
 
 
 

TO SLEEP, PERCHANCE TO DECIDE: THE EFFECT OF SLEEP DEPRIVATION ON 
 

 ERROR REACTIVITY  
__________________________________________________________________________ 

 
 
 

A Dissertation presented to the Faculty of the Graduate School at the University of 
Missouri 

 
 

__________________________________________________________________ 
 
 

In Partial Fulfillment of the Requirements for the Degree 
 

Doctor of Philosophy 
 

______________________________________________ 
 

by 
 

SARAH A. LUST 
 

 
 
 

Dr. Bruce D. Bartholow, Dissertation Supervisor 
 

December 2011 
 
 
 



 
 
The undersigned, appointed by the dean of the Graduate School, have examined the thesis 
entitled 

TO SLEEP, PERCHANCE TO DECIDE: THE EFFECT OF SLEEP DEPRIVATION ON 
ERROR REACTIVITY 

  
presented by Sarah Lust, 

a candidate for the degree of doctor of arts, 

and hereby certify that, in their opinion, it is worthy of acceptance. 

 

Professor Bruce Bartholow  

Professor Ann Bettencourt  

Professor Steven Hackley  

Professor Kevin Wise 

 



DEDICATION 
 

I would like to thank my friends for their moral support and the Social Cognitive 

Neuroscience Lab research assistants for their enthusiastic effort on this project. I am deeply 

grateful to my loving family who make all great feats seem possible. Finally, I thank Michael, 

for sharing this intellectual journey, my love and my life. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

ii 

ACKNOWLEDGEMENTS 

 

I am extremely grateful for the help and guidance of my advisor, Dr. Bruce 

Bartholow, from whom I have learned so much about the challenges and joys of the 

scientific endeavor. I have truly appreciated patience, insight and mentorship. I would 

also like to thank my other committee members, Drs. Ann Bettencourt, Steven Hackley 

and Kevin Wise for their helpful feedback and support during this process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

iii 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ................................................................................................ ii 

LIST OF TABLES ...............................................................................................................v 

LIST OF FIGURES ........................................................................................................... vi 

ABSTRACT ...................................................................................................................... vii 

Chapter 

1. INTRODUCTION ....................................................................................................1 

The Importance of Sleep 

Sleep Deprivation and Task Performance 

Sleep Deprivation and Performance Monitoring 

Performance Monitoring and Event-Related Potentials 

Hypotheses 
 

2. METHOD ................................................................................................................12 

Participant Recruitment 

Laboratory Screening 

Self-report Measures 

Laboratory Cognitive Control Task 

Electrophysiological Recording 

Procedure 

Analytic Approach 

Event-Related Potentials 

 

3. RESULTS ...............................................................................................................20 

Missing or Problematic Data 



 

 
 

iv 

Analytic Strategy 

Manipulation Checks 

Effects of Sleep on Task Performance 

4. DISCUSSION .........................................................................................................28 

REFERENCES ..................................................................................................................33 

FOOTNOTES ....................................................................................................................40 

VITA ..................................................................................................................................46 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

v 

 

LIST OF TABLES 

Table          Page 

1. Affect Mean Ratings as a Function of Sleep Group…….………………………41 

 

 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

vi 

LIST OF FIGURES 
 

1. Accuracy rates as a function of trial type and sleep group. Vertical bars indicate 

+/- 1 SE. 

2. Confidence of Accuracy Judgments by Sleep Group 

3. ERN Waveform by Trial Type for the 8-hour Sleep Group. 

4. ERN Waveform by Trial Type for the 4-hour Sleep Group. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

vii 

ABSTRACT 
 
 

Previous research has shown a host cognitive decrements that result from sleep 

deprivation including impaired executive function and slowed reaction time (see Durmer 

& Dinges, 2005). The focus of this research is to understand the effects of sleep 

deprivation on performance monitoring and adjustment. 

Participants were 42 male and female students, ages 18-27. Once a participant 

qualified during a phone screening-interview by reporting being in good health they were 

assigned to one of two conditions: the 8-hour sleep condition or the 4-hour sleep 

condition. In the laboratory, Ps completed self-report measures of sleep habits. They then 

engaged in a cognitive task (the Weapons Identification Task) while their 

electroencephalogram (EEG) was recorded. 

Results showed a slowed response in the 4-hour sleep group compared to the 8-

hour group. Sleep deprived participants also struggled to respond accurately to stereotype 

inconsistent trials. Furthermore, those in the 4-hour group were less likely to correctly 

judge the accuracy of their responses. There appeared to be an effect of Sleep Group on 

ERN responses, however number of hours of sleep did not appear to have an effect on Pe 

responses. Overall, the results of this experiment point to the possibility that duration of 

sleep affects error processing. However, the pattern of effects was not entirely clear, thus 

results should be considered preliminary.  
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CHAPTER 1 

INTRODUCTION 

Humans share certain basic survival needs including food, water, air and basic 

safety arrangements like shelter.  Sleep represents an additional need that we cannot 

manage very long without. Aldous Huxley once rejoiced, “That we are not much sicker 

and much madder than we are is due exclusively to that most blessed and blessing of all 

natural graces, sleep.” An abundance of research confirms the connection between sleep, 

health and mental acuity. Indeed, seminal research on whether sleep is in fact necessary 

showed that within a matter of weeks, complete sleep deprivation of rats was fatal 

(Rechtschaffen, Gilliland, Bergmann, & Winter, 1983). There is no agreed upon duration 

of sleep that all individuals require for optimal well-being since the amount one obtains 

varies across the lifespan and between individuals (Youngstedt & Kripke, 2004), thus 

subjective daytime sleepiness and the multiple sleep latency test are often utilized as a 

markers of sleep deprivation (Carskadon & Dement, 1981). Nonetheless, humans can 

expect to sleep about 8 hours per day on average and will generally start to show signs of 

sleep deprivation and negative consequences when fewer than 8 hours are obtained 

(Banks & Dinges, 2007; Ferrie et al., 2007; Patel, Malhotra, Gottlieb, White, & Hu, 

2006) 

Failure to obtain an adequate amount of sleep can result in negative consequences 

ranging from relatively minor health and immune system problems (Pilcher & Ott, 1998) 

to major fatal accidents caused by lapses in human judgment (Mitler et al., 1988). Despite 

some awareness of the dangers of sleep deprivation, it is widely reported in society 

(Bliwise, 1996), and is quite common in college-age students (Buboltz, Brown, & Soper, 
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2001). Furthermore, though the body of literature on the relationship between sleep, 

cognition and decision-making continues to grow, there is still much to be learned about 

the neural mechanisms that underlie these processes. Thus, the effect of sleep deprivation 

on cognitive control and decision making continues to be an important area of research.  

Sleep Deprivation and Task Performance 

Impairment due to sleep deprivation is apparent not only in measures of overall 

health or broad measures of judgment, but also in laboratory based tasks of cognitive and 

psychomotor function (Harrison & Horne, 2000). Regardless of the type of task used, 

research shows that performance becomes worse as time on the task is extended and 

participants become more “fatigued” (Kribbs & Dinges, 1994; Wilkinson, 1969), 

although even brief tasks that measure working memory or “speed” of thought show 

impairment (Dinges, 1992). One of the most popular measures of neurocognitive function 

affected by sleep loss is the psychomotorvigilance test (PVT) which requires sustained 

attention to detect randomly occurring (Dinges & Powell, 1985). Results typically show 

delayed reaction time. An extensive literature on the effect of sleep deprivation on other 

aspects of executive functioning suggests that it adversely affects prefrontal cortext-

related attention and working memory abilities, for a review see (Durmer & Dinges, 

2005). 

Though it has been difficult to quantify decrements in performance due to sleep 

deprivation, some past research has made useful comparisons to alcohol use and 

intoxication, which provides known legal standards of impairment (Dawson & Reid, 

1997; Fairclough & Graham, 1999). One study examined cognitive impairment by 

comparing performance on an unpredictable tracking task between a group kept awake 
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for 28 hours, versus a group given alcohol (whose peak blood alcohol concentration 

(BAC) was 0.1%). This BAC is above the legal limit in the U.S. This research found that 

24 hours of wakefulness resulted in performance decrements equivalent to about that of a 

person with 0.1% BAC (Dawson & Reid, 1997). Another comparative study of simulated 

driving performance found that in-lane keeping ability after a night without sleep was 

equivalent to participant BAC levels of .07% (Fairclough & Graham, 1999). Similar 

results were found in professional truck drivers (Williamson & Feyer, 2000). It is not 

well known how alcohol or sleep deprivation compare in their effects on performance 

monitoring, but preliminary research suggests they may have similar effects (Fairclough 

& Graham, 1999; Tsai, Young, Hsieh, & Lee, 2005) but may potentially affect different 

motivational systems (Walker, 2010).  

The focus of the current work is to understand the effects of sleep deprivation on 

a particularly basic and important aspect of information processing, that of performance 

monitoring and adjustment. This system of performance monitoring underlies virtually all 

forms of self-regulation. Several recent studies have shown that alcohol impairs this 

process (Bartholow, Henry, Lust, Saults, & Wood, 2011; Ridderinkhof et al., 2002). 

These reports found that alcohol increased response time but not accuracy of responses. 

Furthermore, unlike those in the placebo group, participants in the alcohol group failed to 

adjust performance after making errors. Thus, another important goal of this work is to 

compare the effects of sleep deprivation on performance monitoring and adjustment to 

the effects of alcohol on these behaviors.  

Sleep Deprivation and Performance Monitoring 
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Though there is an abundance of research on the effects of sleep deprivation on 

cognitive performance, there has been little focus on the relationship between sleep and 

performance monitoring. The few investigations to date utilized some form of the Eriksen 

flanker task (Eriksen & Eriksen, 1974). One example was a within subjects experiment 

(n=16) in which participants were asked to either sleep as they normally would in their 

own homes, or for the sleep-deprived day of testing, they were kept awake for an entire 

night in the laboratory (Tsai et al., 2005). The order of sleep deprivation was 

counterbalanced and all testing sessions began at 10AM.  Participants engaged in a 

modified arrow flanker task see (Ridderinkhof et al., 2002). Results showed that 

participants responded more slowly, variably, and less accurately to targets after sleep 

deprivation. Sleep deprivation did not affect the compatibility effect (RT difference 

between incompatible and compatible trials) but there was a main effect such that 

incompatible trials resulted in slower RTs and more errors in both sleepy and alert 

groups.  

Other similar research has tested only women (n=17) and manipulated number of 

hours awake (i.e. responses at 4 hours or 20 hours of extended wakefulness in one given 

day rather than shortened or omitted sleep time during a given night) (Murphy, Richard, 

Masaki, & Segalowitz, 2006). In addition this research used a more traditional letter 

flanker task. Results show that across alertness conditions, participants reported a similar 

number of subjective errors, which closely matched an objective analysis of the errors. 

Furthermore, behavioral slowing after errors was larger in the alert than in the sleepy 

condition. These results differed from the Tsai et al. study such that there were no 
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differences in accuracy between sleepy and alert conditions, though overall response 

times were not reported (Murphy et al., 2006). 

Another report followed up the two experiments discussed above in order to 

clarify some of the inconsistencies between them (Hsieh, Cheng, & Tsai, 2007). The 

study was also meant to further elucidate the effect of sleep deprivation on error 

correction processes in addition to error monitoring. Participants included nine men and 

seven women. The researchers used the letter flanker task previously used in the Murphy 

et al. report, with minor changes. However, they manipulated sleep variables in the same 

manner as the Tsai et al. work (counterbalanced within subjects “full sleep” nights and 

“sleep deprived” nights one week apart). Results showed no effect of sleep deprivation on 

response time or accuracy in the flanker task.  Furthermore, sleep deprivation affected 

post-error correction rates only for stimulus incongruent trials but had no effect on post-

error reaction time.  It was suggested that such results pointed to a selective impairment 

of sleep deprivation on cognitive abilities recruited by the frontal lobes while other 

abilities remained in tact (Harrison & Horne, 2000). 

It is good to compare alcohol use and sleep deprivation specifically in terms of 

performance monitoring and adjustment because both can lead to impairments in this 

process. However, there is less known about how alcohol versus sleep deprivation might 

impact performance monitoring and adjustment differentially and which underlying 

neural substrate underlies each type of impairment. Such knowledge could better inform 

public health or occupational guidelines regarding the circumstances under which 

judgment is impaired, for example how much sleep deprivation renders one unsafe to 

operate a vehicle or other machinery. 
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Performance Monitoring and Event-Related Potentials 

A number of researchers have used measures of brain activity, such as event-

related brain potentials (ERPs), to investigate the neural processes associated with 

performance monitoring and adjustment. One component of the ERP that has been used 

to investigate evaluative processing is the error-related negativity (ERN), a scalp-

recorded manifestation of the ACC’s response to errors see (Holroyd & Coles, 2002; 

Yeung, Botvinick, & Cohen, 2004). Several theorists have suggested that the ERN is 

specifically linked to error detection (see Coles, Scheffers, & Holroyd, 2001; Falkenstein, 

Hoorman, Christ, & Hohnsbein, 2000; Gehring, Goss, Coles, Meyer, & Donchin, 1999). 

Other researchers believe the idea that the ERN is related to error detection is bolstered 

by evidence that acute alcohol consumption decreases the amplitude of the ERN 

(Ridderinkhof et al., 2002). However other research suggests that the ERN is more 

specifically tied to motivational processes and that it serves as a distress signal rather than 

as a simple error detection signal (Bartholow et al., 2011). Evidence supporting the 

distress signal account comes from work observing ERN-like brain activity on certain 

types of correct-response trials e.g.(Bartholow et al., 2005; Vidal, Hasbroucq, Grapperon, 

& Bonnet, 2000) and work connecting emotional responses to errors see (Bush, Luu, & 

Posner, 2000; Gehring & Willoughby, 2002; Hajcak & Foti, 2008). 

Another component that may offer additional insight into the effect of sleep 

deprivation on error monitoring and reactivity is the error positivity (Pe), which typically 

follows the ERN on error trials. Though the Pe has also been associated with error 

processing and performance monitoring, it appears to be more error-specific than the 

ERN (see Bartholow et al., 2005; Vidal et al., 2000). Some have suggested that the Pe 
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amplitude better represents the extent to which errors are consciously detected (Hester, 

Foxe, Molholm, Shpaner, & Garavan, 2005; Nieuwenhuis, Ridderinkhof, Blom, Band, & 

Kok, 2001). In contrast, others suggest the Pe may reflect a subjective/emotional 

assessment of errors based on findings that after error commission, participants who 

experienced extended wakefulness (sleepy condition), did not exhibit typical post-error 

slowing or, differences in ERN amplitude from the alert group (Murphy et al., 2006). 

However, the “sleepy” group did experience a decrease in Pe amplitude and reported a 

subjective decline in performance (though there was no objective decline), thus the 

authors inferred a connection to evaluative processes. Differences in research methods 

(time of day for experiment sessions, type of task, and total hours of sleep) may explain 

some differences in findings. The contrast between the effects of sleep deprivation on the 

ERN versus the Pe in this study could therefore shed light on some of the mechanisms 

behind sleep deprivation’s impairment of self-regulatory behavioral adjustment and 

clarify discrepancies in the literature. 

Previous work has found a correlation between performance deficits after sleep 

deprivation and changes in the ERP. Studies on the effect of sleep deprivation on error 

monitoring have shown decreases in response accuracy that are correlated with ERN 

amplitude (Scheffers, Humphrey, Stanny, Kramer, & Coles, 1999). Specifically, sleep 

deprivation resulted in a smaller (less negative) ERN and smaller Pe amplitude, though it 

did not affect the ERN/Pe latencies (Tsai et al., 2005). Again, as with the behavioral 

results, other reports have found conflicting evidence. In one study there was no 

difference in ERN amplitude between sleepy and alert conditions but extended 

wakefulness resulted in a significantly diminished Pe amplitude (Murphy et al., 2006). In 
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contrast, Hsieh et al. (2007), found significantly smaller ERN amplitude after sleep 

deprivation, which was particularly pronounced for incongruent trials. However, this 

research did not find a significant difference in Pe amplitude due to sleep deprivation.  

Despite the parallels drawn between the effect of alcohol compared to sleep 

deprivation on behavioral performance, prior research has yet to compare changes in 

ERPs due to sleep deprivation or acute alcohol consumption. Prior work suggests that 

alcohol can interfere with control of responses due to failure of the evaluative control 

system to signal the regulative system that increased control is needed (Ridderinkhof, 

2002). For example, alcohol ingestion has been shown to significantly reduce the 

amplitude of the ERN and to interfere with the adjustment of performance that typically 

follows error commission e.g. (Kerns et al., 2004; Li et al., 2008; Rabbitt, 1966).  

Our lab recently conducted an investigation to address whether diminished ERN 

amplitude post-alcohol consumption, and subsequent difficulty adjusting performance, is 

related error detection e.g. (Coles, Scheffers, & Holroyd, 2001; Falkenstein, Hoormann, 

Christ, & Hohnsbein, 2000; Gehring, Goss, Coles, & Meyer, 1993; Nieuwenhuis et al., 

2001) or affectively based evaluation of performance (Bush, Luu, & Posner, 2000; 

Gehring & Willoughby, 2002; Hajcak & Foti, 2008), (see Bartholow et al., 2011). 

Briefly, we found that alcohol reduced both the ERN and Pe following errors and 

impaired typical post-error behavioral adjustment. Structural equation modeling indicated 

that effects of alcohol on both the ERN and post-error adjustment were significantly 

mediated by reductions in negative affect. However, effects of alcohol on Pe amplitude 

were unrelated to post-error adjustment. These findings suggest that alcohol changes 

affect which in turn leads to self-regulatory impairment. Such work supports theories 
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linking the ERN with a distress-related response to control failures. Thus, including 

measures of affect in similar sleep-deprivation research could provide further evidence 

for the relationship between emotion and performance monitoring and adjustment.    

For this project I utilized the Weapons Identification Task (Payne, 2001) rather 

than more commonly used cognitive tasks such as the flanker task. The WIT provides 

reliable effects which have been replicated numerous times (e.g (Amodio et al., 2004; 

Bartholow et al., 2011; Conrey, Sherman, Gawronski, Hugenberg, & Groom, 2005). In 

addition, the WIT incorporates the socially-relevant propensity to stereotype. The task 

requires that participants respond to rapidly presented images of weapons or hand tools 

that are preceded by male black or white facial primes. Participants typically respond 

more quickly and accurately to weapons that follow black faces than white faces. They 

also tend to mistakenly identify tools following black faces as guns. 

To date, only one other study has examined the connection between alertness and 

social categorization (Bodenhausen, 1990). In that research, time of day and individuals’ 

optimal performance based on differences in circadian rhythms (i.e. morningness-

eveningness preferences) predicted tendencies to make errors that were influenced by 

stereotypes. The results showed that when people make decisions in their non-optimal 

time of day (for example, morning people working at night) they are more apt to make 

incorrect inferences based on stereotypes. Such results suggest that arousal and fatigue 

play an important role in decision making; however the neural processes underlying error 

commission and correction in stereotype-related tasks under conditions of fatigue have 

yet to be investigated. 
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Utilizing the WIT task in the current study provides the benefit of increasing the 

emotional investment of participants such that they must attempt to override prepotent 

tendencies to respond in a stereotype congruent manner, which is expected to be more 

anxiety provoking (i.e. embarrassing) than incorrect responses to, for example, 

incongruent flanker trials. Furthermore, since we have used the exact same task in a prior 

alcohol administration experiment in our lab, using this task allows us to make 

comparisons between the alcohol and sleep deprivation groups.  

Hypotheses 

 Considering the presently known literature I hypothesize that participants in this 

experiment will exhibit similar levels of accuracy and response times in both the sleep 

deprived (4 hour) and full sleep (8 hour) group for black-weapon, white-tool and white-

weapon trials. However, I predict that sleepy participants will respond less accurately and 

more slowly than well-rested participants to stereotype incongruent (black-tool) trials. 

Regarding reaction time, I expect that if time-out (attention lapse) trials are controlled for 

in the sleep-deprived group then reaction times on all trial types will be similar. 

 With regard to ERPs, I hypothesize there will be no significant differences in 

ERN amplitude between sleep-deprived and full-sleep groups, however I expect that the 

sleepy group will exhibit a smaller Pe amplitude than the full sleep group. This pattern of 

results would suggest that performance monitoring at the affective/intuitive level remains 

in tact after sleep deprivation (“I feel like I made a mistake”) but that true error awareness 

is actually impaired (“but I don’t actually know”). These results would stand in contrast 

to the effect of acute alcohol consumption on ERN/Pe amplitudes such that alcohol group 

participants appear to be aware of their mistakes, but not care. Furthermore, I hypothesize 
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that in line with prior research; ERN amplitude will be positively correlated with negative 

affect. 
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CHAPTER 2 

METHOD 

Participant recruitment 

Forty-two undergraduate students (17 men) ages 18-27 (M = 20) were recruited to 

participant in a study on sleep and cognition. While most participants reported their race 

as White, three students reported their race as Black, two as Asian, one as Pacific 

Islander, and one as American Indian/Alaska Native. Twenty-nine students were 

recruited from a pool of Introductory Psychology students who opted to participate in 

research for course credit. Thirteen students were recruited from flyers and classes to 

participate in exchange for $10 per hour.  

Participants in Introductory Psychology chose an appointment from the 

department website used for this purpose. Participants were warned in the study 

description that signing up for an appointment to participate would not guarantee they 

could participate because they must first be contacted via phone by the researcher to 

check whether they meet eligibility requirements. Once a participant chose an 

appointment they were contacted via email to request their phone number for the pre-

screening eligibility interview. After a phone number was obtained they were called by 

an experimenter and asked whether they had any health problems that would 

contraindicate their participation in a study on sleep deprivation (i.e. for their subjective 

opinion on whether they felt fit to participate) or neurological problems that would result 

in a poor EEG recording. If they reported that they were good health and that they were 

willing to potentially go one night with only four hours of sleep, their appointment went 

forward as scheduled.  
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Once eligibility was established and the appointment confirmed, participants were 

randomly assigned to either obtain a full night of 8 hours of sleep (n = 21) or only 4 hours 

of sleep (n = 21), i.e., the sleep “restriction” group.  

 Laboratory screening 

Upon arrival at the lab appointment, participants completed an affidavit asking 

them about their drug and alcohol intake within the last twenty-four hours to ensure they 

did not use alcohol or drugs as requested during the initial phone pre-screening interview. 

A breathalyzer test was administered to confirm participants did not have alcohol in their 

system. No participants failed to meet eligibility requirements. Participants later 

confirmed the number of hours they slept the previous night in the baseline questionnaire.  

Self-report Measures 

Mood. Subjective mood states were assessed throughout the experiment with the 

Positive and Negative Affect Scales PANAS;(Watson, Clark, & Tellegen, 1988).  The 

PANAS is a 20-item, self-report measure on which respondents indicate (using Likert-

type scales anchored at 1 [very slightly or not at all] and 5 [extremely]) the extent to 

which they currently feel 10 positive states (PA; e.g., interested, excited) and 10 negative 

states (NA; e.g., distressed, nervous).  Participants also completed the Biphasic Alcohol 

Effects Scale (BAES;(Martin, Earleywine, Musty, Perrine, & Swift, 1993). The BAES 

contains 14 items designed to tap subjective experiences of stimulation (e.g., elated, 

energized, excited, stimulated, talkative, up and vigorous) and sedation (e.g., sluggish, 

slow thoughts, heavy head, down, sleepy, inactive and sedated). In theory, these items are 

associated with the ascending and descending limbs of the blood alcohol concentration 

curve, respectively. Though participants did not drink alcohol in this experiment and it is 
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not typically used to assess “sleepiness,” the BAES was intended to serve as a general 

mood measure. In addition, it could be used to compare data with participants in previous 

alcohol administration studies in our lab. Participants responded to each item using a 

scale anchored at 1 (not at all) and 10 (extremely). These measures were administered 

just prior to beginning the computer task, two times during the course of the task and one 

final time upon completing the task.  

Sleep and Health Questionnaire. Participants were asked to complete a number of 

items designed to assess sleep habits and related experiences.  One set of these items 

inquired directly about quantity of sleep (e.g., “On average, how much sleep do you get 

daily?”). Another set of items tapped subjective sleep experiences (e.g., “In general, how 

many hours of sleep do you need to feel well rested the next day?”), since it is possible 

that total hours of sleep obtained may not be as important long-term as the deficit 

(difference score) between hours “needed” and hours “obtained.” Participants were also 

asked to complete a one-week timeline follow-back of the times they went to sleep each 

night and woke each morning. The final set of questions asked about how participants 

generally felt during waking hours (tired versus energetic), whether they took sleeping 

pills, how much caffeine they consumed, and whether they had a sleep disorder or other 

health condition that affected their sleep. 

Post-experimental questions. Once participants completed the experimental task 

they responded to questions regarding their perceptions of the experiment to ensure any 

problems that arose would be reviewed and addressed by research staff. No significant 

concerns were reported in the course of the study. 

Laboratory Cognitive Control Task 
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Participants were asked to complete 384 experimental trials of the Weapons 

Identification Task (WIT; Payne, 2001).  On each trial of the WIT, a 1-sec visual pattern 

mask preceded a briefly presented (200 ms) picture of a white or black man’s face, 

followed immediately by presentation (200 ms) of either a gun or tool (i.e., target), which 

was then hidden by a second visual mask.  Trials were divided into 6 blocks of 64 trials 

each (16 each of black-tool, black-gun, white-tool, and white-gun).  Participants’ task 

was to categorize each target as a gun or a tool as quickly as possible – and before a 500 

ms response deadline – by pressing one of two buttons (counter-balanced across 

participants).  Responses made following the response deadline elicited a “Too Slow!” 

message to encourage participants to respond more quickly.   

In addition, and similar to previous studies in which response confidence judgments 

have been recorded (Bartholow et al., 2011; Payne, Shimizu, & Jacoby, 2005; Scheffers 

& Coles, 2000) following the response on each trial a 3-point scale appeared at the 

bottom of the screen, with anchor points labeled “Sure Correct,” “Don’t Know,” and 

“Sure Incorrect.”  Participants were instructed to indicate their confidence in the 

correctness of the response they just made by pressing one of three buttons on their 

button box (3 central buttons separate from the target buttons). Participants were told to 

indicate a confidence rating within 3 seconds. After participants recorded their 

confidence response on each trial, the next trial began following an inter-trial interval that 

varied randomly between 1000, 1250 and 1500ms. Participants completed 1 practice 

block of 24 trials before completing the experimental trials. 

Electrophysiological Recording 
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The electroencephalogram (EEG) was recorded continuously throughout the 

experimental task from 32 electrodes fixed in a stretch-lycra cap (ElectroCap, Eaton, OH) 

placed on the scalp in standard locations (American Encephalographic Society, 1994) and 

referenced to the right mastoid; an average mastoid reference was derived offline. Epochs 

were derived offline to permit examination of stimulus- and response-locked ERP 

components of interest. EEG signals were be amplified with Synamps2 amplifiers 

(Neuroscan Labs, El Paso, TX) and sampled at 1000 Hz. EEG was filtered on-line at 0.05 

to 40 Hz. Electrode locations were cleaned until the measured impedance of the skin was 

below 5 kΩ. Ocular artifacts (blinks) were be removed from the EEG signal off-line 

using a regression-based procedure (Semlitsch, Anderer, Schuster, & Presslich, 1986). 

After artifact removal and rejection, EEG data were be averaged off-line according to 

participant, electrode, and stimulus conditions.  

Procedure  

Once participants met eligibility criteria, they were assigned to one of two sleep 

schedules. Participants randomly assigned to the "8-hour" sleep group were asked to 

maintain a regular sleep schedule of 8 or more hours of sleep per night for 3 nights prior 

to study participation. The night before the experiment they were asked to go to bed by 

11PM and to be prepared for a wake up call from the experimenter by 7AM the next 

morning. They then came to the laboratory at 8AM for their appointment. 

Participants assigned to the "4-hour" group were asked to maintain a regular sleep 

schedule of 8 or more hours of sleep per night for 3 nights prior to study participation. 

The night before the experiment they were asked to go to bed no earlier than 3AM and to 
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be prepared for a wake up call from the experimenter by 7AM the next morning. They 

then came to the laboratory at 8AM for their appointment. 

All participants were given an informed consent form upon arrival at the 

laboratory and were given the opportunity to ask questions before agreeing to sign and 

participate. In addition, they were asked to sign an affidavit in which they provided 

information about what they had to eat, drink (including alcohol) and any drugs they had 

used in the past 24 hours. 

They were then asked to fill out the pre-experimental questionnaires (sleep habits 

and other ancillary questionnaires). They were then hooked up to our harmless electrode 

cap. They briefly responded to the PANAS and BAES questionnaires just before they 

began the WIT. After completing the practice block and 2 experimental blocks of trials, 

participants were given a short break to respond to another PANAS and BAES (BAES2 

& PANAS2). They continued with 2 more blocks of trials and then completed BAES3 & 

PANAS3. After Ps completed the last 2 blocks of experimental trials they immediately 

filled out BAES4 & PANAS4. 

Once the task was completed the electrodes were removed and participants were 

given a brief break to wash their hair. They then filled out the post-experimental 

questionnaire after which they were fully debriefed, thanked and given credit or 

instructed to fill out a payment form. Participants were asked to not drive themselves to 

the laboratory in case they felt to sleepy to drive home safely. Instead, they were given 

the opportunity to either walk to their dormitory or apartment on campus or to be driven 

home by a friend. 

Analytic Approach 
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The basic design of this experiment is a 2 (Sleep Group: deprived, normal) x 2 

(Prime; black face, white face) x 2 (Target: gun, tool) mixed factorial ANOVA with 

repeated measures on the first factor. 

Behavioral data. Due to the imposition of a response deadline, we did not expect 

reaction time (RT) data were to be significantly skewed at the group level.  However, to 

reduce the influence of outliers and to eliminate fast “guessing” responses, analysis of 

RTs was limited to correct responses made between 100 ms and 1200 ms following target 

onset.  Correct responses made after the 500 ms response deadline (but prior to 1200 ms) 

were retained for data analyses. In addition to reaction time and accuracy, analyses were 

also conducted on post-error adjustment. Performance adjustment was computed as a 

function of the accuracy of previous trials and conceptualized in terms of the size of the 

compatibility effect (i.e., incompatible RT – compatible RT) for correct trials that 

followed correct trials versus those that followed errors. 

Event related potentials. ERP components were defined according to published 

conventions (Picton et al., 2000). After artifact rejection, grand average ERP waveforms 

were created according to stimulus and participant conditions at each scalp electrode. 

Target-locked epochs containing voltage deflections +/-75 microvolts (µV) were 

discarded prior to averaging.  Analyses focused on components from both response-

locked and stimulus locked trials. Response locked components included the error-related 

negativity (ERN) and related error positivity (Pe). Ocular artifacts were removed from 

the EEG signal off-line using a regression-based procedure (Semlitsch, Anderer, 

Schuster, & Presslich, 1986), after which a bandpass filter of 1 to 15 Hz was be applied 

before response-locked epochs of -600 to 600 ms were be derived. Response-locked 



 

 
 

19 

components included the ERN and Pe. The ERN was defined as the peak negative 

voltage in a window 0-150 ms following an incorrect response, relative to pre-response 

baseline. The amplitude of the Pe was defined as the average positive voltage value 

between approximately 75 and 225 ms after an incorrect response. 



 

 
 

20 

CHAPTER 3 

RESULTS 

 
Missing or Problematic Data 

Several participants had to be dropped from certain analyses due to problems with 

their data. Three participants were dropped due to technical problems such as excessive 

EEG artifact or because they did not make enough errors (i.e., at least 5; see Olvet & 

Hajcak, 2009) to create a stable average waveform in one or more conditions. Also, three 

participants were dropped from ERP analyses because they did not follow the sleep 

protocol (i.e., slept more or fewer hours than requested). One participant was found to not 

be a native English speaker and thus was dropped. Finally, for the participants for whom 

it was clear specific trials in their data set were outliers due to sleepiness or inattention, 

the RTs for those trials were imputed at the mean for that particular block of trials (e.g., 

the mean of all other black-tool trials for that individual). 

Analytic Strategy 

 The primary purpose of this study was to test hypothesized relations between 

amount of sleep and WIT performance (including behavioral measures and associated 

neural responses). Thus, primary analyses were focused on comparing task performance 

(RT and accuracy) and ERN amplitude across sleep conditions (8 hour and 4 hour).  

Initial analyses focused on variables that served in part as manipulation checks for 

the random assignment to duration of sleep for the night prior to the experiment session 

(i.e. sleep group). Primary analyses related to study hypotheses proceeded in steps, as 

outlined below, to test: (1) effects of sleep group (8 hour, 4 hour) on WIT behavioral 

performance (reaction times, error rates, and post-error performance adjustment); (2) 
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effects of sleep group on the amplitude of the ERN and Pe on error trials; (3) and the 

extent to which sleep deprivation related changes in affect are associated the amplitude of 

the ERN and Pe. 

Manipulation Checks 

 Self-reported sleep duration. Participants assigned to the 4-hour sleep condition 

reported a mean sleep time for the prior night of 4.2 hours. The 8-hour sleep group 

reported a mean of 8.1 hours of prior night’s sleep. Based on these self-reports then, it 

appears that participants followed the protocol and slept the amount they were requested 

to. 

BAES scores. Differences in subjective affect between groups and across trials 

were analyzed with 2 (Sleep group; 8 hour, 4 hour) x 2 (BAES subscale; stimulation, 

sedation) x 4 (Assessment time) mixed factorial analysis of variance (ANOVA) with 

repeated measures on the latter factors. The analysis revealed a Subscale X Sleep group 

interaction F(1, 40) = 14.7, p < .01, such that the 8-hour sleep group reported similar 

scores for stimulating effects (M = 3.2) compared to sedating effects  (M = 2.9), t(20) = 

.45, p = .65, whereas the 4-hour sleep group reported significantly greater sedating effects  

(M = 5.18)  than stimulating effects (M = 2.5), t(20) = 4.97, p < .01  (see Table 1). There 

was also a significant Subscale X Assessment time interaction F(3, 120) = 8.2, p < .01. 

As in prior similar experiments, stimulating effects decreased over the course of the 

experimental trials for all participants, bottoming out near the end of the trials and then 

increasing again after the task was completed (Bartholow et al., 2011). In contrast, 

sedating effects appeared to increase over the course of the experimental task, dropping 
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off again once the task was completed. There was no significant Sleep group x Subscale x 

Time interaction and no other effects relevant to hypotheses were significant. 

PANAS scores. Differences in affect between groups and across trials were 

analyzed with 2 (Sleep group; 8 hour, 4 hour) x 2 (PANAS subscale; positive, negative) x 

4 (Assessment time) mixed factorial Analysis of Variance (ANOVA) with repeated 

measures on the second and third factors. Results showed a significant main effect of 

subscale F(1, 40) = 35.19, p < .01, such that participants endorsed more positive affect 

than negative affect overall. This effect was qualified by a Subscale X Assessment 

interaction F(3, 120) = 10.41, p < .01. In line with the BAES results and our previous 

similar experiment (Bartholow et al., 2011), participants experienced a decline in positive 

affect as experimental sessions wear on but generally return to baseline by the conclusion 

of the session. No other effects were significant in this analysis. 

Effects of Sleep on Task Performance 

 Effects of amount of sleep on RT, error rates, and post-error adjustment (i.e., post-

error slowing) were tested using a 2 (Sleep group; 8 hour, 4 hour) x 2 (Sex) x 2 (Prime; 

white face, black face) x 2 (Target; gun, tool) mixed factorial analysis of variance 

(ANOVA).  

Reaction time. The ANOVA on the RT data showed an overall trend of slowed 

response in the 4-hour sleep group (M = 486.1 ms), compared to the 8-hour sleep group 

(M = 444.9 ms), F(1, 40) = 3.66, p = .06. As in past research, participants were also 

quicker to respond to target trials with guns (M = 453.5 ms) than trials with tools (M = 

477.5 ms), F(1, 40) = 5.36, p < .05. No other effects were significant. 
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Accuracy. Accuracy data were analyzed with a 2 (Sleep Group) x 2 (Prime) x 2 

(Target) x mixed factorial ANOVA with repeated measures on the second and third 

factors (see Figure 1).  Not surprisingly, results showed a significant main effect of 

Target, F(1, 40) = 5.93, p < .05, with accuracy being higher on gun trials (M = 0.90) than 

tool trials (M = 0.86). This effect was qualified by a Prime x Target interaction, F(1, 40) 

= 16.77, p < .01. Follow-up contrasts showed that, as expected, participants responded 

more accurately on white-tool (M = 0.87) trials than black-tool trials (M = 0.85), t(39) = 

5.97, p<.01. In addition, participants responded less accurately on white-gun (M = 0.89) 

trials than black-gun trials (M = 0.90), t(39)=3.38, p<.05. Participants were also 

significantly more accurate in responses to black-gun trials when compared to black-tool 

trials t(39)=3.56, p<.01, however contrasts did not reveal a difference between white-tool 

and white-gun trials t(40)=1.27, p=.26.  

Although the Group x Target and the Group x Prime x Target interactions were 

both nonsignificant (Fs(1, 40) = .04 and 1.9, ps > .17, respectively), the pattern of means 

shown in Figure 1 suggests that the groups differed in their accuracy on black-tool trials 

relative to white-tool trials.  A follow-up ANOVA focused only on tool trial responses 

indicated a marginally nonsignificant Group x Prime interaction, F(1, 40) = 3.02, p = .09, 

supporting that interpretation.  Simple effect comparisons indicated that participants in 

the 4-hour group were indeed less accurate on black-tool trials (M = 0.82) than were 

participants in the 8-hour group (M = 0.88), t(40) = 1.67, p =.06 (one-tailed). This was 

the expected pattern, and would support the idea that sleepier people are less able to 

control their race bias. In contrast, participants in the 4-hour and 8-hour groups were 
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equally accurate on white-tool trials (Ms = .88 and .89, respectively), t(40) = 1.07, p = 

.30. 

There was also an unexpected Prime x Sleep Group interaction F(1, 40) = 5.85, p 

< .05 such that participants in the 4-hour sleep group responded more accurately to the 

white primes (M = 0.87) than black primes (M = 0.86), t(40)=2.39, p<.05, whereas 

participants in the 8-hour sleep group responded equally to black primes (M = 0.89) as to 

white primes (M = 0.89), t(40)=1.45, p=.31. No other effects were significant in this 

analysis.  

Post-error slowing. Behavioral interference effects were calculated to test 

whether amount of sleep affects post-error behavioral adjustment. The interference effect 

was calculated for each participant by subtracting the RT on congruent trials (e.g. black-

gun) from the RT on incongruent trials (e.g. black-tool).  Comparing the size of the 

interference effect on trials that follow correct responses versus those that follow errors 

provides an index of the extent to which the primes differentially interfere with target 

categorization performance on post-correct versus post-error trials, representing the 

extent to which control adjustments are made following errors (see Bartholow et al., 

2011; Ridderinkhof et al., 2002). Effects of sleep restriction on the size of the 

interference effect were tested using a 2 (Sleep Group) x 2 (Trial type; post-error, post-

correct) mixed factorial ANOVA. There were no significant effects of post-error 

adjustment F(1, 40) = 1.45, p = .23. However, the pattern of means reflects a trend 

toward an interaction such that the 4-hour sleep group appears to experience greater post-

error interference (M = 253.5 ms) for post-error trials versus (M = 55.4 ms) for post-
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correct trials compared the 8-hour sleep group (M = 55.4 ms) for post-error trials versus 

(M = 77 ms) for post-correct trials, F(1, 40) = 2.1, p < .15. 

Accuracy confidence ratings. The effect of sleep on participants’ ability to 

correctly identify the accuracy of their responses was tested using two separate 2 (Sleep 

Group) x 2 (Judged accuracy; Correct, Incorrect) mixed factorial ANOVAs for Actual 

Incorrect and Actual Correct trials, respectively (see Figure 2). The data were 

transformed using the arcsine of the square root of accuracy to account for overall high 

levels of accuracy (i.e. ceiling effects) in the data.  This transformation produces a 

distribution better suited for analysis of variance. For actually incorrect trials, there was a 

main effect of Judged accuracy, such that participants were more likely to report that they 

had responded incorrectly than to misjudge their response accuracy, F(1, 40) = 113.5, p < 

.001. The ANOVA also indicated a trend toward a Judgment x Sleep Group interaction, 

F(1, 40) = 3.9, p = .06.  As indicated in the right panel of Figure 2, participants in the 4-

hour group were more likely than those in the 8-hour group to judge their incorrect 

responses as correct (Ms = .45 and .35, respectively), t(40) = 6.14, p <.001, whereas 

participants in the 8-hour group were more likely to accurately report that they were 

incorrect (M =1.11) on those trials than the 4-hour group (M =.98), t(40) = 8.93, p <.001.  

The ANOVA on judgments made about actually correct trials showed a main 

effect of Judged accuracy, such that participants were more likely to report that they had 

responded correctly than to misjudge their response accuracy, F(1, 40) = 2391.9, p < 

.001. However, unlike in the analysis of actually incorrect trials, there was no Judgment x 

Sleep Group interaction for actually correct trials (F < 1).  

Effects of Amount of Sleep on ERPs 
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ERN amplitude. The effect of sleep restriction on the ERN peak amplitude was 

analyzed with a 2 (Sleep Group; 8-hour, 4-hour) x 2 (Prime) x 2 (Target) x (Coronal 

electrode electrode site; Fz, FCz, CZ, CPz and Pz) mixed factorial Analysis of Variance 

(ANOVA) with repeated measures on all but the first factor.1 Initial analyses showed that 

the ERN was largest at FCz, and therefore remaining analyses will focus on the ERN 

obtained from that location.   

There was a significant Prime x Target interaction F(1, 37) = 4.64, p < .05. The 

pattern of means revealed that black-gun responses (M = -8.0 µV) were somewhat, 

though not significantly, larger than black-tool responses (M = -7.4 µV), however white-

gun responses (M = -5.5 µV) were significantly smaller than white-tool responses (M = -

7.8 µV) t(37) = 2.2, p < .05. Though only a trend, this effect appeared to be qualified by a 

Sleep Group x Prime x Target interaction F(1, 37) = 2.87, p = 0.10. Follow-up contrasts 

reveal that the 8-hour group showed significantly smaller ERNs on white-gun trials (M = 

-6.7 µV) than white tool trials (M = -7.4 µV) t(37) = 2.6, p < .01. However, follow-up 

contrasts did not reveal a significant difference for ERNs for black-gun (M = -8.9 µV) as 

compared to black-tool (M = -7.5 µV) trials t(37) = .97, p = .34. There were no other 

significant effects in this analysis (t < 1; see Figures 3 and 4).  

Pe amplitude. The effect of sleep restriction on Pe amplitude was analyzed with 2 

(Sleep Group; 8-hour, 4-hour) x 2 (Prime) x 2 (Target) x (Coronal electrode site; Fz, FCz, 

CZ, CPz and Pz) mixed factorial Analysis of Variance (ANOVA) with repeated measures 

on all but the first two factors. There was a significant effect of electrode location F(4, 

124) = 21.8, p < .01, such that Pe was largest at the Cz electrode. There was also a main 

effect of Target such that participants exhibited an overall larger Pe to guns (M = 8.6µV) 
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than tools (M = 6.8µV), F(1, 36) = 6.9, p < .05. No other effects were significant in this 

analysis. 
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CHAPTER 4 

DISCUSSION 

While sleep deprivation is known to disrupt some facets of cognition the effects 

can vary widely depending on factors such as the most recent number of hours of sleep 

obtained, chronic levels of sleep deprivation over time and time of day of testing. The 

current research did detect some effects of sleep restriction on task performance and 

neural correlates of performance in the Weapons Identification Task, however several 

hypotheses were not supported. Though the non-significant results could be veritable 

from a theoretical standpoint, it also possible that other sources of error have obscured 

the data. Such potential problems will be covered in the limitations section. 

The behavioral results of the current study are similar to findings in prior 

research. Participants’ increased accuracy for black-gun trials compared to other trial 

types suggests a connection between black faces and violence in the sense that black-gun 

trials are “stereotype consistent”. We did not find commonly reported speeded reaction 

times to black-gun trials, however the slowed overall reaction times of the 4-hour sleep 

group may have skewed the typical pattern of RT data. Regarding the decreased accuracy 

of the 4-hour group in responses to black-primes as compare to white-primes, it could be 

that sleep restriction leads to a broader difficulty in processing out group faces (as 

opposed to the commonly expected difficulty overcoming prepotent responding on black-

tool trials). 

It is surprising that there was no significant effect of post-error interference 

considering in prior research participants who consumed alcohol experienced greater 

interference on post-error trials (Bartholow et al., 2011). In other research, sleep deprived 
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participants also showed decreased post-error slowing compared to well-rested 

participants, which suggests that sleep deprivation leads to disruption of cognitive control 

(Murphy et al., 2006; Tsai et al., 2005). The pattern of means points to a trend for 

increased post-error interference in the 4-hour group but the sample size of this study 

may have been too small to detect an effect. 

There did appear to be impairment in sleep deprived participants’ ability to 

correctly judge whether their response on a previous trial was correct or not. In 

comparison to the 8-hour group, the 4-hour group was more likely to report that they 

were correct when they had in fact responded incorrectly. Interestingly, this lack of 

insight into accuracy of responding is an impairment that appears to be specific to sleep 

deprived participants since our previous work on alcohol-intoxicated participants showed 

that they were equally good at judging their own accuracy as a placebo group. 

 Analyses of the ERN/Pe data did not reveal an overall dampening of the ERN in 

the sleep-restricted group as was found in some prior studies (Hsieh et al., 2007; Tsai et 

al., 2005). It was hypothesized for the current study that were would not be a main effect 

of sleep deprivation on the ERN since the Weapons Identification Task was expected to 

produce important motivational differences when compared to prior similar experiments. 

This hypothesis was supported, however since there were also no interactions for Sleep 

Group with Prime or Target trials, the results suggest that such motivational cues may not 

be as important in error processing as hypothesized.  

On the other hand, there was also no detected effect of sleep deprivation on Pe 

amplitude, which was expected to differentiate the type of activity apparent in sleep-

deprived participants from that found in our previous experiment’s alcohol-intoxicated 
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participants. There is also no clear explanation for why the 8-hour sleep group appeared 

to exhibit dampened ERN activity to white primes. Heightened activity to black-prime 

trials in an unlikely explanation and would only make sense if the increased amplitude 

was specific to black-tool trials as a result of increased distress over potentially appearing 

racist. Since ERN amplitude was similar for the 8-hour group to both black-tool and 

black-gun trials, it is more likely that the data are obscured by other factors increasing the 

noise-to-signal ratio. 

There were no significant differences in Pe responses to black or white primes, 

which suggests that processing of race cues may not be highly relevant to error 

awareness. However, participants did exhibit a larger overall Pe to guns than tools. Such 

a reaction would makes sense from a self-protection standpoint considering the cost of 

mistakenly identifying a threat is greater than the cost of making a mistake on innocuous 

(tool) trials. On the other hand this pattern of results would make more sense if it 

appeared in the ERN amplitudes since prior research points to the idea of the ERN 

serving as a distress signal versus the Pe as a true “error-detection” signal. Further 

research on subtle differences in ERN / Pe reactivity to different types of motivationally 

relevant stimuli, regardless of sleep status, could help to clarify conclusions in this 

literature. 

Overall, the results of this experiment point to the possibility that duration of 

sleep affects error processing, but the results do not show a clear pattern with regard to 

which types of stimulus processing might be impaired or why. It is clear further research 

is needed to better understand how sleep deprivation affects emotion since there appeared 

to be no relationship between length of sleep and the measures of affect included here, 
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yet a growing body of literature supports the idea that sleep has a strong impact on 

emotional reactivity and memory associate with emotion (Walker, 2010). 

Limitations and Future Directions. This research was affected by several 

limitations. First and foremost, fewer than expected participants enrolled in the 

experiment. A strong effort was made to actively recruit participants, however several 

that expressed interest and reserved an appointment later failed to respond to 

experimenter attempts to contact them for the screening interview and provision of 

instructions. A few participants also simply failed to show up as scheduled even after the 

screening interview and despite appointment reminders and wake-up calls. Unfortunately 

an undergraduate population that is already chronically sleep-deprived (Buboltz et al., 

2001) may lack sufficient motivation to participate.  

Experimenter observation also suggests an 8AM appointment time is less than 

ideal, even for participants instructed to sleep 8 hours, since adolescents/young adults 

commonly prefer a more “night owl” life-style. In other words, despite manipulation 

checks that support the idea that the 4-hour group felt more tired than the 8-hour group, 

some effects may have been diluted by excess sleepiness students would not have 

experienced at a later hour. 

It is also likely that the between-subjects design of the sleep manipulation was not 

as beneficial as within-subjects designs commonly used in other similar sleep studies 

(e.g. Tsai et al., 2005) in part because of lack of power to detect significant differences, 

but also because it is possible individual differences in need for sleep may play a larger 

role than anticipated and those could be accounted for in a within-subjects design. 
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Another major drawback of this experimental design was that we could not 

control actual participant behavior, thus despite participant reports of sleeping more or 

less as requested in the protocol, participants may not correctly perceive the amount of 

sleep they obtain even if they attempt to report honestly. 

Finally, the results of this experiment would likely have been stronger after a 

night of complete sleep deprivation, which other experiments commonly employ. While 

some research does detect negative effects of “partial” sleep deprivation such studies 

typically investigate responses after multiple nights of sleep restriction (Elmenhorst et al., 

2009). It may be that participants are fairly resilient to short-term sleep deprivation 

pending they obtain at least a few hours. 

Much future research is warranted since the methodological changes outline 

above could improve the results obtained from this experiment. Furthermore, future 

research could pursue the effect of sleep deprivation on perception of race more broadly 

since this is the first experiment we are aware of to examine the effects of sleep on racial 

stereotypes or neural processing of potential out groups. Further studies could also 

examine the effect of sleep restriction on other socially or motivationally relevant stimuli 

since the type of stimuli could potentially change the nature of error-reactivity to those 

stimuli. 
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FOOTNOTES 

1. Inclusion of Sex in the model revealed an unexpected Sex x Sleep Group interaction in 

which females exhibited a larger (more negative) ERN in the 4-hour sleep group (M = -

8.41µV) compared to males (M = -4.53µV), however males exhibited a larger ERN in the 

8-hour sleep group (M = -8.84µV) compared to females (M = -4.68µV). These Sex 

differences are not directly relevant to study hypotheses and will therefore not be 

discussed further. 
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Table 1 
 
Means (and Standard Deviations) for Affect Ratings as a Function of Sleep Group and 

Assessment Times 

  Assessments 

 Group and subscale 1 2 3 4 

BAES 4-hour Stimulating 2.9 

(1.4) 

2.4 

(1.3) 

2.1 

(1.3) 

2.5 

(1.5) 

 4-hour Sedating 4.9 

(2.0) 

5.2 

(2.0) 

5.7 

(2.3) 

5.2 

(2.5) 

 8-hour Stimulating 4.0 

(1.5) 

3.2 

(1.4) 

3.0 

(1.5) 

3.4 

(1.7) 

 8-hour Sedating 3.3 

(1.9) 

3.3 

(1.6) 

3.2 

(2.0) 

2.8 

(1.5) 

      

PANAS 4-hour PA 2.2 

(0.7) 

1.9 

(0.8) 

1.7 

(0.7) 

1.8 

(0.6) 

 4-hour NA 1.3 

(0.2) 

1.3 

(0.3) 

1.4 

(0.3) 

2.4 

(0.6) 

 8-hour PA 2.6 

(0.6) 

2.3 

(0.7) 

2.2 

(0.7) 

2.4 

(0.6) 

 8-hour NA 1.4 

(0.6)  

1.4 

(0.5) 

1.4 

(0.5) 

1.3 

(0.3) 

 
Note. Ratings for BAES are reported separately according to the Stimulating and 

Sedating subscales. Similarly, ratings for the PANAS are reported separately as a 

function of the Positive Affect (PA) and Negative Affect (NA) subscales.  Assessments 1 

through 4 refer to pre-task baseline, 2nd block break, 4th block break and post-task, 

respectively.   
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