384870821 0.392042874 0.359009784 

37 0.7261579 0.725998657 0.613296363 

38 0.706084262 0.703809436 0.652125481 

39 0.597810584 0.636243208 0.644040611 

40 0.373272025 0.445194879 0.449161354 

41 0.409112187 0.487698021 0.359911535 

42 0.47604044 0.538605832 0.388464928 

43 0.584670172 0.68297167 0.659480499 

44 0.46011775 0.46765758 0.439692427 

45 0.331121469 0.357104054 0.353737682 

46 0.790591882 0.84618113 0.77579266 

47 0.426552053 0.460338532 0.451565185 

48 0.299582292 0.349685164 0.288546557 

49 0.479467941 0.478300036 0.494565765 

50 0.432883919 0.402800603 0.402674279 

51 0.509572526 0.553962757 0.533488851 

52 0.61473878 0.568887221 0.482285409 

   (continued) 
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 FC FI RC 
53 0.27131563 0.300803219 0.246699874 

54 0.511614713 0.604636991 0.617612174 

55 1.13616034 1.031480963 0.569506511 

56 0.317745278 0.340253349 0.26115877 

57 0.487121145 0.474442318 0.525878985 

58 0.455015422 0.443602313 0.412123073 

59 0.463905948 0.485774425 0.465717154 

60 0.451962083 0.492279199 0.378024618 

61 0.685826313 0.690643511 0.717205445 

62 0.268054305 0.292656316 0.315921064 

63 0.493153587 0.653919838 0.475398761 

64 0.482119507 0.503023729 0.50150048 

65 0.75462352 0.865469827 0.763192051 

66 0.329166033 0.318662172 0.317240246 

67 0.494961825 0.493319653 0.493270852 

68 0.375648 0.393428275 0.352681208 

69 0.302792002 0.298704824 0.307256374 

70 0.464602533 0.499815384 0.385848252 

71 0.661956306 0.642587968 0.517926336 

72 0.313425058 0.310210436 0.276294749 

73 0.48922747 0.476545704 0.480119892 

74 0.523143304 0.504665434 0.473642168 

75 0.602898748 0.595493131 0.593765238 

76 0.506065638 0.528142609 0.493206934 

77 0.374514097 0.35061325 0.452346277 

78 0.764963148 0.844116452 0.781562205 

79 0.563985256 0.615213152 0.491951198 

80 0.399491084 0.420117374 0.338612381 

81 0.713711197 0.825412433 0.768483712 
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APPENDIX D 

 
NUMBER OF VALID TRIALS INCLUDED BY CONDITION BY PARTICIPANT 

 
 

 FC FI RC 
1 54 56 15 

2 76 78 16 

3 50 45 13 

4 79 78 20 

5 74 72 18 

6 38 42 5 

7 65 68 17 

8 66 70 15 

9 32 42 10 

10 66 56 11 

11 73 66 17 

12 76 77 18 

13 76 78 20 

14 80 78 19 

15 60 64 16 

16 75 66 17 

17 71 65 16 

18 60 63 15 

19 59 73 17 

20 62 68 14 

21 69 69 17 

22 79 77 20 

23 58 63 16 

24 75 74 17 

   (continued) 
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 FC FI RC 
25 54 56 15 

26 80 78 20 

27 62 59 16 

28 79 79 19 

29 66 72 17 

30 51 57 12 

31 67 70 19 

32 74 77 20 

33 66 63 17 

34 76 72 18 

35 74 79 18 

36 74 75 19 

37 69 63 14 

38 70 69 16 

39 78 79 20 

40 77 78 19 

41 70 69 16 

42 76 75 20 

43 67 65 17 

44 75 76 20 

45 69 72 17 

46 71 71 18 

47 79 75 19 

48 70 78 19 

49 76 72 19 

50 75 78 18 

51 77 79 19 

52 68 65 16 

   (continued) 
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 FC FI RC 
53 75	 68	 16	

54 50	 51	 13	

55 55	 58	 16	

56 75	 76	 19	

57 77	 77	 18	

58 76	 79	 20	

59 73	 73	 19	

60 69	 75	 17	

61 75	 73	 19	

62 78	 77	 19	

63 76	 72	 17	

64 78	 77	 19	

65 76	 72	 18	

66 71	 72	 18	

67 62	 56	 15	

68 75	 73	 17	

69 98	 79	 19	

70 77	 74	 20	

71 78	 72	 19	

72 79	 80	 20	

73 63	 73	 16	

74 66	 70	 17	

75 69	 73	 19	

76 74	 74	 18	

77 80	 76	 20	

78 56	 53	 16	

79 65	 61	 18	

80 71	 71	 17	

81 66	 58	 14	
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