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Abstract 
 

The Impact of Sleep Deprivation on Anxiety and Affective Brain Function 

By  

Andrea Nicole Goldstein 

Doctor of Philosophy in Psychology 

University of California, Berkeley 

 
Professor Matthew P. Walker, Chair 

 
 

Recent evidence suggests there is an intimate and causal relationship between sleep and 
anxiety. Despite such progress, several unknowns remain. For example which factors 
predispose some individuals to be vulnerable to the anxiogenic impact of sleep loss while 
others appear to be resilient have yet to be identified. Furthermore, whether trait-anxiety, 
in turn, predicts the sensitivity of individuals to amplified emotional brain reactivity 
associated with a lack of sleep is similarly unknown. Moreover, little is currently known 
about the embodied interplay between peripheral and central nervous system mechanisms 
leading to such abnormalities of affective processing caused by sleep deprivation. 
Characterizing these mechanisms is necessary not only to gain a deeper understanding of 
the pathophysiological pathways underlying the condition of anxiety, but also for 
developing effective treatments for the amelioration of anxiety as well as guiding public 
health policy aimed at anxiety disorder prevention. Targeting these unanswered 
questions, this thesis combines functional and structural MRI techniques, together with 
high-density EEG recordings, to test the overarching hypothesis that sleep deprivation 
leads to dysregulation of the extended-limbic system contributing to, and interacting 
with, the state of anxiety. Three specific predictions emerged from this overarching 
hypothesis and were tested in separate experiments. First, experiment 1 confirms the 
hypothesis that structural brain morphology in a network of limbic brain regions predicts 
vulnerability to the anxiogenic impact of sleep deprivation, and that sex moderates this 
interaction. Second, experiment 2 provides evidence supporting the hypothesis that trait 
anxiety determines the degree to which sleep deprivation amplifies limbic brain reactivity 
during the anticipation of potentially aversive emotional experiences. Finally, results 
from experiment 3 affirms the prediction that, beyond central limbic brain changes, sleep 
deprivation additionally dysregulates peripheral, autonomic cardiac signaling in response 
to affective stimuli as well as decouples the normally inter-related association between 
central brain and peripheral nervous systems. Collectively, these results help characterize 
a framework in which sleep deprivation contributes to anxiety symptomology through 
impairments in affective processing by both the central (limbic) and peripheral 
(autonomic) nervous system functioning. Moreover, these data suggest that the co-morbid 
features of sleep disruption and altered limbic as well as autonomic function commonly 
reported across anxiety disorders may be causally related. Considering the continued 
decreases in sleep time across society and the high prevalence of anxiety disorders, these 
findings have significant therapeutic, clinical and public health ramifications. 
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Chapter 1 
 
General Introduction 
 

Sleep appears to be universal across phylogeny, from humans to fruit flies. Yet despite 
this ubiquity and evolutionary persistence, the function of sleep remains elusive. Over the past 
twenty years, continued research has demonstrated a role for sleep in supporting several 
cognitive brain processes, most notable, learning, memory and brain plasticity (Walker, 2009a). 
More recently, however, emerging basic research points to a functional role for sleep in the 
optimal control of emotional brain regulation.  

The majority of these studies have focused on subjective measures of mood, most 
consistently demonstrating that increasing durations of sleep deprivation result in a general 
negative affect as well as a magnified negative response to disruptions of daily life events 
(Dinges et al., 1997, Zohar et al., 2005, Sagaspe et al., 2006, Babson et al., 2009, Babson et al., 
2010). In contrast, relatively few experiments to date have assessed the objective physiological 
and neural consequences of sleep loss in regards to affective processing that may underlie the 
subjective responses. Understanding the underlying mechanisms through which sleep and 
affective processing interact is particularly important in the context of mood and anxiety 
disorders, in which sleep disruption appears to be a predisposing factor in both disorder 
development and maintenance (Ford and Kamerow, 1989, Breslau et al., 1996, Morphy et al., 
2007, Neckelmann et al., 2007, Harvey, 2011, Harvey et al., 2011).  

Beginning to address these unresolved questions by combining functional and structural 
neuroimaging techniques as well as high density EEG and affective paradigms, this dissertation 
aims to characterize the impact of sleep deprivation on anxiety and related affective brain 
processes. Specifically, these experiments aim to determine:  1) how structural brain morphology 
predicts vulnerability to the anxiogenic impact of sleep deprivation, and how sex may moderate 
this interaction, 2) the influence of sleep deprivation on neural anticipation of aversive 
experience, and the interaction with trait anxiety, and 3) the detrimental impact of sleep loss on 
central (brain) and peripheral (autonomic cardiac) nervous system dynamics that support social 
threat discrimination.  

The remaining introduction will outline several lines of research that have motivated the 
current investigations, and will conclude with a description of the overarching hypothesis and 
associated predictions.  

 
1.1 Neurobiology of the sleeping brain 

In humans (and other mammals), sleep is separated into two main types: rapid eye 
movement (REM) sleep and non-rapid eye movement (NREM) sleep, the latter being further 
subdivided into 4 stages (corresponding to increasing depth of sleep). These sleep stages are 
associated with dramatic alterations in functional brain activity and brain neurochemistry, with 
changes in REM sleep being most relevant to the current investigations. Neuroimaging studies 
reveal significant activity increases during REM sleep in emotion-related regions both 
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subcortically, in the amygdala, striatum and hippocampus, and cortically, in the insula and 
medial prefrontal cortex (mPFC) (Nofzinger, 2005, Miyauchi et al., 2009, Dang-Vu et al., 2010). 
These changes in functional brain activity are paralleled (and likely governed) by striking 
alterations in neurochemistry (McGinty and Harper, 1976, Kametani and Kawamura, 1990, 
Marrosu et al., 1995). Perhaps most remarkable is a substantial reduction in levels of 
noradrenaline (norepinephrine) during REM sleep, falling to concentrations below that of either 
NREM sleep or wake (Kametani and Kawamura, 1990, Marrosu et al., 1995, Shouse et al., 2000, 
Park, 2002, Ouyang et al., 2004); the lowest of any time during the 24hr period. This REM sleep 
reduction is pertinent to emotion processing, since noradrenaline is associated with numerous 
arousal-related emotion processes within the brain (and body), and in dysfunctional ranges, is 
associated with specific psychopathologies including post traumatic stress disorder (PTSD) and 
major depression.  

Therefore, the neuroanatomical and neurochemical changes that dominate REM sleep 
show a strong convergence with waking brain mechanisms of emotion reactivity, regulation and 
consequential action (Dolcos et al., 2005).  

 
1.2 Sleep & Anxiety Disorders 

Anxiety disorders – the most frequently occurring psychiatric disorders (Kessler et al., 
2005a, Kessler et al., 2005b) – are associated with significant disability and high utilization of 
health care services (Boyd, 1986, Fifer et al., 1994, Sherbourne et al., 1996, Jones et al., 2001, 
Hunt et al., 2002, Porensky et al., 2009). Anxiety and sleep disruption commonly co-occur 
(Wetherell et al., 2003, Papadimitriou and Linkowski, 2005), resulting in more pernicious 
symptomatology than either problem in isolation (Rohde et al., 1991). Conservative estimates 
indicate that those with anxiety disorders are twice as likely to develop sleep difficulties (Stewart 
et al., 2006, Neckelmann et al., 2007). This relationship appears to be bidirectional such that 
sleep disturbance is not only a symptom of anxiety disorders, but a strong predictive factor in 
their development (Ford and Kamerow, 1989, Breslau et al., 1996, Morphy et al., 2007, 
Neckelmann et al., 2007) and prognosis (Marcks et al., 2010). Moreover, these effects are 
gender-sensitive, with females demonstrating significantly greater susceptibility to both anxiety 
(Kessler et al., 2005a, Leach et al., 2008, Faravelli et al., 2013, Helenius et al., 2014, Perrin et al., 
2014) and sleep disturbance than males (Bixler et al., 2002, Collop et al., 2004, Zhang and Wing, 
2006, Silva et al., 2008). Such studies are consistent with the hypothesis that insufficient sleep 
may be a predisposing factor in the development, maintenance and exacerbation of anxiety.   

Indeed, sleep deprivation has been associated with increased anxiety in subjects free of 
psychiatric disorders (Breslau et al., 1996, Gregory et al., 2006, Johnson et al., 2006, Gregory et 
al., 2008, Babson et al., 2010). For example, following 36hr of sleep deprivation, Babson et al., 
demonstrated increases in the degree of anxiety, relative to participants who obtained a full night 
of intervening sleep (Babson et al., 2010). More recently, a “dose-response” time-course of this 
anxiogenic effect has been characterized, reporting a significant increase in state anxiety 
symptoms across a 24hr sleep deprivation period (Sagaspe et al., 2006). While limited in 
number, these studies support that sleep loss causally increases anxiety in participants with 
normative anxiety status.  
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1.3 Anxiety & Sleep Stages 
Polysomnographic (PSG) sleep recording investigations in patients with generalized 

anxiety disorder (GAD) have described reductions in sleep efficiency (Rapoport et al., 1981, 
Reynolds et al., 1983, Monti and Monti, 2000, Chevrette et al., 2005, Forbes et al., 2008), REM 
sleep time and increased latency to enter REM (Rapoport et al., 1981, Reynolds et al., 1983, 
Monti and Monti, 2000, Chevrette et al., 2005, Forbes et al., 2008). These findings parallel work 
in rodents, demonstrating that stress induction paradigms decrease REM (Kant et al., 1995, 
Sanford et al., 2001, Sanford et al., 2003). Conversely, selective REM sleep deprivation induces 
marked anxiogenic effects (Suchecki et al., 2002, Andersen et al., 2005, Yehuda et al., 2007). 
Together these studies suggest that insufficient REM sleep may, in part, instigate or support high 
anxiety status (Silva et al., 2004).  

More recent work has described sleep abnormalities associated with anxiety using 
spectral analysis of the EEG signal, including increased amounts of fast beta/gamma-band 
activity during REM (commonly 20-35Hz), and less consistently, at sleep onset (Davidson et al., 
2000, Perlis et al., 2001, Sachs et al., 2004, Gauthier et al., 2009). Interestingly, these spectral 
anxiety markers are not found globally across scalp topography, but are highly localized, most 
commonly over the frontal cortex (Davidson et al., 2000, Perlis et al., 2001, Sachs et al., 2004, 
Gauthier et al., 2009). The spatial coverage and resolution necessary to detect these regionally 
specific changes emphasize the utility of recording sleep with high-density EEG, as proposed in 
the current application. Without full head overage, anxiety-related physiological abnormalities 
may remain obscured. Although a consensus on the specific sleep EEG changes associated with 
anxiety remains to be established, these studies speak to the utility of physiological sleep 
recordings in understanding the neural mechanisms underlying anxiety.  

 
1.4 Sleep Loss & Emotional Reactivity  

Acute sleep deprivation, sleep restriction and poor habitual sleep have all been shown to 
amplify amygdala reactivity to emotionally negative experiences (Yoo et al., 2007a, Chuah et al., 
2010, Killgore, 2013, Motomura et al., 2013, Prather et al., 2013). Moreover, this signature of 
excessive subcortical limbic reactivity caused by insufficient sleep has routinely been linked to 
decreases in functional connectivity with the medial prefrontal cortex (mPFC), relevant, 
considering the mPFC exerts top-down regulatory control of the amygdala (Yoo et al., 2007a, 
Chuah et al., 2010, Killgore, 2013, Motomura et al., 2013, Prather et al., 2013). These sleep loss 
alterations in brain activity are paired with changes in affective behavioral outcomes and 
subjective reports of significant clinical relevance. For example, inter-individual differences in 
amygdala-mPFC connectivity following sleep deprivation are significantly correlated with 
concurrent sleep-loss increases in subjective anxiety (Motomura et al., 2013). Thus, insufficient 
sleep exaggerates activity in the amygdala and associated limbic regions of the cortex, while also 
degrading connectivity between these limbic regions and the prefrontal cortex.  

While the majority of studies to date have focused on changes within the central nervous 
system (and specifically brain), it is of note that such central alterations are paralleled by changes 
in peripheral nervous system physiology. One night of sleep deprivation amplifies pupil diameter 
responses—an index of peripheral autonomic nervous system reactivity—during the passive 
viewing of negative emotional picture stimuli (Franzen and Buysse, 2008).  Congruently, sleep 
deprivation also increases sympathetic dominance of the autonomic nervous system, indexed by 
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changes in heart rate variability (Zhong et al., 2005, Sauvet et al., 2010). The latter is important, 
since this sympathetic bias is associated with a lack of flexibility and capacity to respond to 
emotional challenges, and has been positively associated with psychopathology (Appelhans, 
2006).  

 
1.5 Sleep & Aversive Emotional Reactivity  

A full night of sleep has been shown to decrease or “de-potentiate” amygdala reactivity 
the next day in response to emotional stimuli viewed the night before (van der Helm et al., 2011), 
further linked to the re-establishment of connectivity between the amygdala and the mPFC (van 
der Helm et al., 2011). Moreover, this reduction in affective charge at a neural level co-occurs 
with a dissipation in subjective emotional sensitivity, expressly in “feeling” states measured by 
self-report (van der Helm et al., 2011). While these data describe overall group effects of a night 
of sleep, inter-individual differences in the success of overnight emotional depotentiation (both 
in the brain and subjective intensity ratings) was predicted by the degree of reduced gamma (30-
40 Hz) EEG activity during REM sleep – a validated, albeit indirect, measure of central 
adrenergic activity (Cape and Jones, 1998). Specifically, those participants who expressed the 
lowest REM sleep gamma activity – considered to have the greatest REM sleep adrenergic 
reduction – expressed the greatest beneficial overnight reduction in emotional brain and 
behavioral intensity. Thus, one proposed function of the marked suppression of central 
adrenergic tone during REM sleep is the (re)processing of prior waking emotional experiences 
that provides a form of “overnight therapy” (Walker and van der Helm, 2009).  

 
1.6 Anxiety & Emotional Brain Function 

Neuroimaging studies using a wide range of negative stimulus paradigms including 
aversive anticipation and threat reactivity have demonstrated that anxiety status is associated 
with exaggerated limbic reactivity (including the amygdala and anterior insula) in addition to 
reduced medial prefrontal reactivity (Sehlmeyer et al., Rauch et al., 2000, Davis and Whalen, 
2001, Davidson, 2002, Kent and Rauch, 2003, Bishop et al., 2004b, Davidson, 2004, Etkin et al., 
2004, Rauch et al., 2006, Bishop et al., 2007, McClure et al., 2007, Stein et al., 2007, Monk et 
al., 2008, Beesdo et al., 2009, Etkin et al., 2009, Lau et al., 2009, Nitschke et al., 2009b, Etkin, 
2010) across anxiety disorders. Further, such enhanced limbic reactivity is not limited to 
individuals who have an anxiety disorder, but is further reported in high anxious participants 
without an existing anxiety disorder diagnosis (Bishop et al., 2004c, Etkin et al., 2004, Bishop et 
al., 2007, Stein et al., 2007). Recent evidence further suggests that, similar to the situation of 
sleep deprivation, elevated amygdala reactivity to emotional stimuli may be due, in part, to 
impoverished amygdala-PFC connectivity (Etkin et al., 2010). In particular, amygdala 
connectivity with the mPFC during emotional reactivity tasks has been shown to differentiate 
GAD (Etkin et al., 2009, Etkin et al., 2010), PTSD (Etkin and Wager, 2007), social anxiety 
(Guyer et al., 2008) and high trait anxious individuals (Hare et al., 2008) from matched controls.  

 
1.7 Dissertation Aims and Predictions 

Despite the overlap in networks affected by sleep deprivation, and those involved in 
anxiety, the interaction between sleep and the neural dynamics contributing to anxiety 
symptomology remain unknown. Furthermore, whether inter-individual differences in trait-like 
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factors such as brain morphology confer vulnerability to the anxiogenic effects of sleep 
deprivation is similarly unknown. Characterizing this interactive association may offer the 
potential not only to gain a deeper understanding of the pathophysiological mechanisms 
underlying anxiety, but also aid in the development of preventative strategies and effective 
treatments for the amelioration of anxiety. Using an approach that combines functional and 
structural MRI techniques and high-density EEG sleep recordings, together with affective 
paradigms, this dissertation will test the overarching hypothesis that sleep deprivation leads to 
dysregulation of the extra-limbic system with detrimental consequences for anxiety 
symptomology in non-clinically anxious individuals. Three experiments flow from this 
overarching hypothesis:   
 
Experiment 1: Tested the hypothesis that structural brain morphology in emotion processing 
regions predicts vulnerability to the anxiogenic impact of sleep deprivation, and further that the 
strength and direction of these relationships will be determined by sex (chapter 4).  
 
Experiment 2: Tested the hypothesis that sleep deprivation would exaggerate limbic reactivity 
to aversive anticipation, with high-trait anxious individuals experiencing the greatest sleep 
deprivation effect (chapter 5).     
 
Experiment 3: Tested the hypothesis that sleep deprivation will disrupt the underlying central 
and peripheral nervous system processes supporting accurate threat discrimination (chapter 6).  
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Chapter 2 
 

Common Methods 
 
Participants 
 Exclusion criteria, assessed using a prescreening semi-structured interview were: a 
history of sleep disorders, neurologic disorders, open and closed head injury, Axis I psychiatric 
disorders according to the DSM-IV-TR criteria (encompassing mental disorders including 
depression, anxiety disorders, bipolar disorder, attention deficit disorder and schizophrenia), 
history of drug abuse and current use of anti-depressant, psycho-stimulant or hypnotic 
medication. Subjects who reported drinking 3 or more caffeine-containing beverages a day such 
as caffeinated coffee, tea or soft drinks, were excluded. The study was approved by the 
institutional review board at the University of California, Berkeley (Committee for Protection of 
Human Subjects), with all participants providing written informed consent. 
 
Pre-experimental procedures 

Participants abstained from caffeine and alcohol for the 72 hours before and during the 
entire course of the study and kept a normal sleep-wake rhythm (7-9 hours of sleep per night 
with sleep onset between 10:00PM-1:00AM and rise time between 7:00AM-10:00AM) for the 3 
nights prior to the study participation, as verified by sleep logs and actigraphy (a wristwatch 
movement sensor, sensitive to wake and sleep states).  

 
Sleep Deprivation Procedures 

In the sleep-deprived session participants arrived at the laboratory at 9:00PM and were 
continuously monitored throughout the enforced waking period by trained personnel, 
independently confirmed using actigraphy monitoring. Participants were typically run as a dyad, 
and were allowed a degree of social interaction with the experimenters and each other across the 
deprivation night prior to the first behavioral task. This choice was, in part, to allow a degree of 
ecological similarity to real world circumstances, as societal sleep deprivation commonly occurs 
in a non-isolated context. Activities during the sleep deprivation period were limited to use of 
internet, email, short walks, reading, movies of low emotionality and playing board games, 
thereby providing a standardized regiment of waking activity without undue stress. 
 
Sleep Recordings  

Sleep on the sleep-rested night was monitored in the laboratory with PSG sleep (23:00hr-
7:30hr ± 30min) using a Grass Technologies Comet XL system (Astro-Med, Inc., West 
Warwick, RI). Electroencephalography (EEG) was recorded at 19 standard locations conforming 
to the International 10-20 System (Jasper, 1958) (FP1, FP2, F7, F3, FZ, F4, F8, T3, C3, CZ, C4, 
T4, T5, P3, PZ, P4, T6, O1, O2). Electrooculography was recorded at the right and left outer 
canthi (right superior; left inferior). Electromyography was recorded via three electrodes (one 
mental, two submental). Reference electrodes were recorded at both the left and right mastoid 
(A1, A2). Data was sampled first at 800Hz by the amplifier, digitized at 400Hz. All data was 
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stored unfiltered (recovered frequency range of 0.1-100Hz), except for a 60 Hz notch filter to 
remove mainline noise. For recording only, each channel was referenced to a forehead scalp 
derivation.  

 
Sleep Scoring  

Sleep-staging was performed in accordance with standardized techniques (Rechtschaffen 
and Kales, 1968) Using C3, C4, O1, O2, right and left EOG and EMG channels. EEG and EOG 
were referenced to the contralateral mastoid, and filtered to 0.3-35Hz. EMG used a bipolar 
montage filtered to 10-70Hz and 0.1-12Hz, respectively. Sleep was visually scored in 20-second 
epochs using the C3-A2 derivation according to standard criteria (Rechtschaffen and Kales, 
1968). Sleep architecture values are reported for experiment 1 in Table 3.1 and experiments 2 
& 3 in 4.1, consistent with previous cross sectional normative values for this age group (Ohayon 
et al., 2004). 

 
Functional MRI (fMRI) Acquisition 

Blood oxygenation level-dependent contrast functional images were acquired with echo-
planar T2*-weighted (EPI) imaging using a Siemens 3 Tesla MRI scanner with a 12-channel 
head coil. Each image volume consisted of 32 ascending 3.5mm slices (96 x 96 matrix; TR = 
2000ms; TE = 28ms; size 2.5 x 2.5 x 3.5 mm, FOV 224mm, flip angle = 90°).  

 
Structural MRI Acquisition 

A high-resolution T1 weighted structural scan was acquired at the end of the sleep-rested 
session (256 x 256 matrix; TR=1900; TE = 2.52; flip angle = 9°; FOV 256mm; 1 x 1 x 1mm s). 
Concurrent eye tracking was utilized in order to further verify wakefulness during both test 
sessions (ViewPoint Eye Tracker; Arrington Research, Inc. Scottsdale, AZ). 
 
fMRI Preprocessing 

Preprocessing and data analysis were performed using Statistical Parametric Mapping 
software implemented in Matlab (SPM8; Wellcome Department of Cognitive Neurology, 
London, UK). Images were motion corrected and slice scan time corrected, and then spatially 
normalized to the Montreal Neurological Institute template and smoothed using an 8mm full-
width-at-half-maximum (FWHM) Gaussian kernel using default parameters in SPM8. For each 
subject, trial-related activity was assessed by convolving a vector of trial onsets with a canonical 
hemodynamic response function. The six movement-related covariates (three rigid-body 
translations and three rotations determined from the realignment preprocessing step) were used 
as regressors in the design matrix for modeling movement related artifact in the time series. 
Additionally, a white matter regressor was included to control for physiological noise. 
Nonsphericity of the error covariance was accommodated for using a first order autoregressive 
(AR1) model, in which the temporal autocorrelation was estimated by pooling over 
suprathresholds (Friston et al., 2002). 
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Chapter 3 
 

Sex moderates the relationship between brain 
structure and the anxiogenic impact of sleep loss 
 
3.1 Introduction 
 
 Robust evidence now indicates a beneficial role for sleep in the optimal regulation of 
emotional brain function, including anxiety (Sagaspe et al., 2006, Yoo et al., 2007b, Babson et 
al., 2010, van der Helm et al., 2011, Goldstein et al., 2013, Goldstein and Walker, 2014). The 
relationship between sleep and anxiety appears to be bidirectional, such that sleep disturbance is 
not only a symptom of anxiety disorders, but also a strong predictive factor in their development 
(Ford and Kamerow, 1989, Breslau et al., 1996, Morphy et al., 2007, Neckelmann et al., 2007) 
and prognosis (Marcks et al., 2010). Moreover, these effects are sex-sensitive, with females 
demonstrating significantly greater susceptibility to both anxiety (Kessler et al., 2005a, Leach et 
al., 2008, Faravelli et al., 2013, Helenius et al., 2014, Perrin et al., 2014) and sleep disturbance 
than males (Bixler et al., 2002, Collop et al., 2004, Zhang and Wing, 2006, Silva et al., 2008, 
Bittencourt et al., 2009). 

Beyond associations in clinical cohorts, sleep deprivation causally triggers affective 
dysfunction in healthy participants free of psychiatric disorders including increases in anxiety 
(Breslau et al., 1996, Gregory et al., 2006, Johnson et al., 2006, Roth et al., 2006, Sagaspe et al., 
2006, Gregory et al., 2008, Babson et al., 2010, Goldstein et al., 2013). Furthermore, this 
anxiogenic effect progresses in a “dose-response” time-course with increasing time awake 
associated with progressive elevations in anxiety (Sagaspe et al., 2006), potentially as a 
consequence of elevated noradrenaline levels accrued during sleep deprivation (Mallick and 
Singh, 2011, Goldstein and Walker, 2014). As in psychiatric cohorts, evidence suggests that such 
sleep deprivation associations with affective processes express sex differences. For example, the 
detrimental impact of sleep loss on emotional face processing as well as subjective well-being is 
significantly greater in females compared to males (Birchler-Pedross et al., 2009, van der Helm 
et al., 2010).  

Collectively, these studies establish an anxiogenic impact of sleep loss, and further 
suggest that the relationship between sleep and anxiety may be influenced by sex. However, 
what biological factor(s) may confer anxiogenic resilience and conversely, anxiogenic 
vulnerability to the impact of sleep deprivation remains largely unknown. Furthermore, how such 
factors differentially interact in the male and female brain, potentially resulting in dissociable 
sleep-loss vulnerability profiles on the basis of sex is similarly unknown. Identifying such factors 
that contribute to development and maintenance of anxiety is particularly important considering 
that anxiety disorders are the most frequently occurring psychiatric disorders (Kessler et al., 
2005a, Kessler et al., 2005b) and are associated with significant disability, poor quality of life, 
and high utilization of health care services (Boyd, 1986, Fifer et al., 1994, Sherbourne et al., 
1996, Jones et al., 2001, Hunt et al., 2002, Porensky et al., 2009).   
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The current study sought to target these issues, focusing a priori on the candidate 
vulnerability factor of brain structure for two specific reasons. First, gray matter volume in 
regions important for emotion processing have been significantly associated with the presence of 
an anxiety disorder (Milham et al., 2005, Asami et al., 2009, Liao et al., 2011, Schienle et al., 
2011, Hatton et al., 2012, Alemany et al., 2013, Mueller et al., 2013), as well as the degree of 
anxiety relevant symptomology (Barros-Loscertales et al., 2006, Yamasue et al., 2008, 
Spampinato et al., 2009, Welborn et al., 2009, Carlson et al., 2012, Fuentes et al., 2012, 
Elsenbruch et al., 2014, Levita et al., 2014, Perrin et al., 2014). Most consistently, negative 
relationships between regional volume and anxiety severity have been reported in emotion 
generation regions of the amygdala, insula and lateral orbitofrontal cortex (lOFC) (Milham et al., 
2005, Yamasue et al., 2008, Asami et al., 2009, Fuentes et al., 2012, Hatton et al., 2012, 
Alemany et al., 2013, Mueller et al., 2013, Elsenbruch et al., 2014). Conversely, positive 
relationships have commonly been reported in emotion regulation and evaluation regions of the 
anterior cingulate cortex (ACC) and ventromedial prefrontal cortex (vmPFC), where increasing 
gray matter volume is associated with progressively elevated anxiety symptoms (Welborn et al., 
2009, Schienle et al., 2011, Carlson et al., 2012). Importantly, many of these regions are also 
known to be sexually dimorphic in nature, thus resulting in sex specific responses to 
neurotransmitters (e.g. noradrenaline), functional reactivity and associations with anxiety (Giedd 
et al., 1997, Goldstein et al., 2001, Cosgrove et al., 2007, Yamasue et al., 2008, Biswal et al., 
2010, Goldstein et al., 2010, Sokolowski and Corbin, 2012, Schwabe et al., 2013, Moon et al., 
2014).  

Independent of anxiety, variations in gray matter volume in these same emotion 
processing regions have also been linked to inter-individual differences in sleep related measures 
including the expression of sleep physiology (Saletin et al., 2013), daytime sleepiness (Killgore 
et al., 2012), sleep credit (the degree to which individuals sleep more than what they perceive 
necessary) (Weber et al., 2013) and insomnia features (Stoffers et al., 2012, Spiegelhalder et al., 
2013).  

Despite such relationships, whether regionally specific grey matter volume represents a 
vulnerability factor predicting the extent of anxiety amplification associated with sleep 
deprivation is unknown. Moreover, whether the relationships between gray matter volume and 
sleep deprivation increases in anxiety are different for males and females also remains untested. 
Building on this evidence, the current study tests the hypothesis that regional gray matter volume 
in anxiety-relevant brain regions within the mPFC, together with insula, lateral OFC and 
amygdala predict the anxiogenic impact of sleep loss, and furthermore, that these interactions 
will be moderated by sex, with females showing opposing relationships to males. 

 

3.2 Methods 
 
Subjective Anxiety Measurements 

To assess transient state anxiety levels, we administered the validated state version of the 
STAI questionnaire (Spielberger, 1983) on the evening of both experimental visits and the 
following morning (details of timing presented below).   
 
Experimental Design  
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Following screening, 44 healthy adults, age 18-25 years (mean: 20.02 , s.d. ± 1.78 yrs, 23 
Female) entered a repeated-measures cross-over study design with two experimental conditions: 
rested sleep (control) and sleep deprivation (24-hours of sleep deprivation). In the sleep-rested 
session, participants came to the lab at 8:00PM and were prepared for an ~8hr in bed 
polysomnographic (PSG) night of sleep recording in the laboratory (11:00PM-8:00AM ± 60min; 
details below).  The STAI-State anxiety questionnaire was administered just prior to lights-off at 
approximately 10:50PM (± 30 min) and again approximately 10 minutes after their respective 
wake time 8:10AM (±60min). In the sleep-deprived session participants arrived at the laboratory 
at 9:00PM and remained awake across the night (see common methods for details (Chapter 2)). 
The STAI-State anxiety questionnaire was administered at matched time points to the sleep-
rested condition: in the evening at approximately 11:50pm (± 30min) and again the following 
morning at approximately 8:00AM (± 90min). Test sessions were separated by at least 6 days 
(mean 10.89), with the order of the sleep-rested and -deprived sessions counterbalanced across 
subjects.  

To assess the degree of difference between the structured sleep schedule of the 
experiment and each participant’s unrestricted sleep schedule, participants completed the 
Pittsburgh Sleep Quality Index (PSQI) upon study entry. This instrument contains questions 
relating to the bed time, rise time and duration of sleep episodes across the past month (Buysse et 
al.). Additionally, in order to better characterize recent sleep status, participants further 
completed sleep logs five days before each experimental session. Participants conformed to the 
structured sleep schedule during the month prior to the experiment, including across the five 
days prior to the experimental session. Specifically, in the month leading up to the study, 
participants reported average bed times before 2:00 AM (mean: 12:21 AM ± 120 min), rise times 
before 10:00 AM (mean: 8:06 AM, s.d. ± 120 min) and sleep duration lengths between 7–9 hours 
(mean: 7.60 hours, s.d. ± 0.77 hours). While it is important to note the inherent limitations of 
self-report measures, these findings support the likelihood that participants were entering the 
study in a rested state, and that their normative schedules were congruent with the study 
requirements. Sleep statistics for the night of PSG recorded sleep in the sleep-rested session are 
provided in Table 3.1 and Table 3.2, and conform to population norms for this age range 
(Ohayon et al., 2004).  

 
Structural MRI analysis 

Individual estimates of gray matter volume, a stable trait-like measure previously 
demonstrated to offer sensitivity to inter-individual variability in brain morphology (Thompson 
et al., 2001), was calculated using the validated voxel-based morphometry approach (VBM) 
(Ashburner and Friston, 2000, Ridgway et al., 2009, Dumontheil et al., 2010, Spoormaker et al., 
2011). VBM analysis quantified the signal intensity of each voxel in the brain for a gray matter 
segmentation image, given the differential signal intensity yielded by magnetic resonance 
properties of gray and white matter, respectively. Image processing used Statistical Parametric 
Mapping (http:// www.fil.ion.ucl.ac.uk/spm) in conjunction with the VBM 8 Toolbox for SPM8 
(http://dbm.neuro.uni-jena.de/vbm/) using the default settings. Modulated gray matter maps were 
then smoothed using an 8-mm Gaussian kernel to reduce signal-to-noise for statistical analysis. 
Measures of total intracranial volume for each participant were estimated from the sum of gray 
matter, white matter and cerebrospinal fluid (CSF) segmentation from each participants native-
space using VBM8. (e.g. (Eckert et al., 2008, Wolk et al., 2009, Benedetti et al., 2011, D'Agata 
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et al., 2011, Ansell et al., 2012, Benedetti et al., 2012), etc.). This measure of total intracranial 
volume was verified against an independent analysis using the reconstruction scheme in the 
different software package FreeSurfer (Fischl and Dale, 2000), which derives intracranial 
volumes from cortical surface reconstruction, with the two methods resulting in remarkably 
similar estimates (correlations between the values from each method: r = 0.80, p<0.00001). Due 
to strong a priori regional predictions as well as the directional nature of our hypothesis (that 
inter-individual differences in gray matter volume would interact with sex to predict 
vulnerability/resilience to anxiety) we performed region of interest (ROI) based analysis in R 
(http://www.R-project.org). Specifically, ROI volumes were defined as 14 mm (with the 
exception of the amygdala which used a 10mm sphere) spheres centered on a set of peak 
activations, or the mirrored reflection across hemispheres of these peaks, observed in previously 
published neuroimaging studies investigating anxiety and gender differences in emotion 
processing [MNI coordinates [x, y, z]: left amygdala [-14, -8, -22]; right amygdala [20, -8, -22]; 
left insula/IFG [-30, 28, -12]; Right insula/IFG [30, 28, -12]; left lateral OFC [-34, 58, -4]; right 
lateral OFC [34, 58, -4]; ACC [10, 12, 42]; vmPFC [-4, 42, -20] (Bishop et al., 2004b, Goldstein 
et al., 2010, Xu et al., 2013)]. Mean normalized gray matter volume across bilateral our ROIs 
were extracted and used in the moderation analyses described below. Additionally, all statistical 
regression models controlled for individual measures of total intracranial volume for each subject 
were included as a nuisance regressor. 

 
Statistical analysis 

A three-way, repeated-measures ANOVA with condition (sleep-rested versus sleep-
deprived) and time (evening versus morning) as within subjects factors and sex (male versus 
female) as a between subjects factor was used to determine whether the anxiogenic effects of 
sleep deprivation were moderated by sex. One participant was excluded from this portion of the 
analysis as an outlier (values were greater than 3 s.d. above the mean). 

To test the hypothesis that inter-individual differences in gray matter volume in regions 
known to be sensitive to sleep (Killgore et al., 2012, Stoffers et al., 2012, Saletin et al., 2013, 
Spiegelhalder et al., 2013, Weber et al., 2013) and emotion anxiety (Milham et al., 2005, Barros-
Loscertales et al., 2006, Yamasue et al., 2008, Asami et al., 2009, Spampinato et al., 2009, 
Welborn et al., 2009, Liao et al., 2011, Schienle et al., 2011, Carlson et al., 2012, Fuentes et al., 
2012, Hatton et al., 2012, Alemany et al., 2013, Mueller et al., 2013, Elsenbruch et al., 2014, 
Levita et al., 2014, Perrin et al., 2014) would be associated with the degree of the sleep-deprived 
anxiogenic effect, we performed robust linear regression in R (rlm function from MASS 
package) (Huber, 1981, Pawitan, 2001) analyses with the change the overnight change in anxiety 
(Morning anxiety – Evening Anxiety) in the deprived condition relative to the rested (Sleep 
Deprived – Sleep Rested) as the dependent variable and gray matter volume of our ROI and total 
intracranial volume as independent variables. Further, to test whether the predictive relationship 
between gray matter volume in our ROIs and the sleep-deprived changes in anxiety across the 
night is dependent on sex, we performed additional robust linear regressions again with state 
anxiety changes as the dependent variable and total intracranial volume, gray matter volume in 
our ROIs, sex and the interaction between gray matter volume and sex as predictors. 
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3.3 Results 
 
Subjective Anxiety  

To determine whether sleep deprivation increased subjective anxiety in females to a 
greater degree than males, a three-way repeated measures ANOVA with condition (sleep-
deprived versus sleep-rested) and time (evening versus morning) as within-subject factors and 
sex (males versus females) as a between subjects factor was completed. Consistent with prior 
reports (Breslau et al., 1996, Gregory et al., 2006, Johnson et al., 2006, Roth et al., 2006, 
Sagaspe et al., 2006, Gregory et al., 2008, Babson et al., 2010, Goldstein et al., 2013), the three-
way ANOVA revealed significant main effects of condition (sleep-deprived versus sleep-rested 
F=14.01, p=0.001) and time (morning versus evening F=53.07, p<0.0001) as well as a significant 
time x condition interaction (F=15.06, p<0.001). Specifically, the increase in subjective anxiety 
from evening to morning in the sleep-deprived condition was significantly greater than in the 
sleep-rested condition (F=14.30, p<0.001; Figure 3.1), suggesting that sleep across the night 
prevents increases in anxiety that would occur with equal time awake. In addition the three-way 
ANOVA also revealed a significant time x sex (F=5.50, p=0.02) and more importantly a 
significant condition x time x sex interaction (F=5.87, p=0.02). Consistent with predictions, 
analyses revealed that females appear to be more vulnerable to the anxiogenic consequences of 
sleep loss relative to males (Figure 3.2). Specifically, while males showed near equivalent 
increases in anxiety from evening to morning across periods including sleep (2.55 ± 4.87) and 
sleep deprivation (4.40 ± 4.87), females demonstrated a near 4-fold increase in subjective anxiety 
across the evening to morning when sleep deprived (10.77 ± 9.12) compared to when sleep 
rested (2.77 ± 4.14). It is important to note that there was neither a main effect of sex on 
subjective anxiety within the three-way ANOVA (F=3.14, p>0.05) nor sex differences in the 
change of state anxiety levels across the sleep-rested night (F=0.02, p=0.87), suggesting that the 
vulnerability to sleep deprivation in females was not due to general differences in subjective 
anxiety between sexes.  
 
Sex moderates the relationship between brain structure and the anxiogenic impact of sleep 
deprivation 
 Given prior experimental evidence demonstrating sex differences in 1) the recruitment of 
brain regions during emotion processing (Hakamata et al., 2009, Goldstein et al., 2010) 2) sex 
differences in the relationships between gray matter volume and anxiety symptomology 
(Yamasue et al., 2008, Moon et al., 2014) 3) greater susceptibility of females to anxiety (Kessler 
et al., 2005a, Leach et al., 2008, Faravelli et al., 2013, Helenius et al., 2014, Perrin et al., 2014), 
sleep disorders (Bixler et al., 2002, Collop et al., 2004, Zhang and Wing, 2006, Silva et al., 2008, 
Bittencourt et al., 2009), and the emotional consequences of sleep deprivation (Birchler-Pedross 
et al., 2009, van der Helm et al., 2010), robust regression analyses were used to test the 
prediction that the relationships between gray matter volume and the anxiogenic effect of sleep 
deprivation would differ by sex.  

Consistent with this prediction, robust regression analyses revealed a significant 
interaction between sex and gray matter volume predicting sleep deprivation related increases in 
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anxiety in the insula/IFG (b=138.21, t=3.09, p<0.005; Figure 3.3A) and lateral OFC (b=212.00, 
t=3.32, p<0.005; Figure 3.3B). Moreover, females demonstrated a significant negative 
association between anxiety and gray matter volume in both the insula/IFG (b=-79.47, t=-2.55, 
p=0.01) and lateral OFC (b=-105.81, t=-2.41, p=0.02), yet conversely, positive relationships 
were identified in males for the insula/IFG (b=58.74, t=1.82, p=0.08) and lateral OFC (b=106.20, 
t=2.29, p=0.03). In the emotion regulation region of the ACC, a significant interaction was also 
revealed (b=142.23, t=2.14, p=0.04; Figure 3.3C), and while directionally consistent with 
original hypothesis, it was males rather than females that uniquely demonstrated positive 
predictive relationships between gray matter volume and anxiety in the ACC (females: b=-53.13, 
t=-1.05, p=0.3; males: b=89.09, t=2.11, p=0.04).  

Contrary to the original hypothesis, no significant sex relationships were identified 
between the interaction of gray matter volume and sleep-loss induced anxiety in the amygdala 
(b=57.30, t=0.69, p=0.49), or the vmPFC (b=98.38, t=1.56, p=0.13 Figure 3.3D). Statistics from 
the planned comparisons within each sex were female: b=-21.78, t=-0.54, p=0.59; male: 
b=35.52, t=-0.49, p=0.63 for the amygdala and female: b=7.78, t=0.16, p=0.87; male: b=106.16, 
t=2.73, p=0.01 for the vmPFC  

Importantly, gray matter volume in all a priori brain regions did not differ by sex even 
when correcting for total gray matter volume (all t<1.64 p>0.05), suggesting that sex influences 
the relationship between gray matter volume and sleep-loss induced anxiety, rather sex 
differences in gray matter volume mediating differences in anxiety  

In summary, the association between sleep-loss anxiety increases and grey matter volume 
within anterior cingulate, lateral orbitofrontal and anterior insula cortices (but not amygdala or 
vmPFC) was specifically dependent on sex, with females expressing a negative vulnerability 
relationship, while males expressed an opposing profile.  
 
Sex Independent Structural brain associations predicting the anxiogenic impact of sleep 
deprivation 

While the above findings explore sex-specific interaction effects, a final set of robust 
regression analyses were used to test whether predictive relationships between gray matter 
volume and sleep-loss induced anxiety increases were common across both males and females in 
a priori ROIs. First, and consistent with the directionality of previous sex-independent 
associations (Welborn et al., 2009, Carlson et al., 2012), gray matter volume in the emotion 
regulation/evaluation region of the vmPFC significantly and positively predicted increases in 
anxiety across the sleep-deprived night relative to the sleep-rested night similarly across both 
sexes (Figure 3.4; b=73.86, t=2.32, p=0.03 controlling for sex), indicative of a vulnerability 
feature shared across males and females. Specifically, individuals (males or females) with greater 
vmPFC gray matter volume predicted the greatest sleep deprivation increases in anxiety. No such 
common, sex independent, associations were found between grey matter volume and sleep-loss 
induced anxiety increases were identified in any of the other a priori ROIs of the amygdala, 
insula/IFG, ACC or lateral OFC (all t<0.85, p>0.41). Therefore increasing gray matter volume in 
the vmPFC appears to be another factor, common to both males and females, that may confer 
vulnerability to the anxiety promoting effects of insufficient sleep, beyond the sex-specific 
associations identified in the insula/IFG, lOFC and ACC. 



	   14	  

3.4 Discussion 
 

Together, these findings suggest that the grey matter volume within a select network of 
limbic-related brain regions represents a vulnerability factor predicting the anxiogenic impact of 
sleep deprivation, the interaction of which is significantly moderated by sex.  

Consistent with the original hypotheses, anterior insula/IFG and lateral OFC volume in 
females was negatively correlated with the extent to which sleep deprivation amplified state 
anxiety, such that progressively less gray matter volume was related to significantly greater 
sleep-loss anxiety. In contrast, males exhibited the opposite pattern for the insula/IFG, lOFC, 
ACC and vmPFC, with increasing grey matter volume associated with the increasing anxiogenic 
sensitivity to sleep deprivation.  

One potential mechanism underlying these sex-dependent relationships may depend on 
the unique male and female responses to the neurochemical changes arising from sleep 
deprivation, namely noradrenaline. Three lines of independent evidence converge to support this 
speculative framework. First, sleep loss increases central noradrenaline concentrations to levels 
that exceed those of rested waking brain function (Siegel and Rogawski, 1988, Mallick and 
Singh, 2011), resulting in a hyper-adrenergic sleep deprivation state. Second, pharmacologically 
elevating noradrenaline levels beyond baseline in sleep-rested conditions, potentially mimicking 
the increases experienced after sleep loss, has been shown to produce opposite behavioral and 
neural responses for men and women during emotion processing (Schwabe et al., 2013). 
Specifically, elevated noradrenaline levels in females resulted in greater behavioral fear ratings 
as well as exaggerated limbic activation to fearful faces, while males conversely experienced 
decreases in both subjective ratings of fear as well as limbic reactivity (Schwabe et al., 2013). 
Third, independent of noradrenaline, fMRI studies have further established that males and 
females show relative differences in reactivity patterns of the insula/IFG and lOFC during 
emotion relevant tasks, indicative of a sex-dependent ability to recruit these regions during 
affective processing (Goldstein et al., 2001, Cosgrove et al., 2007, Biswal et al., 2010, Goldstein 
et al., 2010, Sokolowski and Corbin, 2012, Schwabe et al., 2013). Importantly, these sexually 
dimorphic frontal regions are thought to integrate primary affective signals arising from 
subcortical systems (such as the amygdala) into second-order maps of the internal state of the 
organism (Critchley, 2005, 2009, Craig, 2010, Harrison et al., 2010, Craig, 2011). Thus, sex 
differences in insula/IFG and lOFC reactivity may result in increases and decreases in the 
expression of anxiety states due to differing ability to integrate and use bodily information to 
predict upcoming aversive body states (Paulus and Stein, 2006).  

Collectively, such evidence suggests that sex-dependent increases in anxiety following 
sleep-loss may be due to a consequential series of interactions (Figure 3.5) beginning with sex-
specific limbic responses to increased noradrenaline release (amplified reactivity in females and 
reduced reactivity in males). Importantly, the degree of this altered limbic reactivity is 
determined by gray matter volume in integration regions such as the insula/IFG and lOFC. In 
both sexes, more gray matter volume in these regions is proposed to indicate better functional 
integration of subcortical and peripheral affective input. Under the current experimental 
circumstances, better integration for both males and females then should be associated with 
minimizing sleep-deprived alterations in amygdala reactivity. Therefore, in females, worse 
integration ability should be associated with a greater impact of the sleep-deprived increase in 
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amygdala reactivity, thus increasing the anxiogenic effects of sleep loss. Conversely, males with 
worse integration abilities should experience amplified effects of the sleep-deprived reductions 
in amygdala reactivity and thus experience greater anxiolytic effects.  

In addition to sex-specific associations between gray matter volume and the anxiogenic 
impact of sleep loss, the results also identified a sex-common association in the vmPFC. These 
results suggest that increased gray matter volume in the vmPFC represents a vulnerability factor 
that predisposes some individuals to experience greater affective consequences of insufficient 
sleep, independent of gender. Three additional lines of evidence may collectively offer one 
mechanistic explanation underlying this common relationship: (1) both rodent and human 
models have established a top-down role of vmPFC in the regulatory control of amygdala 
reactivity that can contribute to anxiety states (Davidson, 2002, Milad and Quirk, 2002, 
Rosenkranz et al., 2003, Phelps et al., 2004, Rauch et al., 2006, Amting et al., 2010), (2) human 
neuroimaging studies indicate that the medial PFC, including the vmPFC, demonstrates 
significant sleep-loss sensitivity, with both the functional activity and connectivity being 
significantly compromised by sleep deprivation (Thomas et al., 2000, Yoo et al., Chuah et al., 
2010), and conversely restored by a night of full sleep (van der Helm et al., 2011), and (3), that 
grey matter volume may represent a vulnerability factor determining a greater local impact of 
neurotransmitters (such as noradrenaline and adenosine) known to aggregate with increasing 
time awake, consequently impairing neuronal activity and hence the functioning of this region 
(here, the top-down control of amygdala reactivity). Further supporting this possible association, 
increasing vmPFC volume is negatively associated with subjective sleepiness after a habitual 
night of sleep (Killgore et al., 2012). Collectively, such evidence establishes a framework within 
which those individuals with more vmPFC volume suffer greater vulnerability to the local 
cellular/metabolic impact of sleep deprivation, thus compromising regional vmPFC function. As 
a consequence of this increased functional impairment, individuals with larger vmPFC may also 
experience a more substantial loss of amygdala regulation, thus leading to an increased 
anxiogenic impact. 

Counter to our predictions, we did not find associations between amygdala volume and 
sleep deprivation induced anxiety. The lack of a significant amygdala structural association may 
indicate that sleep deprivation increases subjective anxiety more indirectly, either through a 
failure of top-down control (as described above) or disrupted affective signal integration in 
higher-cortical areas, both relying on the functional and structural connections between the 
amygdala and other affective regions, rather than the amygdala in isolation.   

Finally, these findings should be appreciated within the context of certain limitations. 
First, it should be noted that these assessments were measured in a group of healthy young 
participants with normal sleep. Whether similar relationships would be observed in samples with 
larger age and sleep quality ranges, and in those with clinically diagnosed anxiety, is not known. 
Second, while the associations described here indicate potentially predictive relationships 
between gray matter volume and the anxiogenic consequences of sleep loss, it is possible that a 
third unexplored variable may be responsible for producing both inter-individual differences in 
gray matter volume and anxiety increases following sleep loss. Therefore, it will be necessary for 
future studies to examine these associations in clinical populations with frontal lesions and 
across the lifespan. Such examinations would provide insight as to whether reduced (or lesioned) 
gray matter volume in frontal regions would causally produce changes in sleep-deprived anxiety 
susceptibility.   
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 In summary, these findings demonstrate sex-specific and sex-common associations 
between structural brain morphology in a set of extended limbic brain regions that account for 
inter-individual sensitivity to the anxiogenic consequences of sleep deprivation. Such 
associations help provide a better mechanistic understanding of the neural biomarkers that 
underpin the development/maintenance of anxiety states in circumstances where comorbid sleep 
disruption (of either biological or environmental etiology) is prevalent. Further, these findings 
offer a potential mechanistic link between the known higher prevalence of anxiety disorders and 
sleep disruption observed in females. Finally, they raise the therapeutic possibility that targeted 
sleep restoration, especially in females, may significantly ameliorate anxiety.  
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Figure 3.1) (A) Average state anxiety scores for all participants across the sleep-rested (SR) and 
sleep-deprived conditions (SD) (B) Corresponding overnight changes in anxiety for rested and 
deprived conditions, represented as the subtracted difference in the evening relative to the 
morning anxiety scores. Comparison reflects significance at p<0.001 (***). Error bars represent 
SEM.  
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Figure 3.2) (A) Average state anxiety scores for females (left) and males (right) across the sleep-
rested (SR) and sleep-deprived (SD) conditions (B) Corresponding overnight changes in anxiety 
for rested and deprived conditions for females and males separately, represented as the 
subtracted difference in the evening relative to the morning anxiety scores. Comparison reflects 
significance at p<0.01 (**) and p<0.001 (***). Error bars represent SEM. 
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Figure 3.3) sex moderates the relationship between gray matter volume and sleep-deprived 
increases in anxiety. Brain map displaying ROI mask and robust regression between gray matter 
volume and the sleep-deprived overnight increase in anxiety for the (A) insula/IFG (Females: 
b=-79.47, t=-2.55, p=0.01; Males: b=58.74, t=1.82, p=0.08) (B) lOFC (Females: b=-105.81, t=-
2.41, p=0.02; Males: b=106.20, t=2.29, p=0.03 (C) ACC (Females: b=-53.13, t=-1.05, p=0.3; 
Males: b=89.09, t=2.11, p=0.04) and (D) vmPFC (Females: b=7.78, t=0.16, p=0.87; Male: 
b=106.16, t=2.73, p=0.01) when controlling for sex and total intra-cranial volume. The relative 
size of circles represents the individual weight of each point in the robust regression analysis. 
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Figure 3.4) gray matter in vmPFC predicts sleep-deprived increases in anxiety for females and 
males together (A) Brain map displaying vmPFC ROI mask (B) Robust regression ���between 
vmPFC gray matter volume and the sleep-deprived overnight increase in anxiety when 
controlling for sex and total intra-cranial volume (b=73.86, t=2.32, p=0.03). The relative size of 
the circles represents the individual weight of each point in the regression analysis.  
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Figure 3.5) Proposed model explaining sex differences in the anxiety promoting effects of sleep 
loss. (A) Sleep deprivation increases noradrenaline levels beyond baseline in males and females 
(Siegel and Rogawski, 1988, Mallick and Singh, 2011) (B) The increased noradrenaline levels 
are hypothesized to induce sex-specific changes in emotional reactivity, with females showing 
increases in amygdala activity while males show decreases (Schwabe et al., 2013). (C) 
Differences in emotional reactivity are exacerbated by the differential ability of males and 
females to integrate affective information in higher-order cortical regions such as the lateral 
OFC, insula/IFG and dACC (Stevens and Hamann, 2012). (D) Together these factors contribute 
to sex differences in the sleep-deprived increase in anxiety (left) as well as sex-specific 
relationships between the anxiogenic influence of sleep loss and integration ability (right).     
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Table 3.1) Polysomnography sleep stage values for the sleep-rested night (mean ± s.d.) 

•  Time (min) 
% Total Sleep 

Time •  
Obtained by % of 

participants 
•  •  •  •  •  

Time in Bed 531.64 ± 40.83    
     
Sleep Latency 12.01 ± 13.68    
     
Total Sleep Time 482.62 ± 45.51    
     
WASO 32.52 ± 29.17    
     
NREM Stage 1 38.01 ± 19.60 7.89 ± 4.05  100% 
     
NREM Stage 2 249.52 ± 37.41 51.64 ± 5.55  100% 
     
NREM SWS 89.48 ± 29.82 18.77 ± 6.71  100% 
       
REM 105.61 ± 26.70 21.71 ± 4.23  100% 
     
WASO; wake after sleep onset, NREM; non-rapid eye movement sleep, SWS; 
slow-wave sleep (SWS; NREM stage 3 & 4), REM; rapid eye movement sleep. 
Sleep efficiency (total sleep time divided by Time in bed) was within normal 
levels (90.84% ± 5.92%). 
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Table 3.2) Polysomnography sleep stage values in minutes for the sleep-rested night split by sex 
(mean ± s.d.) 

§  Females (n=23) Males (n=21) 
   
Time in Bed  531.73 ± 40.55 531.54 ± 42.13 
   
Sleep Latency 8.55 ± 7.15 15.81 ± 17.81 
   
Total Sleep Time  491.38 ± 47.34 473.03± 42.46 
   
WASO 27.68 ± 22.64 37.82 ± 34.77 
   
NREM Stage 1 34.39 ± 13.69 41.97 ± 24.25 
   
NREM Stage 2 259.90 ± 28.30 238.16 ± 43.23 
   
NREM SWS 85.48 ± 24.17 93.87 ± 35.07 
     
REM 111.60 ± 28.66 99.03 ± 23.28 
   
WASO; wake after sleep onset, NREM; non-rapid eye movement 
sleep, SWS; slow-wave sleep (SWS; NREM stage 3 & 4), REM; 
rapid eye movement sleep. Males and females did not 
significantly differ on any of the above sleep variables (all t-tests 
p > 0.05) 
 

 

	    



	   25	  

Chapter 4 
 

Tired and apprehensive: Anxiety amplifies the 
impact of sleep loss on aversive brain anticipation 
 
4. 1 Introduction 
 

Anticipation is an adaptive process, mobilizing preparatory responses to impending threat 
or danger (McNally and Westbrook, 2006). However, in excess, anticipation can be maladaptive, 
contributing to rumination, worry and the debilitating social dysfunction associated with anxiety 
disorders (Etkin and Wager, 2007, Nitschke et al., 2009a). Anatomically, lesion and 
neuroimaging reports in humans have characterized a brain network that supports affective 
anticipation including the amygdala and anterior insula cortex (Masaoka et al., 2003, Simmons et 
al., 2004, Nitschke et al., 2006, Simmons et al., 2006, Kesner and Gilbert, 2007, Sarinopoulos et 
al., 2010, Grupe et al., 2012). The latter also responds preferentially to anticipation uncertainty, 
when the impending outcome is unclear (Dunsmoor et al., 2007, Herwig et al., 2007, Somerville 
et al., 2012). Moreover, hyperactivity within these same two regions has consistently been 
implicated in the psychopathology of anxiety disorders (Etkin and Wager, 2007).  

Independent of anticipation, emerging literature indicates a role for sleep in affective 
brain regulation. For example, sleep loss amplifies limbic reactivity in response to aversive 
stimuli (Yoo et al., 2007b). Conversely, a night of sleep palliatively resets limbic responsivity to 
emotional events (van der Helm et al., 2011). Moreover, patients with anxiety disorders 
commonly experience co-occurring sleep abnormalities (Harvey et al., 2011), further suggesting 
an association between sleep, anxiety and affective brain function.  

Building on this evidence, the current study directly tested the impact of sleep deprivation 
on anticipatory brain responses preceding emotionally salient events. We hypothesized that sleep 
deprivation would increase anticipatory signaling within the amygdala and anterior insula. The 
valence and certainty of the anticipatory cues were independently manipulated to test the 
prediction that the anticipatory amygdala activity would be particularly sensitive to cue valence 
(Yoo et al., 2007b), whereas the anterior insula would show sensitivity to cue certainty 
(Dunsmoor et al., 2007). Finally, we sought to determine whether trait anxiety confers 
vulnerability to the detrimental effects of sleep deprivation on anticipatory brain function, with 
higher levels of trait anxiety expected to predict greater susceptibility to amplified amygdala and 
insula anticipatory responding following sleep loss. 

 

4. 2 Methods 
 
Experimental Design 



	   26	  

Following screening, Eighteen healthy adults, age 18-30 years (mean ± s.d.: 19.6 ± 1.45 
yrs, 9 Female) entered the repeated-measures study design (Figure 4.1A), performing the 
emotional anticipation task twice inside the fMRI scanner: once after a night of sleep and once 
after 24 hours of total sleep deprivation. In the sleep-deprived session participants arrived at the 
laboratory at 9:00PM and remained awake across the night (see common methods for details 
(Chapter 2)). The following morning at approximately 8:30AM (± 90min), the participants were 
separated and performed the emotional anticipation task in the fMRI scanner as well as the rest 
of the experiment independently.  

In the sleep-rested session, participants came to the lab at 8:00PM and were prepared for 
an ~8hr in bed polysomnographic (PSG) night of sleep recording in the laboratory (11:00PM-
7:30AM ± 30min; details below). Similar to the deprived condition, participants performed an 
alternate version of the emotional anticipation task in the fMRI scanner at approximately 
9:00AM (± 90min). Test sessions were separated by at least 6 days (mean 12.42), with the order 
of the sleep-rested and deprived sessions counterbalanced across subjects.  

 
Trait Anxiety and Sleep History Measures 

Trait anxiety was determined using the State-Trait Anxiety Inventory (STAI) (Spielbeger, 
1983), administered on the first experimental visit. The STAI assesses negative affect symptoms 
of relevance to both anxiety and mood pathology (Watson et al., 1995, Nitschke et al., 2001). To 
determine the specificity of relationship between changes in brain reactivity and trait anxiety, 
other trait personality factors commonly examined in the context of anxiety were measured. 
These included the neuroticism scale from the NEO personality inventory (Costa and McCrae, 
1997), the Intolerance of Uncertainty Scale (IUS) (Freeston et al., 1994) and the Quick Inventory 
of Depressive Symptomatology (QIDS) (Rush et al., 2003). 

To assess the degree of difference between the structured sleep schedule of the 
experiment and each participant’s unrestricted sleep schedule, participants completed the 
Pittsburgh Sleep Quality Index (PSQI) upon study entry. This instrument contains questions 
relating to the bed time, rise time and duration of sleep episodes across the past month (Buysse et 
al., 1989). Additionally, in order to better characterize recent sleep status, participants further 
completed sleep logs five days before each experimental session. Participants conformed to the 
structured sleep schedule during the month prior to the experiment, including across the five 
days prior to the experimental session. Specifically, in the month leading up to the study, 
participants reported average bed times before 1:00AM (12:13AM ± 50 minutes), rise times 
before 9:00AM (8:00AM ± 60 min) and sleep duration lengths between 7–9 hours (7.53 ± 0.76 
hours). Similarly, for the two days prior to the start of the structured sleep schedule, participants 
reported sleep-log mean bed times of 12:21AM (± 45 minutes), mean rise times of 7:53AM (s.d. 
± 42 minutes) and mean sleep durations of 7.53 hours (± 0.52 hours). While it is important to 
note the inherent limitations of self-report measures, these findings support the likelihood that 
participants were entering the study in a rested state, and that their normative schedules were 
congruent with the study requirements. Sleep statistics for the night of PSG recorded sleep in the 
sleep-rested session are provided in Table 4.1, and conform to population norms for this age 
range (Ohayon et al., 2004). 

 
Subjective Anxiety and Sleepiness Changes 
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To assess more transient state anxiety levels, beyond trait, we administered the state 
version of the STAI questionnaire (Spielbeger, 1983) on the evening of both experimental visits 
and the following morning prior to each fMRI scan. Similarly, to assess changes of subjective 
alertness, participants completed the validated Stanford Sleepiness Scale (SSS) (Hoddes et al., 
1973). This standard measure of subjective alertness ranges across a 7-point scale, with “1” 
being most alert, and was administered on the evening of both experimental visits and the 
following morning, prior to each fMRI emotional anticipation task session.  

 
fMRI Emotional Anticipation Task 

Each subject was administered two versions of a validated fMRI emotional anticipation 
task (Mackiewicz et al., 2006, Nitschke et al., 2006, Nitschke et al., 2009a, Sarinopoulos et al., 
2010) that were counterbalanced across sleep-rested and sleep-deprived fMRI sessions. For both 
versions, the task contained three different trial types: negative, neutral and ambiguous (See 
Figure 4.1B). Each trial type consisted of an anticipatory cue, followed by the presentation of an 
emotionally negative or neutral picture stimulus, the structure and timing of which is outlined in 
Figure 4.1C. In addition, null trial events were pseudo randomly interspersed between these 
anticipation trials, during which a fixation point was displayed on the screen for a jittered 
duration (max=5s, min=1.5s, mean=2.5s), advantageously producing inter-trial interval 
variability that is optimal for event-related fMRI design (Dale, 1999). Including the three distinct 
anticipation trial types offered the ability to discriminate between the following possible sleep 
deprivation outcomes: 1) a generalized change in anticipatory signaling, regardless of cue type, 
2) a valence sensitive change in anticipatory signaling, dependent on aversive outcome (e.g. 
negative cue [100% aversive] > ambiguous cue [50% aversive] > neutral cue [0% aversive]), or 
3) an outcome-certainty sensitive change in anticipatory signaling, related to whether the cues 
accurately predicted the outcome with certainty (negative cue & neutral cue) or uncertainty 
(ambiguous cue). As in above previous studies (Mackiewicz et al., 2006, Nitschke et al., 2006, 
Nitschke et al., 2009a, Sarinopoulos et al., 2010), subjects were instructed about all cue-picture 
pairings prior to scanning, but were not informed of the proportion of aversive versus neutral 
pictures that followed the ambiguous cue. Both task versions had 90 trials consisting of 30 
negative, 30 neutral and 30 ambiguous trials, with the latter further divided into 15 ambiguous-
negative and 15 ambiguous-neutral trials (60 null events were also included). Each of three 
functional runs consisted of 30 trials and 20 null events. 

For each of the two task versions, unique negative and neutral images were selected from 
a standardized affective picture set (Lang, 1997) defined on valence and arousal parameters. The 
negative stimulus sets contained images with low valance and high arousal (Set 1 valence: range 
1.40–2.99, mean ± s.d. = 2.10±0.40; Set 2 valence: range 1.48–3.10, mean ± s.d. =2.10±0.40; Set 
1 arousal: range 5.62–7.35 mean ± s.d. =6.40±0.42; Set 2 arousal: range 5.5–7.29, mean ± s.d. 
=6.34±0.47). Neither set were statistically different from each other in terms of valance (p>0.97) 
or arousal (p>0.50). Similarly, both task versions of the neutral stimulus set contained images 
with mid valence and low arousal (Set 1 valence: range 4.39–5.61, mean ± s.d. =5.01±0.28; Set 2 
valence: range 4.23–5.64, mean ± s.d. = 4.99±0.32; Set 1 arousal: range 1.72–3.64, mean ± s.d. = 
2.96±0.40; Set 2 arousal: range 1.76–3.63, mean ± s.d. =2.92±0.45), none of which were 
different from each other on the basis of valence (p>0.70) or arousal (p>0.65). Across the two 
task versions, the negative set had lower valence ratings (p<0.001) and higher arousal ratings 
than the neutral set (p<0.001).   
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fMRI Analysis 

A general linear model (GLM) (Friston et al., 1994) was specified for each participant to 
investigate the effects of interest, focused on the anticipation period to test our specific 
hypotheses. Contrasts were created at the first (individual) level with four events: negative cues, 
neutral cues, ambiguous cues and null events. The experimental hypotheses were tested at the 
second (group) level using a validated voxel-wise small volume correction approach (Poldrack, 
2007, Poldrack and Mumford, 2009), focusing on amygdala and anterior insula regions of 
interest (ROI). This voxel-wise method reports activation differences only from significant 
voxels within each ROI using a family wise error (FWE) correction, thresholded at p<0.05. ROI 
volumes were defined as 6mm spheres centered on a set of peak activations observed in 
previously published neuroimaging studies investigating anxiety-related abnormalities in 
emotional anticipation (MNI coordinates [x, y, z]: left amygdala [-17, -8, -14], right amygdala 
[22,  -5, -13], (Nitschke et al., 2009a); left anterior insula [-29, 24, 11], right anterior insula [33, 
17, 15], (Sarinopoulos et al., 2010). Differences were examined using a repeated-measures 
Condition (Sleep-Rested, Sleep-Deprived) x Cue Type (Negative, Neutral, Ambiguous) 
ANOVA, implemented in SPM8. Effects outside our a priori ROIs are reported for descriptive 
purposes only, using whole-brain voxel-wise ANOVA analyses, thresholded at p<0.001 
(uncorrected). 
 To further assess hypothesized effects in the amygdala and anterior insula, we 
supplemented the voxel-wise analyses with an ROI-based approach, averaging activity across the 
entire ROI (Poldrack, 2007, Kriegeskorte et al., 2009, Poldrack and Mumford, 2009, Vul et al., 
2009a). For this method, average parameter estimates were extracted from the entire 6mm 
amygdala and anterior insula ROI volumes independently, and then entered into a Condition 
(Sleep-Rested, Sleep-Deprived) x Cue Type (Negative, Neutral, Ambiguous) repeated-measures 
ANOVA, performed using STATA 11 (StataCorp., LP, College Station, Tex). Main effects and 
interactions were tested using a significance of p<0.05.  

To test the hypothesis that changes in anticipatory reactivity following sleep loss within 
the anterior insula and amygdala were associated with innate anxiety, we regressed trait STAI 
anxiety scores against the sleep deprivation difference in anticipatory reactivity in amygdala and 
insula ROIs, again using a voxel-wise approach corrected at a threshold of p<0.05 FWE. We 
then further examined this same relationship using the alternate average ROI approach, 
correlating individual STAI trait scores with the average parameter estimates extracted from the 
entire ROIs for all cues using a significance threshold of p<0.05 (performed in STATA 11; 
(Poldrack, 2007, Poldrack and Mumford, 2009, Vul et al., 2009a). Trait anxiety effects beyond 
our a priori ROIs are reported using whole-brain voxel-wise regression analysis, thresholded at 
p<0.001 (uncorrected). Finally, to determine the specificity of associations with trait anxiety, we 
repeated this regression approach on an exploratory basis with other trait questionnaire measures 
(QIDS, NEO Neuroticism, IUS), as well as state questionnaire measures (STAI state, SSS).  

 

4. 3 Results 
 
Impact of sleep deprivation on anticipatory brain function  
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First, we sought to determine the impact of sleep deprivation on anticipatory responding 
within the amygdala and anterior insula, examined using a voxel-wise Condition (Sleep-Rested, 
Sleep-Deprived) x Cue Type (Negative, Neutral, Ambiguous) repeated-measures ANOVA. A 
main effect of Condition was observed in the bilateral amygdala (Figure 4.2A; p<0.05 FWE 
corrected), with sleep deprivation amplifying anticipatory activity, irrespective of cue type. 
Replicating these voxel-wise results, the complementary ROI-based analyses examining average 
activity from the entire amygdala ROI confirmed the main effect of Condition (Left: F=10.12, 
p=0.006; Right: F=10.91, p=0.004), and similarly confirmed the lack of a significant Cue Type 
interaction (Left: F=1.31, p=0.20; Right: F=0.18, p=0.84)   

For the right anterior insula, the voxel-wise ANOVA revealed a main effect of Condition 
and a Condition x Cue Type interaction (Figure 4.2B; p<0.05 FWE corrected; with no 
significant effects identified for the left anterior insula). These right anterior insula findings were 
confirmed by ROI-based analyses for activity averaged across the entire ROI (Condition: 
F=13.19, p=0.002; Condition x Cue Type; F=4.15, p=0.02). For both of these approaches, the 
Condition x Cue Type interaction was driven by cue uncertainty rather than cue valence. 
Specifically, posthoc analyses exploring the interaction revealed that in the sleep-rested 
condition (Figure 4.2B), the right anterior insula demonstrated a typical profile of preferential 
sensitivity to anticipation uncertainty (Dunsmoor et al., 2007, Herwig et al., 2007, Somerville et 
al., 2012), with stronger responding to the ambiguous cue relative to the neutral cue (t=2.45, 
p=0.03), and marginally so relative to the negative cue (t=1.67, p=0.11). However, this profile of 
insula signaling was disrupted by sleep deprivation, with significantly stronger anticipatory 
responding to the negative cue compared to the ambiguous cue (t=2.33, p=0.03), and no 
difference in reactivity compared to the neutral cue (t=0.50, p=0.49). When comparing the two 
conditions, sleep deprivation showed larger right anterior insula responses for both cues 
signaling certainty relative to the sleep-rested condition, irrespective of valence (negative: 
t=4.13, p=0.001, neutral: t=2.65, p=0.02), with no difference observed for the ambiguous cue 
(t=1.00, p=0.33). This right anterior insula finding was not asymmetric, as indicated by an 
analogous ANOVA that included Hemisphere (Left, Right) as an additional factor. There were 
no main or interaction effects with Hemisphere for the a priori left insula ROI (all p>0.10; 
similar null findings were observed for a left insula region derived by flipping the sign of the x 
coordinate for the a priori right insula ROI thus resulting in the homologous location). The above 
amygdala and anterior insula effects were also observed in an exploratory whole-brain voxel-
wise analysis at p<0.001 (uncorrected, Tables 4.2 & 4.3).  

Although the order of the sleep-rested and deprived sessions were counterbalanced across 
subjects, we conducted cautionary analogous ANOVAs, but with Order included as a factor. 
Results were unchanged for the amygdala main effect of Condition (Left: F=10.20, p=0.006; 
Right: F=10.93, p=0.0045) and for the right anterior insula main effect of Condition (F=12.79, 
p=0.003) and Condition x Cue Type interaction (F=4.8, p=0.02).  

In sum, these results demonstrate that sleep loss triggered a generalized anticipatory 
response within the bilateral amygdala, independent of certainty as well as valence. Furthermore, 
sleep deprivation not only amplified activity in the anterior insula, but disrupted this preemptive 
signaling, inverting the common profile of uncertainty responsivity observed in the sleep-rested 
condition to one that no longer faithfully signaled uncertainty.  
 
Sleep deprivation, trait anxiety, and anticipatory brain function 
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Testing our third hypothesis, we examined whether trait levels of anxiety within a given 
individual conferred increasing neural susceptibility to the impact of sleep deprivation. Voxel-
wise regression analyses using the right anterior insula ROI as a mask indicated that STAI trait 
scores positively correlated with the increased anticipatory signaling within the right anterior 
insula following deprivation, relative to the rested condition (Figure 4.3A). That is, individuals 
with highest STAI trait levels demonstrated the greatest vulnerability to the amplifying 
anticipatory effects of sleep deprivation, reflected by the largest increase in anterior insula 
reactivity across all cues. This finding was confirmed by ROI-based regression analyses (r=0.55, 
p=0.02; Figure 4.3B) (Poldrack, 2007, Kriegeskorte et al., 2009, Poldrack and Mumford, 2009, 
Vul et al., 2009a), and also evident as a peak in the whole-brain voxel-wise analysis (Table 4.4). 
In contrast to the right anterior insula, amygdala responses demonstrated no significant 
relationship with STAI trait scores using either the voxel-wise or average ROI analysis, as was 
also the case for the left anterior insula (all r<0.35, p>0.17). Exploratory analyses assessing the 
laterality of the right insula association with the STAI revealed a significant asymmetry when 
using either the a priori left insula ROI or the aforementioned left insula region in the 
homologous location as the a priori right insula ROI (both t>2.83, p<0.01). To test the specificity 
of this effect for the STAI trait scale, we examined associations with other self-report measures. 
No significant predictive associations were identified between the change in anterior insula or 
amygdala reactivity and any other assessed trait measure of affect (all r<0.26, p>0.30) or state 
measures of affect and sleepiness (all r<0.40, p>0.12).  
 
Impact of sleep deprivation on subjective sleepiness, state anxiety, and behavior  

Subjective sleepiness scores on the SSS showed the expected increase following sleep 
deprivation (Table 4.5). A repeated-measures Condition (Sleep-Rested, Sleep-Deprived) x Time 
of Day (Evening, Morning) ANOVA revealed a main effect of Condition (F=24.78, p=0.0001) 
and a Condition x Time of Day interaction (F=28.22, p=0.0001). Posthoc analyses demonstrated 
that sleep deprivation significantly increased subjective sleepiness across the night (t=5.37, 
p=0.0001), whereas sleep reduced subjective sleepiness across the rested night (t=3.35, p=0.002). 
These findings support the likelihood that participants were subjectively rested and alert at the 
time of the sleep-rested test session, and that the manipulation of sleep deprivation was effective.  

An analogous ANOVA was performed for STAI state scores, revealing effects of 
Condition (F=12:00, p=0.0028), Time of Day (F=24.64, p=0.0001), and Condition x Time of 
Day (F=14.09, p=0.0019) (Table 4.5). Posthoc analyses demonstrated that sleep deprivation 
elevated STAI state levels (t=4.83, p=0.002), while sleep non-significantly increased STAI state 
scores (t=1.99, p=0.06).  
 Corresponding to the higher subjective sleepiness ratings on the SSS in the sleep-
deprived condition, there were more omitted trials on the fMRI task in the sleep-deprived 
relative to the sleep-rested condition (t=3.24, p<0.01), consistent with previous deprivation 
studies (Van Dongen et al., 2003). Conversely, task trial response times were not significantly 
different between the two conditions (t=1.14, p=0.27). Of note, omitted trials in both conditions 
were modeled separately and not included in the anticipation fMRI contrast. 
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4.4 Discussion 
 

Taken together, our findings demonstrate that sleep deprivation amplifies preemptive 
amygdala and anterior insula responding during the anticipation of potentially aversive 
experiences. Additionally, these results help determine the anatomical and contextual specificity 
under which this neural increase does and does not occur. Finally, our data further establish that 
trait anxiety confers significant vulnerability to these increased anticipatory neural responses 
following sleep loss.  

Enhanced affective anticipatory sensitivity following sleep deprivation was observed in 
both our target regions of interest – the amygdala and anterior insula – as well as alterations 
beyond these a priori areas; Tables 4.2 & 4.3. However, the amygdala and anterior insula 
showed distinct activity profiles for the different anticipatory cues following sleep deprivation. 
Within the amygdala, the enhanced anticipatory response was common across cue types, 
independent of valence or certainty. This anticipatory change differs from the already 
characterized alteration in amygdala reactivity to emotional stimuli themselves, which showed 
selective increases only to emotional rather than non-emotional stimuli (Yoo et al., 2007b, Gujar 
et al., 2011a). Therefore, sleep loss resulted in a profile of generalized anticipatory signaling 
within the amygdala, potentially reflecting a preparatory brain state of heightened threat 
expectancy (Adolphs, 2010, Thayer et al., 2012). While this may be adaptive to the organism in 
the compromised and fatigued condition of sleep deprivation, similar profiles of excessive 
amygdala reactivity (independent of sleep status) have been reported in psychopathology, and 
occur at the cost of optimal judgment and decision-making, indicative of maladaptive 
consequences (Hoehn-Saric et al., 2004, Nitschke et al., 2009a, Etkin et al., 2010, Pessoa, 2010). 
Indeed, sleep deprivation impairs behavioral task performance on affective decision tests known 
to involve amygdala function, consistent with this latter maladaptive hypothesis (Killgore et al., 
2006, Killgore et al., 2007a, Killgore et al., 2007b, Anderson and Dickinson, 2010, Anderson 
and Platten, 2011).   

Unlike the amygdala, the right anterior insula demonstrated hyperactivity following sleep 
deprivation only in a specific anticipatory context: that of cues predicting outcome certainty 
regardless of valence. Under sleep-rested conditions, the anterior insula demonstrated greater 
anticipatory signaling of impending uncertainty, consistent with previous reports highlighting a 
role for the anterior insula in uncertainty processing (Huettel et al., 2005, Dunsmoor et al., 2007, 
Herwig et al., 2007, Preuschoff et al., 2008, Somerville et al., 2012). This specificity has been 
considered advantageous, providing a qualitative prediction of impending threat that allows for 
adaptive decision-making, especially when future events are unpredictable rather than 
predictable (Loewenstein et al., 2001, Singer et al., 2009). Conversely, generalized rather than 
specific anterior insula responding both to certain as well as uncertain cues has been proposed to 
account for the dysfunctional affective state of anxiety, resulting in heightened subjective 
estimates about impending future outcomes, thereby treating all predictive cues as threatening 
(Simmons et al., 2006, Nitschke et al., 2009b, Simmons et al., 2011). Similar to this latter profile, 
and in contrast to the selective anterior insula anticipatory signaling of uncertainty following 
sleep, participants showed an inverted insula pattern of responding when sleep deprived, driven 
by elevated responses to both types of certain cues. Such disrupted signaling within the anterior 
insula may prevent the discrimination of, and hence appropriate preparation for, events of varied 
affective probability under conditions of sleep loss. It may further result in treating all cues as 
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potentially aversive, similar to that observed in anxiety disorders (Hoehn-Saric et al., 2004, 
Nitschke et al., 2009a); a proposal congruent with the subjective anxiogenic consequence of 
sleep deprivation (Babson et al., 2009, Babson et al., 2010). Although observed for the right but 
not left anterior insula, these effects were not statistically asymmetric.  

Trait anxiety levels predicted susceptibility to the amplifying impact of sleep deprivation 
within the anterior insula. Therefore, those individuals with elevated trait anxiety—who, 
parenthetically, are those already at higher risk for developing an anxiety or mood disorder—
demonstrated the greatest vulnerability to the impact of sleep loss within the insula. The 
association with trait anxiety was specific to the right anterior insula, and was not observed in 
either the left anterior insula or amygdala. The statistically significant insula asymmetry 
contributes to an ongoing discussion in the literature about anatomic specificity and laterality in 
insula function (Damasio, 2003, Craig, 2009, Deen et al., 2011, Simmons et al., 2011). The 
absence of trait anxiety relationships with increased amygdala anticipatory activity within the 
current study in no way challenges established associations between anxiety and amygdala 
function (Birbaumer et al., 1998, Thomas et al., 2001, Etkin and Wager, 2007, Davis et al., 2010, 
Somerville et al., 2012). Instead, these finding simply indicate that the change in amygdala 
reactivity induced by sleep deprivation, relative to the sleep-rested condition, appears to robustly 
occur independent of trait anxiety levels.  

This right insula association with trait anxiety is of potential clinical relevance given that 
excessive anticipatory insula activity is a characteristic of most anxiety disorders (Simmons et 
al., 2006, Etkin and Wager, 2007, Simmons et al., 2011), and further, that sleep disruption is a 
recognized symptom of anxiety disorders (Harvey et al., 2011). Together with previous reports 
describing behavioral associations between anxiety and sleep loss (Sagaspe et al., 2006), such 
data support an emerging neuropathological model in which sleep disruption may not only be a 
symptom of anxiety, but potentially contribute to the maintenance and/or exacerbation of 
rumination and worry through hyper-limbic anticipatory reactions. Moreover, they raise the 
therapeutic possibility that targeted sleep restoration may beneficially ameliorate such neural and 
psychological symptomatology both in anxiety disorders and sub-clinical high anxious 
individuals.  

Finally, our findings should be appreciated within the context of certain limitations. First, 
the range of STAI trait scores across our participants was relatively narrow, which affects the 
generalizability of the association observed with the anterior insula. Whether similar 
relationships would be observed in samples with a larger range, and in those with clinically 
diagnosed anxiety, is not known. Second is the lack of a polysomnographic screening night to 
verify the absence of sleep disorders that were characterized using validated screening 
questionnaires (Horne and Ostberg, 1976, Buysse et al., 1989). Related, the lack of an adaptation 
night in the sleep laboratory in the current study may have resulted in poorer sleep quality during 
the sleep-rested night (Agnew et al., 1966, Kingshott and Douglas, 2000); an issue that, if 
present, may suggest that the effects we observed would be stronger when participants are in a 
fully sleep-rested state. However, three aspects of empirical data suggest that our participants 
were likely well rested on the morning of the sleep-rested session: i) participants endorsed a high 
degree of functioning and concentration on a validated measure of alertness (Hoddes et al., 1973) 
on the evening before the experimental manipulation, and the morning of the sleep-rested test 
session, ii) the sleep-rested night resulted in significantly increased subjective alertness scores 
the next morning (while the sleep deprivation condition resulted in significantly decreased 



	   33	  

alertness scores when assess at the equivalent times), and iii) the duration and sleep-stage 
amounts measured on the rested night conform well to age and population norms (Ohayon et al., 
2004). 

In summary, here we demonstrate that sleep loss exaggerates preemptive responding in 
the amygdala and anterior insula during affective anticipation. Furthermore, trait anxiety confers 
significant neural vulnerability to these amplifying effects of sleep loss in the anterior insula, a 
finding that may hold translational implications regarding the co-occurrence between sleep 
disruption and anxiety disorders.  
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Figure 4.1) Study Design. (A) Time course of experiment for both the sleep-deprived and sleep-
rested conditions. (B) fMRI Anticipation Reactivity Task Trial Types. Each trial consisted of an 
anticipatory cue followed by either an emotional negative or neutral picture stimulus. For 
negative trials, the anticipation cue was a red “-“ symbol that was always followed by a negative 
picture. For the neutral trials, the anticipation cue was a yellow “O” symbol that was always 
followed by a neutral picture. For ambiguous trials, the anticipation cue was a white “?” symbol, 
which was followed by either a negative or a neutral picture at exactly a 50/50 ratio. (C) An 
example anticipation reactivity task trial with timing.  Each anticipation trial lasted an average of 
8.75 seconds. Following a fixation screen, the trial proceeded with (i) the cued anticipation 
phase, in which one of the three warning cues were presented using a variable jittered time 
duration for optimal signal estimation (max=5.6s, min=2.5s, mean=4.5s) (Dale, 1999), (ii) the 
stimulus reactivity phase, in which the emotionally negative or neutral image was presented (1s), 
and (iii) the response period, where subjects made a categorical emotionality judgment using a 
button-press rating (Negative/Neutral; 2.5s), also confirming wakefulness. Pseudo randomly 
interspersed between these anticipation trials were null trial events (not shown), where a fixation 
point was displayed on the screen for a jittered duration (max=5s, min=1.5s, mean=2.5s), serving 
as both a baseline condition as well as modulating inter-trial interval variability for optimal 
modeling of trial events. 
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Figure 4.2) (A) Brain maps displaying ROI mask (left brain image) and the ANOVA main effect 
of Condition (Sleep Deprivation, Sleep Rested; right brain image) from the voxel-wise ROI 
analysis in bilateral amygdala across all three cue types (Negative, Neutral and Ambiguous) 
(peak MNI coordinates [x, y, z]; left: [-18, -6, -16]; right: [24, -2, -16];). Right side bar graphs 
illustrate the difference in average parameter estimates across the 6mm ROI spheres between the 
Sleep Deprivation and Sleep Rested conditions, and average signal for each condition, 
respectively. (B) Brain maps displaying ROI mask (left brain image) and the ANOVA Condition 
x Cue Type (Negative, Neutral and Ambiguous) interaction results from the voxel-wise ROI 
analysis in the right anterior insula for the three cue types  (peak MNI coordinates [x, y, z]; [32, 
20, 14]), together with equivalent bar graphs as in A. No significant main effect of Condition or 
Cue Type interaction was observed in the left anterior insula at FWE p<0.05. Error bars 
represent standard error of the mean. Within region statistics: *p<0.05, **p<0.01. 
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Figure 4.3)  (A) Brain maps displaying anterior insula ROI mask (left brain image) and the 
voxel-wise ROI regression between STAI trait anxiety and the relative sleep deprivation induced 
increase in anticipatory response in anterior insula for all cues (peak MNI coordinates [x, y, z]; 
[34, 18, 18]; t=4.04, p<0.001). Regression thresholded at p < 0.05 FWE corrected for multiple 
comparisons. (B) Scatterplot displaying this same relationship using the average parameter 
estimates across the 6mm ROI anterior insula ROI mask (left brain image).  
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Table 4.1) Polysomnography sleep stage values for the sleep-rested night (mean ± s.d.) 

•  Time (min) 
% Total Sleep 

Time •  
Obtained by % of 

participants 
•  •  •  •  •  

Time in Bed 511.92 ± 30.7    
     
Sleep Latency 14.22 ± 16.8    
     
Total Sleep Time 469.43 ± 38.7    
     
WASO 23.39 ± 22.6    
     
NREM Stage 1 25.72 ± 10.4 5.53 ± 2.4  100% 
     
NREM Stage 2 253.15 ± 34.1 53.87 ± 5.2  100% 
     
NREM SWS 90.35 ± 28.4 19.41 ± 6.7  100% 
       
REM 100.20 ± 24.8 21.20 ± 4.3  100% 
     
WASO; wake after sleep onset, NREM; non-rapid eye movement sleep, SWS; 
slow-wave sleep (SWS; NREM stage 3 & 4), REM; rapid eye movement sleep. 
Sleep efficiency (total sleep time divided by Time in bed) was within normal 
levels (91.7% ± 5.1%). 

 
 
  



	   38	  

Table 4.2): Voxel-wise whole brain results for the ANOVA main effect of Condition 
(uncorrected p<0.001, >10mm3 contiguous cluster extent) 

Region (BA) 

 
Cluster Size 

(mm3) 

 
 
x y z  

 
Peak Z 
Score 

       
Anterior Insula (BA 13)-R  350  32 22 14  3.58 
Posterior Insula (BA 13)-L  569  -48 -40 22  3.52 
Parahippocampal Gyrus (BA 34)-R  4725  24 6 -22  3.8 
Amygdala-R  2134  24 -2 -16  3.76 
Amygdala-L  2931  -18 -6 -16  4.24 
Fusiform Gyrus (BA 37)-L  28656  -28 -42 -16  5.4 
                                        -R  67441  28 -50 -14  5.38 
Precentral Gyrus (BA 6)-L  35000  -42 -8 54  5.1 
                                       -R  197  52 -14 30  3.28 
Superior Temporal Gyrus (BA 22)-L  14853  -60 -6 -2  4.8 
                                                       -R  1225  56 -34 16  3.78 
Claustrum-L  2494  -34 -10 12  4.57 
                -R  2450  32 -8 14  3.78 
Middle Temporal Gyrus (BA 39)-L  31500  -46 -68 12  4.5 
Inferior Frontal Gyrus (BA 9)-R  5425  46 4 28  4.42 
Hippocampus-R  656  28 -18 -16  3.72 
Postcentral Gyrus (BA 43)-R  7569  68 -10 18  4.12 
                                           -L  1116  -36 -36 50  3.4 
Middle Cingulate Gyrus (BA 24)-L  2100  -2 -2 50  3.69 
                                                     -R  284  10 4 34  3.68 
Inferior Parietal Lobule (BA 7)-L  175  -44 -72 46  3.42 
Caudate Body-L  44  -16 6 18  3.21 
Sub-Gyral (BA 20)-R  66  46 -16 -22  3.21 
Precuneus (BA 7)-L  22  -20 -58 60  3.21 
Putamen-R  66  32 -18 12  3.14 
         

BA; Brodmann’s Area, L; Left, R; Right 
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Table 4.3): Voxel-wise whole brain results for the ANOVA Condition x Cue Type interaction 
(uncorrected p<0.001, >10mm3 contiguous cluster extent)  

Region (BA) 

 
Cluster Size 
(mm3) 

 
 
x y z  

 
Peak Z 
Score 

       
Anterior Insula (BA 13)-R  197  32 20 14  3.55 
Cerebellar Tonsil-L  2209  -8 -34 -44  3.79 
                           -R  547  16 -38 -46  3.27 
Inferior Parietal Lobule (BA 40)-R  788  42 -58 38  3.6 
Medial Frontal Gyrus (BA 8)-L  44  -10 38 42  3.24 
Middle Frontal Gyrus (BA 47)-L  22  -54 46 -10  3.18 
         

BA; Brodmann’s Area, L; Left, R; Right 
 
  



	   40	  

Table 4.4): Voxel-wise whole brain regression between STAI-Trait Anxiety and the condition 
difference in anticipation reactivity (SD>SR, all cues; uncorrected p<0.001, >10mm3 contiguous 
cluster extent)  

Region (BA) 

 
Cluster Size 
(mm3) 

 
 
x y z  

 
Peak Z 
Score 

       
Anterior Insula (BA 13)-R  22  34 18 18  3.27 
Posterior Cingulate Gyrus (BA 31)-L  1050  -26 -58 26  3.91 
Cuneus (BA 30)-L  284  -26 -74 12  3.67 
Inferior Parietal Lobule (BA 39)-L  109  -48 -72 42  3.54 
Claustrum-R  88  28 12 20  3.48 
Middle Frontal Gyrus (BA 9)-R  241  28 18 32  3.43 
                                             -L  22  -48 42 28  3.37 
Precentral Gyrus (BA 4)-R  66  28 -18 50  3.4 
Inferior Temporal Gyrus (BA 20)-R  44  54 -24 -22  3.31 
Postcentral Gyrus (BA 1)-R  109  60 -18 52  3.27 
 

STAI; Spielberger State-Trait Anxiety Inventory, SD; Sleep Deprived, SR; Sleep Rested, BA; 
Brodmann’s Area, L; Left, R; Right. 
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Table 4.5: Demographics and trait and state questionnaire data (mean ± s.d.) 
Demographic 
Information n = 18  
Age  19.6 ± 1.45  
Gender 9 M, 9 F  
   
Trait Measures   
Anxiety (STAI trait)  32.33 ± 9.29  
Depression (QIDS) 1.18 ± 3.63  
NEO (Neuroticism)  35.72 ± 5.70  
IUS 59.56 ± 15.50  
   
State Measures  Sleep Rested Sleep Deprived 
Subjective Sleepiness   
Evening  3.03 ± 0.24 2.46 ± 0.22 
Morning  1.82 ± 0.88 4.35 ± 1.32 
   
Anxiety (STAI-State)   
Evening  28.11 ± 7.18 28.34 ± 7.70 
Morning  30.29 ± 7.50 39.47 ± 10.20 
Male (M), Female (F);  Intolerance of Uncertainty (IUS); 
Quick Inventory of Depressive Symptomatology; 
State-Trait Anxiety Inventory (STAI) 
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Chapter 5 
 

Sleep loss impairs the embodied central and 
peripheral human nervous system discrimination 
of social threat signals 
 
5.1 Introduction 
 

Facial expressions are one of the most salient emotional and social cues in our 
environment. They frequently communicate the affective state and intent of an individual, and, if 
interpreted correctly, adaptively influence the behavior of others in return (Adolphs et al., 1998, 
Izard et al., 2001, Olson and Marshuetz, 2005, Bar et al., 2006, Willis and Todorov, 2006, 
Vuilleumier and Pourtois, Oosterhof and Todorov, 2008, Todorov, 2008, Todorov et al., 2008, 
Rule et al., 2009).  

In humans, facial expressions not only vary in intensity, from non-emotional to emotional 
(e.g. neutral versus angry), but can also traverse different emotions (e.g. happy versus angry). 
Therefore, accurate interpretation of the emotional state of others requires a process capable of 
discriminating between emotions, beyond simply the recognition of an emotion from a lack 
thereof. Arguably one of the most adaptive examples is the need to successfully discriminate 
between threating facial signals—provoking reciprocal avoidance behavior—from non-
threatening—promoting approach and interaction behaviors (Oosterhof and Todorov, 2008, 
Todorov, 2008, Todorov et al., 2008) – where failure can lead to significant survival and social 
consequences (Bar et al., 2006, Oosterhof and Todorov, 2008, Todorov, 2008, Todorov et al., 
2008, Zebrowitz and Montepare, 2008).   
 The neural mechanisms supporting such affective face discrimination involve a set of 
patterned changes in both the central nervous system (including the brain) and peripheral 
nervous system (prominently autonomic information) (Adolphs et al., 1998, van Honk et al., 
2001, Adolphs, 2002, Critchley, 2005, Fusar-Poli et al., 2009, Gray et al., 2012, Mende-Siedlecki 
et al., 2013). Within the central nervous system, processing of threat signals has been linked to 
activity in viscerosensory cortical and subcortical brain regions of the dorsal anterior cingulate 
cortex (dACC), anterior insula cortex and amygdala (Adolphs, 2002, Haxby et al., 2002, 
Anderson et al., 2003, Vuilleumier and Pourtois, 2007, Heberlein et al., 2008, Blasi et al., 2009, 
Fan et al., 2011). In the peripheral nervous system, threat is signaled by rapid changes in 
autonomic heart-rate, involving unique decelerations and subsequent accelerations (Graham and 
Clifton, 1966, van Honk et al., 2001, Critchley, 2005, Dalton et al., 2005, Gray et al., 2012). 
Importantly, these affect-evoked peripheral and central nervous system responses are not simply 
co-occurring. Instead, they are significantly and causally associated with each other in an 
afferent—efferent loop (Critchley, Dalton et al., 2005, Gray et al., 2012). Such reciprocity 
between brain and body physiology is consistent with the theory of “embodied” emotion 
processing (Lang, James, 1894, Damasio, 1994, Craig, 2002, Critchley et al., 2004, Critchley, 
2005, Critchley and Harrison, 2013).  
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One factor increasingly linked to the central brain regulation of emotion is sleep. A lack 

of sleep significantly amplifies amygdala reactivity during both the anticipation and experience 
of aversive emotional stimuli (Yoo et al., 2007b, Goldstein et al., 2013). Moreover, sleep 
deprivation impairs the speed of emotional face processing and decreases the accurate 
recognition of emotional from non-emotional face stimuli (Wagner et al., 2002, Pallesen et al., 
2004, van der Helm et al., 2010, Motomura et al., 2013). Conversely, a night of sleep de-
potentiates amygdala reactivity in response to previous emotional experiences, further re-
establishing amygdala functional connectivity with medial prefrontal cortex (van der Helm et al., 
2011). Furthermore, success of such overnight emotional de-potentiation has been indirectly 
associated with reduced adrenergic activity during rapid eye movement (REM) sleep (van der 
Helm et al., 2011), reflected in the surrogate measure of lower gamma electroencephalographic 
(EEG) activity(Keane et al., 1976, Berridge and Foote, 1991, Cape and Jones, 1998). 

Despite emerging links between sleep and affect, it remains unknown whether sleep loss 
disrupts the fundamental neural and behavioral ability to discriminate between emotions (beyond 
simply the recognition of an emotion from non-emotional signal). Moreover, whether sleep 
deprivation also impairs peripheral autonomic nervous system reactivity, which critically 
contributes to emotion discrimination, in combination with, or separate from, central brain 
activity, similarly remains untested. Additionally, the possibility that sleep deprivation further 
disrupts the inter-related connection between these central and peripheral signaling systems that 
afford embodied emotion processing has not been examined. Finally, whether the role of REM 
sleep physiology extends beyond the neural de-potentiation of prior emotional experiences, and 
in addition, predicts inter-individual differences in the central- and peripheral-nervous system 
mechanisms, thereby supporting accurate next-day emotional-face discrimination, is also 
unknown.  

Targeting these issues, and combining event-related functional MRI (fMRI) measures 
with trial-evoked changes in heart rate responses, together with EEG sleep recordings, we sought 
to test two complimentary hypotheses: (1) that sleep deprivation impairs the embodied central- 
(brain) and peripheral- (cardiac) nervous system mechanisms supporting the discrimination of 
threating from affiliative (safe, non-threating) facial signals, relative to a full rested night of 
sleep, and (2) that REM sleep physiology on this rested night significantly predicts next-day 
inter-individual differences in the discrimination-accuracy of both these nervous system 
responses. Our hypotheses focused a priori on the stimulus-evoked cardiac response for the 
peripheral nervous system; a reliable measure of threat discrimination (Graham and Clifton, 
1966, van Honk et al., 2001, Critchley, 2005, Dalton et al., 2005, Gray et al., 2012). For the 
central nervous system, a priori regions of interest (ROIs) included viscerosensory-related brain 
regions known to collectively support both affective face processing and modulate autonomic 
evoked heart-rate changes: the dACC, anterior insula and amygdala (Critchley, 2005, Fan et al., 
2011, Gray et al., 2012).  
 
5.2 Methods 
 
Experimental Design 
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Following screening, Eighteen healthy adults, age 18-30 years (mean ± s.d.: 19.6 ± 1.45 
yrs, 9 Female) entered the repeated-measures study design (Figure 5.1A), performing a validated 
emotional face discrimination task (described below) inside the fMRI scanner: once after a night 
of sleep and once after 24 hours of total sleep deprivation. In the sleep-deprived session 
participants arrived at the laboratory at 9:00PM and remained awake across the night (see 
common methods for details (Chapter 2)). The following morning at approximately 8:30AM (± 
90min), the participants were separated and performed the emotional face recognition task in the 
fMRI scanner as well as the rest of the experiment independently.  

In the sleep-rested session, participants came to the lab at 8:00PM and were prepared for 
an ~8hr in bed polysomnographic (PSG) night of sleep recording in the laboratory (11:00PM-
7:30AM ± 30min; details below). At approximately 9:00AM, at least 1 hr post-awakening, 
participants performed an alternate version of the emotional face discrimination task in the fMRI 
scanner. Test sessions were separated by at least 6 days (mean 12.42), with the order of the 
sleep-rested and deprived sessions counterbalanced across subjects.  

To assess the degree of difference between the structured sleep schedule of the 
experiment and each participant’s unrestricted sleep schedule, participants completed the 
Pittsburgh Sleep Quality Index (PSQI) upon study entry. This instrument contains questions 
relating to the bed time, rise time and duration of sleep episodes across the past month (Buysse et 
al.). Additionally, in order to better characterize recent sleep status, participants further 
completed sleep logs five days before each experimental session. Participants conformed to the 
structured sleep schedule during the month prior to the experiment, including across the five 
days prior to the experimental session. Specifically, in the month leading up to the study, 
participants reported average bed times before 1:00AM (12:13AM ± 50 min), rise times before 
9:00AM (8:00AM ± 62 min) and sleep duration lengths between 7–9 hours (7.53 ± 0.76 hours). 
Similarly, for the two days prior to the start of the structured sleep schedule, participants reported 
sleep-log mean bed times of 12:21AM (± 45 min), mean rise times of 7:53AM (± 42 min) and 
mean sleep durations of 7.53 hours (± 0.52 hours). While it is important to note the inherent 
limitations of self-report measures, these findings support the likelihood that participants were 
entering the study in a rested state, and that their normative schedules were congruent with the 
study requirements. Sleep statistics for the night of PSG recorded sleep in the sleep-rested 
session are provided in Table 4.1, and conform to population norms for this age range (Ohayon 
et al., 2004). 
 
fMRI Emotional Face Discrimination Task 

Each subject was administered two versions of a validated fMRI emotional face 
discrimination task (Said et al., 2009, Said et al., 2010) that were counterbalanced across sleep-
rested and sleep-deprived fMRI sessions. Two sets of 70 faces (one set for each task version) 
were selected from a validated database of computer generated face stimuli, expressly designed 
to range in a gradient from threatening to non-threatening (i.e. safe) across a number of identities 
(Oosterhof and Todorov, 2008). Specifically, 10 Caucasian face identities were generated for 
each set using the FaceGen Modeller program (http://facegen.com, FaceGen 3.1). Each face 
identity was then morphed using a validated threat computer model (Oosterhof and Todorov, 
2008) to create seven versions of each identity that ranged from not threatening to increasingly 
threatening (Figure 5.1B). 
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Each of the 70 threat-discrimination trials consisted of a 1.5s face stimulus presentation, 
followed by a response screen instructing participants to classify the face in a binary judgment as 
either “Threatening” or “Not Threatening” (see Figure 5.1C for trial timing and structure). Trials 
were pseudo randomly shuffled in order such that no face identity or threat level would be 
presented more than two times in a row. Further, 30 null trial events were pseudo randomly 
interspersed between face trials, during which a fixation point was displayed on the screen for a 
jittered duration (max=5s, min=1.5s, mean=2.5s), advantageously producing inter-trial interval 
variability that is optimal for event-related fMRI design (Dale, 1999).  
 
Behavioral data analysis 

A discrimination index was calculated by subtracting the difference in the proportion of 
faces that participants classified as “Threatening” from the proportion of faces that participants 
classified as “Not Threatening.” A zero value would represent equal numbers of faces classified 
as threatening and not threatening, while a negative number would represent more images 
classified as not threatening than threatening. To determine differences in behavioral 
classification profiles across experimental conditions, the proportion data were entered into a 
Condition (Sleep-Rested, Sleep-Deprived) x Threat Classification (Threatening, Not 
Threatening) repeated measures ANOVA. Post-hoc comparisons of response proportions and the 
discrimination index were calculated using paired two-tail t tests. Behavioral data analyses were 
performed using STATA 11 (StataCorp., LP, College Station, Tex), with p<0.05 considered 
significant. 
 
fMRI Analysis 

A general linear model (GLM) (Friston et al., 1994) was specified for each participant to 
investigate the effects of interest. Contrasts were created at the first (individual) level with three 
events: faces classified as threatening, faces classified as not threatening, and null events. The 
experimental hypotheses were tested at the second (group) level using two complimentary, 
validated region of interest (ROI) approaches (Poldrack, 2007, Kriegeskorte et al., 2009, 
Poldrack and Mumford, 2009). First, to characterize the impact of sleep deprivation on the 
viscerosensory regions, average parameter estimates were extracted from each ROI volume 
independently and entered into a repeated measure Condition (Sleep-Rested, Sleep-Deprived) x 
Threat Classification (Threatening, Not Threatening) ANOVA performed in STATA 11 
(StataCorp). Main effects and interactions were tested using a significance of p<0.05. To further 
visualize these effects within the areas of interest, we supplemented this average ROI analysis 
with an additional validated voxel-wise approach (Poldrack, 2007, Poldrack and Mumford, 
2009). This voxel-wise method reports significant differences only from significant voxels with 
each ROI using a family wise error (FWE) correction, thresholded at p<0.05. Differences were 
examined using a repeated-measures Condition (Sleep-Rested, Sleep-Deprived) x Threat 
Classification (Threatening, Not Threatening) ANOVA, implemented in SPM8. All F, t and p 
values are presented using the average ROI based approach, while the overlay of activation maps 
on anatomical templates uses the voxel-wise analysis.  

Cortical and sub-cortical viscerosensory ROI volumes were defined as 5mm spheres 
centered on a set of peak activations observed in previously published neuroimaging studies 
investigating emotional face processing. The amygdala, anterior insula and dorsal anterior 
cingulate regions were chosen as a prior regions of interest due to their mutual involvement in 
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facial threat processing (Adolphs, 2002, Haxby et al., 2002, Anderson et al., 2003, Vuilleumier 
and Pourtois, 2007, Heberlein et al., 2008, Fan et al., 2011), autonomic regulation of affect 
decision-making (Critchley, 2005, Gray et al., 2012) and susceptibility to sleep deprivation 
(Thomas et al., 2000, Yoo et al., 2007b, Goldstein et al., 2013, Greer et al., 2013, Motomura et 
al., 2013) (MNI coordinates [x, y, z]: left amygdala [-19, -5, -17], right amygdala [22,  -1, -17], 
left anterior insula [-34, 18, -10], right anterior insula [36, 20, -6], dACC [-8, 24, 40] (Blasi et al., 
2009, Fan et al., 2011)).  

To test the hypothesis that the extent of reduced prefrontal adrenergic activity during 
REM sleep predicted the extent of the next-day discrimination activity to face stimuli within the 
viscerosensory affective network, individual REM gamma values were correlated with the 
average sleep-rested parameter estimates extracted from amygdala, anterior insula and dACC for 
the threat discrimination contrast using a significance threshold of p<0.05 (performed in STATA 
11; (Poldrack, 2007, Poldrack and Mumford, 2009, Vul et al., 2009b)). To further localize the 
specificity of this association a voxel-wise analysis regressing the degree of REM-gamma 
activity against the difference in threat versus non-threat reactivity within the amygdala, anterior 
insula and dACC was completed, again using FWE corrected threshold of p<0.05. One 
participant was excluded from the spectral sleep components of the analyses as an outlier 
(spectral analysis values were greater than 3 s.d. above the mean). 
 Similarly, to determine whether the cardiac threat discrimination profile predicted the 
viscerosensory affective network threat discrimination in the Sleep-Rested and Sleep-Deprived 
sessions, the heart rate discrimination index (Threat > Not Threat at stimulus presentation) from 
each session was correlated with the fMRI threat discrimination contrast across each ROI 
(Threatening > Not Threat), with a significance threshold of p<0.05. Complimentary voxel-wise 
regression analyses using the cardiac discrimination index as a predictor were also completed 
(see above paragraph).   
 
Heart Rate Analysis 

Inter beat intervals (IBIs) were calculated off-line using Matlab (PeakDet; Billauer) for 
the Sleep-Rested and Sleep-Deprived sessions separately.  Consistent with established values, an 
IBI less than 400ms, or changes in IBIs greater than 200ms from one interval to the next, were 
considered artifacts, and not included in subsequent analyses (Steinhauer et al., 1992). Three 
participants were excluded as outliers from this portion of the analysis due to excessive cardiac 
artifacts. Heart rate (HR) in beats-per-minute was then calculated in 1 second bins (Graham, 
1978). Artifact free stimulus-evoked heart rate responses at the time of face stimulus presentation 
was created by subtracting the average of the 2-second pre-stimulus baseline from that of the 1-
second post presentation. These heart rate measures were then entered into a repeated measures 
Condition (Sleep-Rested, Sleep-Deprived) x Threat Classification (Threatening, Not 
Threatening) ANOVA, performed using STATA 11 (StataCorp., LP, College Station, Tex). 
Main effects and interactions were tested using a significance of p<0.05.    
 
Spectral Analyses 

All EEG analyses were performed in MATLAB 7.5 (The Mathworks, Natick, MA), 
including the add-in toolbox EEGLAB (http://sccn.ucsd.edu/eeglab/). Power spectral analysis of 
sleep EEG was carried out according to previously published methods (van der Helm et al., 
2011). Specifically, EEG channels were re-referenced to the average of the left and right mastoid 
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(A1, A2), with high- and low-pass Finite Impulse Response (FIR) filtering at 0.5Hz and 80Hz, 
respectively. The all-night recording was then visually artifact-rejected in 4-second epochs. 
Artifact-laden epochs were removed from subsequent analyses. Power spectral density was 
calculated by use of a Fast Fourier Transform (FFT) on each hamming-windowed 4-second 
epoch. FFT results were then sorted according to sleep stage and averaged for each respective 
stage. Power in bands were calculated by averaging across standard EEG frequency band ranges: 
delta (0.8 – 4.6Hz), theta (4.6 – 8Hz), alpha (8 – 12Hz), sigma (12 – 15Hz), beta (18 – 30Hz), 
and gamma (30 – 40Hz), and log-transformed (John et al., 1980, Gasser et al., 1982, Uchida et 
al., 1992, Dijk et al., 1995, Krystal et al., 1995, Parsons et al., 1997, O'Connor et al., 1999, 
Buysse et al., 2008, Krystal and Edinger, 2010). 

Power in the gamma band was the experimental a priori focus to serve as an indirect 
proxy for adrenergic activity, motivated by three set of evidence: 1) the hypothesized benefit of 
REM physiology on emotional de-potentiation being mediated by the suppression of central 
adrenergic neurotransmitter levels (Walker, 2009b, Walker and van der Helm, 2009, van der 
Helm et al., 2011, Goldstein and Walker, 2014) 2) related, that gamma EEG activity represents a 
marker sensitive to changes in central adrenergic activity (the principal neurochemical 
dominating REM sleep), proportionally increasing and decreasing with corresponding increases 
and decreases in adrenergic levels (Keane et al., 1976, Berridge and Foote, 1991, Cape and 
Jones, 1998), and  3) changes in adrenergic levels through pharmacological intervention alters 
affective processing (Harmer et al., 2003, Harmer et al., 2004, Harmer et al., 2009, Di Simplicio 
et al., 2014). Beyond the frequency range specificity, gamma activity over prefrontal cortex 
derivations (average of FP1 and FP2) was targeted based on: 1) the known noradrenergic 
projections from the locus coeruleus to the prefrontal cortex (Gresch et al., 1995, Kawahara et 
al., 2001, Heidbreder and Groenewegen, 2003), and 2) the association between prefrontal REM 
activity and emotional information processing (Nishida et al., 2009, van der Helm et al., 2011).   

 
5.3 Results 
 
Impact of Sleep Deprivation on Central Brain Discrimination of Threat:  

We first sought to determine whether sleep deprivation impaired the neural ability of the 
relevant viscerosensory regions to accurately discriminate emotional faces, relative to a night of 
sleep, further associated with changes in behavioral discrimination accuracy. A repeated 
measures Condition (Sleep-Rested, Sleep-Deprived) x Emotion Discrimination (Threatening, 
Non-Threatening) ANOVA revealed a significant interaction for activity in both a priori cortical 
ROIs of the dACC and bilateral anterior insula (anterior insula Left: F=5.67, p=0.03; Right: 
F=7.46, p=0.01; voxel-wise and ROI average results presented in Figure 5.2) and dACC 
(F=7.04, p=0.02), but not in the sub-cortical ROI of the amygdala (Left: F=2.34, p=0.14; Right: 
F=2.76, p=0.11). To further characterize this interaction, a discrimination index was derived by 
subtracting the average activity from each ROI to faces classified as not threatening from that of 
threatening. For this measure, a positive discrimination index indicates greater brain reactivity to 
threatening compared to not threatening faces (i.e. superior dissociation of threating from 
affiliative, non-threatening stimuli), while a near-zero discrimination index would indicate 
identical reactivity to both affective faces stimuli alike (i.e. poor threat discrimination). 
Consistent with the experimental hypothesis, the anterior insula and dACC demonstrated activity 
that significantly (and positively) discriminated threat from affiliative non-threatening face 
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stimuli in the sleep-rested state, yet no such significant (near-zero) discrimination separation was 
observed under sleep deprivation conditions (Figure 5.2 C & F), with this threat discrimination 
index being significantly different between conditions, in both brain regions (All t>2.38, p< 
0.04). Thus consistent with the hypothesis that sleep deprivation impairs neural threat 
discrimination in the anterior insula and dACC.  

Although interaction effects were not detected across conditions within the amygdala 
(unlike the viscerosensory cortical regions of the insula and dACC), in the sleep-rested 
condition, the left amygdala expressed a significant positive threat discrimination index, eliciting 
greater activity to threatening compared to non-threatening faces (Left: t=2.41, p=0.03; Right: 
t=1.38, p=0.19). This sleep-rested amygdala profile is congruent with previous reports describing 
a consistent involvement of the left amygdala in processing threat under restful conditions 
(Fusar-Poli et al., 2009).  

In addition, and consistent with evidence that all three ROIs collectively operate in the 
endeavor of threat processing (Adolphs, 2002, Haxby et al., 2002, Anderson et al., 2003, 
Vuilleumier and Pourtois, 2007, Heberlein et al., 2008, Blasi et al., 2009, Fan et al., 2011), the 
average activity across all three regions combined demonstrated a significant threat 
discrimination index signal in the sleep-rested condition (t=4.73, p<0.001). However, this signal 
was ablated in the sleep-deprived state (t=0.44, p=0.66), with these neural discrimination indices 
being significantly different across conditions (t=2.84, p=0.01).   

Finally, and congruent with these neural changes, sleep deprivation further disrupted the 
behavioral (subjective) discrimination of threatening from non-threatening face stimuli (Figure 
5.3). Specifically, sleep deprivation shifted the balance of ratings away from the basal sleep-
rested profile with significantly more faces categorized as threatening and significantly fewer as 
not threatening in the sleep-deprived relative to the sleep-rested state (t=2.36, p=0.03).  

In summary, these data indicate that sleep loss is associated with impaired reactivity 
signaling that differentiates threatening and affiliative, non-threatening faces in the dACC and 
insula, resulting in a neural profile that no longer accurately dissociated between these social 
cues. Moreover the loss of accurate neural discrimination was accompanied by behavioral 
discrimination deficits, shifting the profile balance of sensitivity from that under sleep-rested 
condition to one of increased propensity for classify faces as threatening.  
 
Impact of Sleep Deprivation on Peripheral Nervous System Threat Discrimination  

In addition to these central brain changes, we next sought to determine whether sleep 
deprivation impaired the peripheral nervous system discrimination of threat, focusing on changes 
in stimulus-evoked heart-rate accelerations, which reliably track affective face discrimination 
(Graham and Clifton, 1966, van Honk et al., 2001, Critchley, 2005, Dalton et al., 2005, Gray et 
al., 2012). A Condition (Sleep-Rested, Sleep-Deprived) x Emotion Discrimination (Threatening, 
Non-Threatening) repeated measure ANOVA of heart rate acceleration elicited upon face 
presentation revealed a significant interaction effect (F=5.78, p=0.03; Figure 5.4A). This 
interaction was further reflected in differences in the cardiac discrimination index, which, as with 
the brain changes, was created by subtracting the stimulus-related change in heart rate in 
response to non-threatening faces from that of threatening faces. As predicted, a significant 
positive cardiac discrimination index was expressed in the sleep-rested condition, reflecting 
greater post-stimulus cardiac accelerations to threatening relative to non-threatening face stimuli. 
However, no significant cardiac threat discrimination signal was observed in the sleep 
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deprivation condition (Figure 5.4B), representing a blunted autonomic physiological response to 
these different facial emotions. Moreover, this peripheral cardiac threat discrimination index in 
the sleep-rested condition was significantly different from that of the sleep deprivation condition  
(t=-2.40, p=0.03; Figure 5.4B).  

Taken together, these data collectively support the hypothesis that sleep deprivation 
disrupts the discrimination of threating from non-threating facial cues in the signaling domains 
of both the peripheral and central nervous systems. 
 
Interaction Between Central and Peripheral Nervous System Threat Discrimination  

Next, we specifically examined whether these discrimination signals in central brain and 
peripheral cardiac activity, were inter-related, consistent with the embodied frameworks of 
affective processing (Lang, James, 1894, Damasio, 1994, Craig, 2002, Critchley et al., 2004, 
Critchley, 2005, Critchley and Harrison, 2013), and if such reciprocity was degraded by the state 
of sleep deprivation.  

Consistent with previous reports demonstrating right hemisphere associations in the 
embodied interaction between brain and autonomic threat-responses (Critchley, 2005, Dalton et 
al., 2005, Critchley, 2009, Gianaros et al., 2012, Gray et al., 2012), regression analyses within 
the sleep-rested condition revealed significant predictive relationships between the peripheral 
(cardiac) and the central (brain) threat discrimination indices for the right amygdala (r=0.64, 
p=0.01; Figure 5.5A), right anterior insula (r=0.58, p=0.02; Figure 5.5B) and a trend for the 
dACC (r=0.50, p=0.06; Figure 5.5C). Moreover, as a network, the degree of cardiac 
discrimination under sleep-rested conditions was significantly associated with the degree of 
neural discrimination across all viscerosensory ROIs combined (r=0.57, p=0.03). In contrast, no 
such significant cardiac relationships were expressed in the sleep deprivation condition, for any 
of the three ROIs independently (All r<0.41; p>0.13), or together as a network (r=0.07, p=0.81), 
indicative of a deterioration in the normally reciprocal relationship between peripheral and 
central brain systems during threat processing (Lang, James, 1894, Damasio, 1994, Craig, 2002, 
Critchley et al., 2004, Critchley, 2005, Critchley and Harrison, 2013).  
 
Associations with REM sleep physiology 

Finally, and addressing the second hypothesis, we examined whether the extent of 
reduced REM gamma EEG activity in the sleep-rested condition—an indirect measure sensitive 
to decreases in central adrenergic activity (Cape and Jones, 1998, Crochet and Sakai, 1999) and 
proposed to optimize affective neural responses (Kukolja et al., 2008, Onur et al., 2009, Hermans 
et al., 2011, Van der Helm, 2012, Goldstein and Walker, 2014)—predicted next-day inter-
individual differences of threat discrimination-accuracy in the peripheral- and central-nervous 
system.   

Consistent with this prediction, REM gamma EEG activity significantly predicted the 
magnitude of threat discrimination activity (Threatening>non-Threatening) in the ROIs that 
demonstrated robust threat-related reactivity in the sleep-rested condition: left amygdala (r=-
0.53, p=0.03; Figure 5.6B), the anterior insula (Left: r=-0.67 p=0.003; Right: r=-0.51, p=0.04; 
Figure 5.6C), and anterior cingulate (r=-0.53, p=0.03; Figure 5.6D). Furthermore, this same 
relationship was observed when activity was averaged across this network as a whole  (r = -0.61, 
p=0.009). Specifically, those individuals with the lowest REM gamma EEG activity the night 
prior demonstrated the greatest threat-discrimination within this affective network. Importantly, 
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and demonstrating REM brain-state and EEG gamma band specificity, no such significant 
correlations with the threat discrimination network was observed for gamma activity during non-
REM sleep (NREM: r=-0.34, p=0.18), gamma activity during slow wave sleep (SWS: r=-0.26, 
p=0.30), or with delta EEG activity—a dominant NREM sleep spectral activity band (r=0.28, p 
=0.28). Inconsistent with our original prediction, however, there was no significant relationship 
observed between REM-gamma activity and the cardiac index of threat discrimination (r=-0.22; 
p=0.44). Therefore, although the threat-discrimination activity of central brain fMRI and 
peripheral cardiac measures were significantly correlated with each other, the relationship 
between REM sleep physiology and next-day threat discrimination accuracy across individuals 
was significant only for the brain. Thus, suggesting that the influence of REM sleep upon the 
embodied threat response mechanism may be transacted primarily at the level of brain network 
control. 
 
5.4 Discussion 
 

Taken together, these results offer four core findings regarding sleep and emotion 
processing. First, sleep deprivation significantly impairs the behavioral ability to discriminate 
between emotions, here in discerning avoidant-related, threatening facial signals from affiliative, 
approach-related, non-threatening facial signals.  Thus, affective dysregulation associated with 
sleep deprivation extends beyond impediments in recognizing the presence or absence of an 
emotion (Wagner et al., 2002, Pallesen et al., 2004, van der Helm et al., 2010, Motomura et al., 
2013), and further encompasses the distinct process of distinguishing between varied forms of 
emotion signals. Considering the importance of accurately interpreting emotional signals that 
determine appropriate consequential social behaviors (Adolphs et al., 1998, Izard et al., 2001, 
Olson and Marshuetz, 2005, Bar et al., 2006, Willis and Todorov, 2006, Vuilleumier and 
Pourtois, Oosterhof and Todorov, 2008, Todorov, 2008, Todorov et al., 2008, Rule et al., 2009), 
and the social dysfunction resulting from failure of these discriminatory processes (Damasio, 
2000), the current findings raise the possibility that insufficient sleep may contribute to impaired 
social interactions beyond impairments in affective processing. Indeed, reduced sleep time has 
been associated with increased peer-related problems in children and adolescents (Hoedlmoser et 
al., 2010, Sarchiapone et al., 2014) and decreased self-perceived interpersonal functioning in 
adults (Killgore et al., 2008). 
 Second, these data begin to characterize the mechanistic nature and location of such 
affective discrimination deficits. Specifically, sleep deprivation impairments were observed 
within two domains known to be integral for emotion processing and dissociation: the central 
nervous system (throughout a network of brain regions associated with interoceptive and 
viscerosensory processing; (Adolphs, 2002, Haxby et al., 2002, Anderson et al., 2003, 
Vuilleumier and Pourtois, 2007, Heberlein et al., 2008, Fan et al., 2011)) and the peripheral 
nervous system (at the level of autonomic cardiac responses; (Graham and Clifton, 1966, van 
Honk et al., 2001, Critchley, 2005, Dalton et al., 2005, Gray et al., 2012)).  

Within the brain, the insula and dACC have consistently been implicated in emotional 
discrimination and affective decision-making by utilizing viscerosensory information from the 
body, via subcortical systems, (Craig, 2002, Critchley et al., 2004, Critchley, 2005, Medford and 
Critchley, 2010, Critchley and Harrison, 2013). Both cortical regions are hypothesized to 
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subsequently integrate such afferent viscerosensory signals into second-order maps representing 
the internal state of the organism (especially the insula), further facilitating descending efferent 
autonomic and motor-action output (especially the dACC) (Craig, 2002, Critchley et al., 2004, 
Critchley, 2005, Critchley and Harrison, 2013). It has been argued that only through such holistic 
mapping of the current body state can the brain accurately process and discriminate between 
affective signals that promote adaptive behavioral actions (Craig, 2002, Critchley et al., 2004, 
Critchley, 2005, Critchley and Harrison, 2013).  

Indicative of such accurate signal differentiation, both the insula and dACC expressed 
discriminatory signaling of threating from non-threatening facial stimuli in the sleep-rested 
condition. In contrast, no significant discriminatory activity was observed within these 
viscerosensory cortical regions under conditions of sleep deprivation, paralleling alterations seen 
in behavioral (subjective) discrimination of threatening from non-threatening face signals. Such 
impoverished threat/safety sensitivity under conditions of sleep deprivation may suggest a failure 
in the ability to integrate afferent autonomic signals that support accurate emotion processing, 
and/or a failure in receiving faithful input of these afferent signals from the peripheral nervous 
system (discussed below).  

Unlike the insula and dACC, and counter to our initial predictions, no significant 
condition effects were observed in the subcortical amygdala. Instead, the threat sensitive profile 
of amygdala responding that was present during the sleep-rested condition was not significantly 
altered in the sleep-deprived condition. One potential explanation for the lack of amygdala 
discrimination differences across conditions is the bi-directional nature of sleep deprivation 
effects on amygdala reactivity.  Indeed, sleep deprivation can alter reactivity in the amygdala to 
both negatively (Yoo et al., 2007b) and positively (Gujar et al., 2011b) valence images relative to 
non-emotional neutral material. Therefore, if sleep deprivation alters amygdala reactivity to both 
threatening and non-threatening faces in the same manor, the relative reactivity between 
threatening and non-threatening faces  (rather than threatening or non-threatening relative to 
neutral) may remain present. The absence of amygdala differences across conditions further 
indicate that disruptions to behavioral discrimination following sleep loss may result from 
impaired higher-order cortical integration of subcortical threat-signals, rather than impaired 
subcortical reactivity to threat (Craig, 2002, Critchley et al., 2004, Critchley, 2005, Critchley and 
Harrison, 2013).  

Beyond brain processes, autonomic heart-rate changes within the peripheral nervous 
system represent afferent input of emotional importance to the central nervous system. These 
signals can convey transient, affect-evoked autonomic information of both sympathetic and 
parasympathetic origin, that contribute to the accurate internal representation of emotions 
(Graham and Clifton, 1966, van Honk et al., 2001, Craig, 2002, Critchley, 2005, Dalton et al., 
2005, Appelhans, 2006, Gray et al., 2012). Fitting such discriminatory signaling, rapid heart-rate 
elevations accurately separated threatening from non-threating stimulus choices in the sleep-
rested condition. In contrast, impaired cardiac threat discrimination was observed under 
conditions of sleep deprivation, resulting in a lack of such significant dissociation of one emotion 
from the other. Of note, basic cardiovascular research has demonstrated that acute sleep 
deprivation (Zhong et al., 2005, Sauvet et al., 2010, Glos et al., 2014) as well as poor sleep 
quality (Yang et al., 2011, Michels et al., 2013, Sato et al., 2014) can impair the ability of the 
autonomic nervous system to balance between sympathetic and parasympathetic dominance.  
While these studies did not investigate affective processing specifically, such findings offer 
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insights into potential mechanistic pathways that may underlie such deficits in cardiac emotion 
signaling (e.g. rapid modulations governed by the release of parasympathetic vagal inhibition) in 
the sleep-deprived state (Porges, 2007). More generally, these data raise the issue that 
dysfunctional peripheral autonomic nervous system signaling resulting from insufficient sleep 
may contribute to the commonly seen impairments in affective decision-making under conditions 
of sleep deprivation (Killgore et al., 2006, Killgore et al., 2007a, Anderson and Dickinson, 2010, 
Anderson and Platten, 2011, van der Helm et al., 2011, Greer et al., 2013).  

Third, in contrast to the sleep-rested state, where central brain and peripheral cardiac 
threat-discrimination responses were significantly inter-related, consistent with classical 
embodied frameworks of emotion processing (Lang, James, 1894, Damasio, 1994, Craig, 2002, 
Critchley et al., 2004, Critchley, 2005, Critchley and Harrison, 2013), no such significant 
relationships were expressed under sleep deprivation conditions.  Reciprocal coupling between 
central brain and peripheral cardiac signaling of affective stimuli, as observed in the rested state, 
is recognized to support embodied emotional processing thus optimally guides affectively 
judgments (Lang, James, 1894, Damasio, 1994, Craig, 2002, Critchley et al., 2004, Critchley, 
2005, Critchley and Harrison, 2013). The absence of this relationship between central and 
peripheral nervous system responding in the sleep-deprived condition (as opposed to alterations 
of each alone) suggests a dislocation in embodied emotion. This decoupling may impede optimal 
use of bodily information and as consequence potentially contribute to sleep-loss induced 
impairments in emotion-guided task performance (Killgore et al., 2006, Killgore et al., 2007a, 
Anderson and Dickinson, 2010, Anderson and Platten, 2011, van der Helm et al., 2011, Greer et 
al., 2013), including the evaluation of facial expression (Wagner et al., 2002, Pallesen et al., 
2004, van der Helm et al., 2010, Motomura et al., 2013). Moreover, the downstream 
consequences of this disembodied state may provide a mechanistic explanation for the reductions 
in emotional expressiveness observed following sleep deprivation —both facial motoric (Minkel 
et al., 2011) and vocal (McGlinchey et al., 2011)—as well as decreased empathy (Killgore et al., 
2008).  

Fourth, within the rested condition, REM sleep physiology on the night prior to 
assessment significantly accounted for next day inter-individual differences in threat 
discrimination sensitivity within central limbic viscerosensory regions. Specifically, lower levels 
of frontal gamma EEG activity during REM sleep (and not NREM sleep) were associated with 
superior emotional discrimination activity within the amygdala, insula and ACC. These findings 
may be interpreted within a recently proposed homeostatic model of REM sleep before emotion 
processing (Goldstein and Walker, 2014), distinct from emotional memory processing (Walker, 
2009b, Walker and van der Helm, 2009, Van der Helm, 2012). Within this framework, the 
characteristic reduction of noradrenergic tone during REM sleep (Siegel and Rogawski, 1988) is 
proposed to beneficially recalibrate post-sleep emotional reactivity within an extended limbic 
network. Thus optimally re-tuning the sensitivity and specificity of salience responding in 
regions such as the PFC and amygdala (Goldstein and Walker, 2014). Using gamma EEG power 
as a validated, yet indirect, proportional measure of central noradrenergic tone (Keane et al., 
1976, Berridge and Foote, 1991, Cape and Jones, 1998), lower relative gamma activity during 
REM sleep is predicted to afford greater success in noradrenergic recalibration throughout this 
network, the degree of which should be proportional to the accuracy of next day emotion signal 
discrimination (Goldstein and Walker, 2014). Consistent with these predictions, the greater 
relative reduction in REM sleep gamma activity across participants was associated with superior 
threat discrimination signaling within the dACC, insula and amygdala.  While direct 
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pharmacological manipulations, in combination with functional imaging, are required for causal 
validation, such data offer tentative support for predicted aspects of this sensitivity-specific 
recalibration model.  

In summary, these finding establish that a lack of sleep disrupts the “embodied” nervous 
system processing of threat and safety signals, degrading reciprocity between brain and body 
physiology that normally disambiguates affiliative from avoidant social cues. Moreover, such 
impairments hold ecological relevance in contexts where accurate social signal processing is 
crucial, but where insufficient sleep is pervasive. These professional and societal circumstances 
include the military, emergency service personnel, medical professionals and new parents, where 
the expression and recognition of emotional signals, as well as the need to be guided by them, is 
paramount.  
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Figure 5.1) Study Design. (A) Time course of experiment for both the sleep-deprived and sleep-
rested conditions. (B) Example of the emotional face stimuli gradient ranging from non-
threatening to increasingly threatening. (C) Schematic for the threat discrimination fMRI task. 
Each trial lasted an average of 5.75s. Trials began with a brief fixation screen that was presented 
using a variable jittered duration time for optimal signal estimation (max=2.3s, min=1.3s, 
mean=1.8s)(Dale, 1999). After the fixation cross, each trial proceeded with a 1.5s face stimulus 
followed by a 2.25s response period in which participants were asked to classify the prior face as 
either “Threatening” or “Not Threatening.” Pseudo randomly interspersed between these threat 
trials were null trial events (not shown), where a fixation point was displayed on the screen for a 
jittered duration (max=5s, min=1.5s, mean=2.5s), serving as both a baseline condition as well as 
modulating inter-trial interval variability for optimal modeling of trial events.  
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Figure 5.2) fMRI results (A) Brain maps displaying the condition (sleep deprivation (SD), sleep 
rested (SR)) x threat (threatening, not-threatening) repeated-measures ANOVA interaction from 
the voxel-wise ROI analysis in the anterior cingulate cortex (peak MNI coordinates [x, y, z]; [6, 
26, 42]) thresholded at FWE p<0.05 corrected for multiple comparisons. (B) Bar graph 
illustrating the difference in average parameter estimates across the 5mm ACC ROI sphere mask 
and the average signal for each condition, respectively. In the sleep-rested condition, there was 
significantly greater activation across the ACC 5mm ROI for threatening faces relative to non-
threatening. However, under conditions of sleep deprivation the ACC reactivity did not 
differentiate between threatening and non-threatening faces. (C) Threat discrimination index, 
represented as the subtracted difference of the average activity across the ACC 5mm ROI for 
non-threatening faces subtracted from the activity to threatening faces in the SD and SR 
conditions. A zero value represents equal activation to threatening and non-threatening faces, 
while a positive score represents a greater activation to threatening relative to non-threatening. 
(D) Brain maps displaying the condition x threat repeated-measures ANOVA interaction from 
the voxel-wise ROI analysis in the anterior insula (peak MNI coordinates [x, y, z]: left: [-38, 20, 
-8]; right: [32, 18, -8]. (E-F) Equivalent bar graphs as in B and C using the average of 5mm 
spheres centered over bilateral anterior insula, demonstrating strong threat discrimination ability 
in the rested condition, while impaired threat responding in the deprived condition. Error bars 
represent standard error of the mean. Within region statistics: *p<0.05, **p<0.01. Tables 5.1 
and 5.2 display whole brain activation differences for the threat x condition interaction as well as 
threat reactivity in the sleep-rested session beyond our a priori ROIs) 
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Figure 5.3) Behavioral Results. (A) The proportion of stimuli categorized as either threatening 
or not threatening in the sleep-rested (SR) and sleep-deprived (SD) conditions. Paired t-tests 
demonstrated a significant increase in the proportion of faces rated as threatening in the SD 
condition compared to the SD condition (t=2.36, p=0.03)  (B) The corresponding change in 
response tendency, characterized as a threat discrimination index, represented as the subtracted 
difference in the proportion of non-threating items relative to the portion of threatening items in 
the SR and SD conditions. A zero value represents equal number so of stimuli assigned to 
threatening and non-threatening categories, while a positive score represents a greater proportion 
of stimuli as rated as threatening relative to not-threatening. Comparison reflects significance at 
p<0.05 (*). Error bars represent SEM.  
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Figure 5.4) Cardiac threat-discrimination results. (A) Instantaneous heart rate response to 
threatening and non-threatening face stimuli for sleep-rested (SR) and -deprived conditions (SD). 
(B) Cardiac threat discrimination index represented as the subtracted difference of the cardiac 
response to non-threatening faces subtracted from the cardiac response to threatening faces. A 
zero value represents equal cardiac responding to threatening and non-threatening faces, while a 
positive score represents a greater activation to threatening relative to non-threatening. 
Comparison reflects significance at p<0.05 (*). Error bars represent SEM.  
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Figure 5.5) (A) Brain maps displaying ROI mask (left brain image) and the voxel wise ROI 
regression (right brain image) between the cardiac discrimination index and the sleep-rested 
amygdala discrimination ability (threatening>not-threatening contrast) (peak MNI coordinates 
[x, y, z]: [10, 22, 44]) thresholded at FWE p<0.05 corrected for multiple comparisons.  
Scatterplot on far right displays this same relationship using the average parameter estimates 
across the 5mm amygdala ROI mask (left brain image). Equivalent brain maps and regression 
plots for the (B) anterior insula (Peak MNI coordinates [x, y, z]: right: [38, 24, -4]) and (C) 
anterior cingulate cortex (Peak MNI coordinates [x, y, z]: [18, 2, -16]) ROIs. No significant 
relationships were found for the left amygdala (r=-0.09, p=0.75) or the left anterior insula 
(r=0.42, p=0.12). 
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Figure 5.6) (A) EEG topographic plot of log-transformed relative Gamma activity (30 – 40Hz) 
during REM sleep. (B) Brain maps displaying ROI mask (left brain image) and the voxel wise 
ROI regression (right brain image) between relative REM gamma activity over frontal electrodes 
and the sleep-rested amygdala discrimination ability (threatening>not-threatening contrast) (peak 
MNI coordinates [x, y, z]: [4, 22, 40]) thresholded at FWE p<0.05 corrected for multiple 
comparisons. Scatterplot on far right displays this same relationship using the average parameter 
estimates across the 5mm amygdala ROI mask (left brain image). Equivalent brain maps and 
regression plots for the (C) anterior insula (Peak MNI coordinates [x, y, z]: left: [-36, 18, -10]; 
right: [40, 22, -4]) and (D) anterior cingulate cortex (Peak MNI coordinates [x, y, z]: [-20, 0, -
14]) ROIs.  
  



	   61	  

Table 5.1): Voxel-wise whole brain results for the ANOVA Threat x Condition interaction 
(uncorrected p<0.001, >10mm3 contiguous cluster extent) 

Region (BA) 
Cluster Size 

(mm3) 
 
x y z  

Peak Z 
Score 

ANOVA Threat x Condition Interaction       
Insula (BA 13)-R  1619  32 18 -8  3.54 
Inferior Frontal Gyrus (BA 47)-R    32 18 -18  3.34 
Inferior Frontal Gyrus (BA 47)-L  744  -38 20 -8  3.36 
Precuneus (BA 19)-L  306  -38 -78 36  3.35 
Insula (BA 13)-R  175  36 -12 20  3.29 
Inferior Frontal Gyrus (BA 47)-R  263  42 20 -16  3.26 
Inferior Frontal Gyrus (BA 47)-L  175  -50 18 -4  3.23 
Anterior Cingulate (BA 33)-L  88  -6 22 20  3.2 
Insula (BA 13)-R  1619  32 18 -8  3.54 
Inferior Frontal Gyrus (BA 47)-R    32 18 -18  3.34 
 

BA; Brodmann’s Area, L; Left, R; Right 
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Table 5.2): Voxel-wise whole brain results in the sleep-rested condition only (uncorrected 
p<0.001, >10mm3 contiguous cluster extent) 

Region (BA) 
Cluster Size 

(mm3) 
 
x y z  

Peak Z 
Score 

(A) Sleep-Rested Threatening > Not-Threatening       
Inferior Frontal Gyrus (BA 47)-L  45369  -38 20 -10  5.95 
Inferior Frontal Gyrus (BA 47)-L    -48 20 0  5.6 
Middle Frontal Gyrus (BA 47)-L    -50 38 -4  4.16 
Inferior Frontal Gyrus (BA 47)-R  29422  42 26 -8  5.21 
Inferior Frontal Gyrus (BA 47)-R    40 20 -14  4.87 
Inferior Frontal Gyrus (BA 47)-R    32 22 -8  4.85 
Superior Frontal Gyrus (BA 8)-L  33556  -6 24 56  4.84 
Medial Frontal Gyrus (BA 8)-L    -6 24 46  4.42 
Medial Frontal Gyrus (BA 9)-L    -2 40 32  4.05 
Lateral Globus Pallidus-L  284  -18 -2 -12  3.5 
Superior Temporal Gyrus (BA 22)-R  416  48 -30 -2  3.38 
Middle Frontal Gyrus (BA 6)-R  306  42 0 60  3.37 
         
(B) Sleep-Rested Not-Threatening > Threatening       
Medial Frontal Gyrus (BA 10)-L  14788  -6 50 -8  4.72 
Anterior Cingulate (BA 32)-R    8 36 -10  3.91 
Medial Frontal Gyrus (BA 10)-R    12 52 -6  3.85 
Middle Frontal Gyrus (BA 9)-R  12141  26 24 36  4.66 
Superior Frontal Gyrus (BA 6)-R    22 12 52  3.97 
Precuneus (BA 19)-L  4878  -38 -76 34  4.19 
Superior Frontal Gyrus (BA 8)-L  4900  -24 14 54  3.77 
Middle Frontal Gyrus (BA 8)-L    -22 26 38  3.66 
Middle Frontal Gyrus (BA 8)-L    -22 22 46  3.55 
Precuneus (BA 7)-R  6234  4 -52 52  3.76 
Precuneus (BA 7)-R    0 -48 46  3.56 
Superior Temporal Gyrus (BA 22)-L  1094  -56 -6 -4  3.73 
Precentral Gyrus (BA 6)-L  3063  -44 -12 34  3.69 
Insula (BA 13)-L    -42 -14 22  3.5 
Cingulate Gyrus (BA 31)-R  2253  14 -36 40  3.65 
Subcallosal Gyrus (BA 25)-R  744  6 20 -14  3.58 
Superior Temporal Gyrus (BA 22)-R  634  58 0 -4  3.31 
Inferior Parietal Lobule (BA 40)-L  153  -68 -32 32  3.26 
Insula (BA 13)-R  88  38 -12 20  3.23 
Precentral Gyrus (BA 6)-R  263  46 -8 38  3.23 
Cingulate Gyrus (BA 31)-L  153  -10 -32 44  3.19 
Postcentral Gyrus (BA 3)-L  44  -16 -42 66  3.14 
Middle Temporal Gyrus (BA 21)-L  22  -66 -10 -8  3.09 
Caudate Head-L  22  -16 26 8  3.09 
 

BA; Brodmann’s Area, L; Left, R; Right 
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Chapter 6 
 

Summary and General Conclusion 
 

Taken together, this dissertation provides three core findings supporting the overarching 
hypothesis that sleep disruption may contribute to anxiety symptomology through altered central 
and peripheral nervous system dysfunction. First, sex moderates the relationship between 
increases in anxiety following sleep loss and brain morphology in several anxiety relevant 
regions. Second, in terms of functional brain reactivity, sleep deprivation exaggerates limbic 
responding during the anticipation of potentially negative stimuli, the neural severity of which is 
determined by trait anxiety status. Finally, threat discrimination of the central and peripheral 
nervous system is impaired after a night of total sleep deprivation.  

Beyond individual discussion sections for each of these experiments, and when viewed as 
a collective, two additional general conclusions emerge: 1) the viscerosensory cortical network 
appears to be especially impacted by sleep deprivation and 2) sleep physiology yields specific, 
rather than general, emotional benefits.  
 
Sleep Deprivation Impacts the Viscerosensory Cortical Network Involved in Emotion 
Processing 
 Across these three experiments the emotional consequences of sleep deprivation were 
associated with both the structural integrity and functional activity within viscerosensory cortical 
regions critical for interpreting the current interoceptive physiological condition of the body 
(Craig, 2002, Paulus and Stein, 2006). This pattern was first seen in experiment 1, where inter-
individual differences in brain morphology of cortical viscerosensory regions including the 
orbitofrontal cortex, IFG/anterior insula and mPFC appear to predispose some individuals to be 
more sensitive to the anxiety provoking effects of sleep loss. Building on these structural 
associations, functional alterations during aversive anticipation (experiment 2) and threat 
discrimination (experiment 3) within the mPFC and insula were observed after sleep 
deprivation. Moreover, the aggravating impact of sleep loss on affective insula responding 
appears to be exacerbated by high trait anxiety status (experiment 2). Interestingly, it has been 
argued that only through accurate appreciation of the current body state in these viscerosensory 
regions, can the brain select appropriate behavioral actions for the organism (actions that include 
emotion expression) (Critchley, 2005, 2009, Craig, 2010, Harrison et al., 2010, Craig, 2011). 
Therefore, altered processing within these regions as a result of sleep deprivation may yield 
misinformation regarding the current and expected physiological body state and as a 
consequence lead to a failure of affectively guided judgments, decisions and down-stream, 
behavioral emotive (re)actions. Indeed it is hypothesized that clinical anxiety symptomology 
may be due in part to an exaggerated prediction of aversive body state as a consequence of 
altered interoceptive processing (Paulus, 2006). Thus, the impact of sleep deprivation on 
viscerosensory cortices may impede normal interoceptive processing of emotion-relevant body 
signals by the brain, leading to inappropriate interpretation of the homeostatic state of the 
organism which in turn may increase anxiety (Killgore et al., 2006, Killgore et al., 2007a, 
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Anderson and Dickinson, 2010, Anderson and Platten, 2011, van der Helm et al., 2011, Greer et 
al., 2013).  
 
Sleep Physiology Associations with Affective Brain Processes 
 While the three experiments posed here indicate a general role for sleep in optimal 
emotion processing, the underlying mechanisms governing these benefits appear to be dependent 
on the affective measure examined. For example, while lower levels of REM sleep gamma 
activity was associated with better next day threat discrimination in experiment 3, REM sleep 
gamma was not associated with overnight changes in subjective anxiety in experiment 1. Two 
explanations may account for these differences. First, although the brain structures associated 
with anxiety and threat reactivity overlap, the nature of the response is fundamentally different. 
Emotional reactions are punctate, short-lived reactions, often in response to external stimuli. In 
contrast, anxiety is often a more protracted, longer-lasting state (Mendl et al., 2010) (though, it is 
also important to note that anxiety states can modulate emotional reactions (Bishop et al., 2004a, 
Bishop et al., 2004b)). Therefore, it may be that two distinct physiological processes during sleep 
may be required to recalibrate the dissociable and distinct processes of acute emotion reactivity 
and sustained anxiety states. An alternate explanation for the absence of a relationship between 
REM gamma and anxiety may instead arise from the population studied. Here, participants were 
taken from a non-clinically anxious sample with normative sleep. Such participants may already 
be acquiring the minimum sleep threshold for maintaining low subjective anxiety levels and thus 
masking the REM sleep gamma relationship that would be present in individuals with more 
severe anxiety. Future experiments involving clinically anxious populations will help 
disambiguate between these two potential explanations.  
 In summary, this thesis characterizes a detrimental impact of sleep loss on emotion-
relevant central (brain) and peripheral (autonomic) nervous system mechanisms that contribute 
to anxiety states and dysfunctional affective decision-making. Further, these findings raise the 
possibility that factors such as sex and baseline anxiety status may contribute to inter-individual 
differences in the impact of sleep loss. Thus, highlighting the need to examine the consequences 
of insufficient sleep across demographic groups separately, in addition to the population as a 
whole. Considering the continued erosion of sleep hygiene in industrialized nations, and the 
occurrence of sleep deprivation in professions in which optimal emotional decision-making is 
critical (e.g. military, medicine, aviation), these results have potential implications at the 
professional, societal, and public health level.  
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