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Abstract 

The overarching goal of this dissertation was to improve our understanding of 

the neural basis of consciousness by approaching the problem along two separate, 

complementary facets: examining the levels of consciousness and the contents of 

consciousness. 

Chapter 2 examines how the level of consciousness changes under general 

anesthesia for surgery, and how neural (EEG) markers of this change relate to 

postoperative cognitive impairments afflicting many older adults. Older adult patients 

underwent neurocognitive testing before and after surgery, and their 32-channel EEG 

was recorded both before and during general anesthesia for surgery. Results showed 

that one of the most profound changes from the awake to the anesthetized brain—the 

anteriorization of alpha-band (8-12 Hz) activity—correlated with preoperative cognitive 

scores, which are themselves predictors for postoperative cognitive impairments. These 

results have added to our understanding of how manipulations of the level of 

consciousness under general anesthesia ramify into potentially long-lasting impairments 

to cognition, and how these impairments might be monitored and avoided. 

Chapters 3 and 4 examined how the contents of consciousness relate to the 

selection mechanism of attention. Chapter 3 investigated the dissociability of these two 

phenomena by examining the neural mechanisms underlying the orienting of spatial 

attention without awareness. High-density (64-channel) EEG was recorded while subjects 
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performed a novel task that combined classic spatial cueing with object-substitution 

masking to manipulate subjects’ awareness of the cues on ~half of the trials, allowing a 

direct comparison of orienting with and without awareness, controlled for having 

identical sensory stimulation. Results confirmed that attention could be oriented without 

awareness, leading to improved behavior (faster reaction times and better accuracy) and 

enhanced sensory processing (indexed by the P1 event-related potential, ERP) for 

validly (compared to invalidly) cued targets. Interestingly, the hallmark ERP for the 

orienting of attention in response to a cue, the N2pc, was only observed for conscious 

orienting, pointing to an alternate mechanism for unconscious orienting, such as via the 

subcortical retinotectal pathway. 

Chapter 4 investigated the mechanisms and temporal dynamics of the attentional 

selection of conscious internal representations in working memory. EEG was recorded 

while subjects performed a modified delayed match-to-sample task where one of two 

sample objects, a face or a house, was retroactively cued on each trial. A multivariate 

classifier was trained on the pattern of alpha-band activity to determine if and when 

information about the selected object could be decoded from the alpha signal following 

the retrocue. Results showed that alpha could be used to decode the selected object, 

pointing to its general role as a top-down attentional control signal. This decoding was 

relatively transient, rather than sustained, which accords with recent proposals of 

“activity-silent” working memory and argues against accounts of working memory that 
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posit sustained internal attention as the underlying mechanism. Together the results of 

Chapters 3 and 4 help inform our understanding of how attention operates both 

externally and internally to select the contents of consciousness.  
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1. General Introduction 

How it is that anything so remarkable as a state of consciousness 

comes about as a result of irritating nervous tissue, is just as unaccountable 

as the appearance of the Djin, when Aladdin rubbed his lamp. 

Thomas Huxley, 1866 

What is consciousness? How does mere physical matter give rise to the totality of 

our mental life? 

The question of consciousness—perhaps the most fundamental to what it means 

to be human—has both intrigued and puzzled the world’s greatest thinkers for 

millennia. Plato conceived of the soul or psyche (analogous to our use of “consciousness” 

today) as using the mind to coordinate our senses and experience while remaining fully 

distinct from them (Heinamaa, Lahteenmaki, & Remes, 2007). Two millennia later, 

Descartes still maintained that there were two kinds of substance, matter and mind, with 

the latter defined by its essential property of thought (Robinson, 2017). While the 

relationship between consciousness and the brain remained mysterious into the mid-

nineteenth century—as evidenced by Thomas Huxley’s famous quote—the development 

of modern psychology around that time brought the first truly scientific inquiries to bear 

on the question. Now, advances in neuroscience over the past 30 years have finally 

allowed us to begin to develop and test theories of consciousness firmly grounded in the 
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biological substrate of the brain (Dehaene, Charles, King, & Marti, 2014; Tononi, Boly, 

Massimini, & Koch, 2016). 

The term “consciousness” is admittedly ambiguous, and much of the difficulty in 

thinking about and studying consciousness has come from a confusion about 

terminology. A scientifically useful distinction has been drawn between the levels and 

the contents of consciousness. Conscious level refers to changes along a continuum of 

states that ranges from vigilant wakefulness to dreamless sleep, anesthesia, and even 

brain death. A certain level of consciousness is generally viewed as being an enabling 

condition for there to be any specific conscious content (Dehaene, Changeux, Naccache, 

Sackur, & Sergent, 2006). Conscious contents refers to the specific information that one is 

subjectively aware of at any given moment, including perceptions of external stimuli, 

active maintenance of information in working memory (WM), or the subjective feeling 

associated with an emotion. Awareness of the self can be part of these contents, but self-

consciousness is generally considered apart from this definition and will not be covered 

here. 

Short of coming up with some ultimate answer to the question of consciousness, 

the goal of this dissertation research has been to investigate different aspects of these 

two complementary facets of consciousness—levels and contents—and thereby 

contribute to our growing understanding of its basis in the brain. 
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1.1. Investigating Levels of Consciousness 

Levels of consciousness refers to a continuum of relatively global brain states 

that ranges from vigilant wakeful states teeming with subjective experience on one end 

to the total subjective oblivion of dreamless sleep, coma, anesthesia, and even brain 

death on the other. Conscious level can be dissociated from levels of arousal, cycles of 

sleep and wakefulness, and even overt behavior of any kind (Tagliazucchi & van 

Someren, 2017). For instance, within a single night’s sleep we can have periods of both 

no conscious experience—generally in slow-wave sleep—and rich conscious 

experience—i.e., dreams, which occur predominantly during rapid-eye-movement 

(REM) sleep but also up to a third of the time in non-REM sleep (Siclari, LaRocque, 

Postle, & Tononi, 2013). Dreams can be incredibly vivid and realistic conscious 

experiences, even sometimes including a “lucid” awareness of the fact that one is 

dreaming (Voss, Holzmann, Tuin, & Hobson, 2009). 

There are also several clinical disorders that highlight the dissociation between 

conscious level and overt behavior and underscore the urgent need for reliable methods 

to objectively assess levels of consciousness. For example, vegetative state is marked by 

relatively high levels of arousal, including spontaneous body movements and cyclical 

daily periods of the eyes being open or closed, but with disrupted sleep-wake cycles and 

no evidence of awareness (Young & Schiff, 2014). In contrast, in locked-in syndrome, 

individuals retain high levels of consciousness but often have a total inability to move or 
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communicate in any way (Smith & Delargy, 2005). Minimally conscious states represent 

something of a middle ground, in which the level of consciousness is severely altered—

to highly variable degrees—but in which definite behavioral evidence of awareness is 

maintained (Young & Schiff, 2014). Such dissociations are possible because the brain 

regions controlling arousal and those contributing to consciousness (the so-called full 

neural correlates of consciousness, or full NCCs; Koch, Massimini, Boly, & Tononi, 2016) 

are somewhat overlapping but clearly dissociable (described more in Section 1.1.1. 

below). 

Another clinical area in which there is a great need to understand how levels of 

consciousness are manipulated, and to reliably measure such manipulations, is the use 

of general anesthesia for surgery. Although euphemistically referred to as “going to 

sleep,” general anesthesia is in fact a drug-induced, reversible coma (Brown, Lydic, & 

Schiff, 2010). Despite its ubiquity and routine use—nearly 250 million patients per year 

receive general anesthesia for surgery worldwide (Weiser et al., 2008)—how exactly 

anesthesia causes unconsciousness is poorly understood. There is a dearth of reliable, 

objective measures of conscious level under anesthesia, and many hospitals do not even 

monitor brain activity during anesthesia. This is problematic because some patients 

report intraoperative awareness—both consciousness and explicit memory of surgical 

events—a horrifying scenario in and of itself, but that can also lead to long-term issues 

such as post-traumatic stress disorder (PTSD) (Mashour, Orser, & Avidan, 2011). Even 
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though the estimated incidence of intraoperative awareness is variable and quite low—

between 1 in 1,000 or 1 in 14,000—this is still quite a high number in absolute terms 

given that there are more than 60,000 surgical cases in the US alone every day (Brown et 

al., 2010). 

Another poorly understood aspect of anesthesia is why, of the over 16 million 

older adult (> age 60) Americans who undergo general anesthesia for surgery each year, 

up to 40% develop some sort of postoperative cognitive issue, such as delirium and 

postoperative cognitive dysfunction (POCD) (Berger et al., 2015; Inouye, Westendorp, & 

Saczynski, 2014). While aspects of the surgery itself—such as by inducing a 

neuroinflammatory response—likely play a role in these deficits, there is evidence that 

anesthesia itself has an independent contribution. Delirium is an acute syndrome of 

attention, awareness, and general cognitive impairments usually lasting from hours to 

days after surgery, while POCD specifically reflects a drop in cognitive performance on 

neuropsychological tests from before to after surgery that can persist for months or even 

years. Both delirium and POCD are associated with significant long-term issues such as 

decreased quality of life, long-term cognitive decline, and one-year mortality (Berger et 

al., 2015; Inouye et al., 2016, 2014). The causes of these postoperative cognitive issues are 

largely unknown, and they might be related to the depth and/or overall duration of 

anesthesia (reviewed in Strøm, Rasmussen, & Sieber, 2014). Like intraoperative 



 

6 

awareness, more effective monitoring and measurement of patients under general 

anesthesia could help avert these detrimental outcomes. 

1.1.1. How are Levels of Consciousness Studied and Measured? 

Levels of consciousness can be studied in several different contexts, including in 

healthy human subjects and in various clinical populations. The primary approach to 

such studies is a state-based analysis, in which brain activity measured during a period 

of high conscious level (e.g., awake with eyes open) is compared with a period of lesser 

or no conscious level (e.g., under general anesthesia or in slow-wave sleep). In clinical 

populations with ongoing disorders of consciousness, this state-based comparison must 

necessarily happen between patients, comparing them to healthy controls. In healthy 

subjects or surgical patients with no disorder of consciousness, these state-based 

comparisons can be made within subjects, controlling for many other differences not 

directly related to consciousness. Perhaps the gold standard comparison, though, is 

within the same subject and within the same state of physiological arousal, such as by 

comparing periods in NREM sleep in which conscious experience has or has not been 

reported (Koch et al., 2016; Siclari et al., 2013). Though state-based analyses are more 

common, some studies have examined event-related stimulus processing, such as 

memory encoding, under different levels of consciousness (Pryor et al., 2015; Veselis et 

al., 2008). 
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Behaviorally, simple criteria are often used to infer conscious level, such as the 

ability to respond meaningfully to a verbal command or to other physical stimuli by, for 

example, blinking one’s eyes or squeezing an observer’s hand (Chernik et al., 1990; 

Purdon et al., 2013). However, as noted above, behavior is not always a reliable indicator 

for consciousness, and thus researchers have sought more reliable, objective measures 

derived through brain monitoring. 

Research into what has been termed the neural correlates of consciousness 

(NCC)—the minimum neural mechanisms fully sufficient for a particular conscious 

experience—picked up in earnest nearly 30 years ago (Crick & Koch, 1990). This has 

evolved into a more nuanced taxonomy that distinguishes between enabling 

“background conditions,” the full NCCs (synonymous with conscious level as used 

here), and the content-specific NCCs (discussed later in Section 1.2.1) (Koch et al., 2016). 

The background conditions are neural structures and mechanisms that enable, or are 

otherwise required for, conscious experience to occur but are not thought to otherwise 

directly contribute to it; this background activity is eliminated in the kind of gold 

standard comparison described above—within a subject and within a global state of 

arousal such as in NREM sleep. Such background activity provides the 

neuromodulatory milieu and afferent inputs necessary to maintain a proper level of 

cortical excitability and includes the brainstem reticular activating system (RAS), medial 

thalamic structures, and parts of the posterior-medial cortex (Blumenfeld, 2010; Koch et 
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al., 2016). The full NCCs, on the other hand, have been associated with much of the 

cortex, comprising a posterior “hot zone” that includes parietal, temporal, and occipital 

cortices (reviewed in Koch et al., 2016) and frontal areas (Dehaene et al., 2014; Demertzi 

et al., 2019), though the inclusion of frontal areas is the subject of active debate (see 

Section 1.2.1. and discussion in Koch et al., 2016). 

Leading theoretical frameworks of conscious level have converged on the idea 

that consciousness arises not from the mere involvement of certain brain areas or their 

overall activity level, but from particular patterns of brain activity and neural dynamics. 

Common to many of these proposals is a focus on relatively global activity that is highly 

complex, coordinated, and full of rich dynamics (Demertzi et al., 2019; Koch et al., 2016; 

Mashour & Hudetz, 2018). Electrophysiologically, these dynamics generally manifest as 

an “activated” EEG pattern consisting of low amplitude, relatively high frequency beta 

(13-30 Hz) and gamma (> 30 Hz) content, with additional global alpha (8-12 Hz) content 

depending on the level of drowsiness or if the eyes are closed. Such an activated EEG is 

a fair but not highly reliable indicator of high conscious level, especially on the 

individual person level, as certain anesthetics can induce broadly similar patterns 

(discussed more below; Purdon, Sampson, Pavone, & Brown, 2015). 

A much more reliable, theory-based approach to objectively measuring conscious 

level is the perturbational complexity index (PCI) (Casali et al., 2013). PCI can 

discriminate level of consciousness in single individuals across a wide array of 



 

9 

(un)conscious states: in healthy subjects in different stages of sleep and under various 

anesthetic agents, and in clinical patients in vegetative state, minimally conscious state, 

and locked-in syndrome. PCI is based on a prominent theory of consciousness, 

integrated information theory (IIT), which posits that conscious states are both highly 

integrated—each is a subjectively unified, irreducible whole—and highly informative (in 

the information-theoretic sense)—each state is but one among an extremely large 

number of potential alternatives (Tononi et al., 2016). In practice, PCI is calculated by 

measuring with a high-density EEG montage the cortical “echo” of a pulse of 

transcranial magnetic stimulation (TMS). PCI will be low if there is either a lack of 

integration among cortical areas, manifested as a spatially restricted TMS activation 

profile, and/or if many of the areas reacting to the TMS pulse do so in a stereotyped 

way, resulting in a signal that is full of redundant information and therefore highly 

compressible. However, the setup required to measure PCI—including the use of TMS 

and a high-density EEG montage—will not be practical in many instances, especially 

during a surgery, and so researchers have continued to look for other reliable, objective 

measures of conscious level. 

Notwithstanding serious insult or lesion, there are several different ways to lose 

consciousness, which seem to share either a serious reduction in integrated/coordinated 

activity between brain areas and/or highly stereotyped activity patterns across brain 

areas (indicative of low information content). Slow-wave sleep, for example, which is 
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often devoid of consciousness, is characterized by high-amplitude slow and delta (< 4 

Hz) waves. These slow waves are caused when large populations of cortical neurons 

begin synchronously alternating between two preferred membrane potentials, 

depolarized “up states” and hyperpolarized “down states” (Wilson, 2008). Such high-

amplitude slow activity is reflective of a low information integration regime (Tononi et 

al., 2016). The emergence of such slow activity also reflects loss of consciousness under 

certain ubiquitously used anesthetics such as propofol and isoflurane, and thus has 

proven a relatively reliable marker of loss of consciousness through different means. The 

pharmacological mechanisms of these anesthetics and their reflection in the EEG will be 

discussed in the next section. 

1.1.2. Mechanisms and Measures of Loss of Consciousness Under 
General Anesthesia 

In this section I will focus on the anesthetics propofol and isoflurane (and related 

inhaled agents sevoflurane and desflurane), as these are the specific anesthetics used in 

my study and are also the most widely used and studied. 

Pharmacologically, propofol’s primary mechanism of action is increasing 

GABAA-receptor mediated inhibition across a broad swath of brain regions, including at 

the synapses of inhibitory interneurons on pyramidal cells in the cortex, in the inhibitory 

reticular nucleus of the thalamus, and in multiple neuromodulatory arousal circuits of 

the RAS (reviewed in Brown, Purdon, & Van Dort, 2011; Purdon et al., 2015). The 

increased inhibition of thalamic and brainstem structures leads to a massive reduction of 
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excitatory inputs to the cortex, leaving it in a mostly hyperpolarized state. The inhaled 

anesthetic isoflurane (and related agents sevoflurane and desflurane, all ether-

derivatives) also acts by increasing GABAA inhibition at multiple cortical and subcortical 

sites, in addition to blocking potassium channels involved in neuronal membrane 

polarization and by blocking the excitatory action of glutamate by binding to NMDA 

receptors. 

Behaviorally, the induction of anesthesia with propofol or isoflurane causes a 

loss of responsiveness to verbal or other physical stimuli, the loss of basic reflexes, 

cessation of breathing (apnea), and loss of muscle tone (atonia), consistent with its 

mechanism of action at the brainstem and other regions (Purdon, Sampson, et al., 

2015b). 

Neurally, loss of consciousness is first marked by a reduction of the waking, 

activated EEG pattern followed by a movement into a regime of high-amplitude (up to 

20 times larger) slow and delta waves. This slow-wave activity is likely caused by the 

significantly decreased excitatory drive to the cortex and ensuing hyperpolarization, 

analogous in some ways to what occurs during slow-wave sleep. With inhaled agents 

like isoflurane, coherent theta (4-7 Hz) oscillations can also occur. 

Another prominent EEG feature of propofol and isoflurane-induced anesthesia is 

a reduction in the posterior alpha rhythm—which is robustly measured when awake, 

especially with eyes closed—and a concomitant increase in coherent, frontal alpha 
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oscillations, a phenomenon termed “alpha anteriorization” (Tinker, Sharbrough, & 

Michenfelder, 1977). The posterior alpha rhythm observed while awake most likely 

emerges from reciprocal interactions between occipital cortex and areas in the visual 

thalamus, especially the pulvinar and lateral geniculate nuclei (Hughes et al., 2011; 

Saalmann & Kastner, 2011). While it is not well understood how anesthetics lead to 

alpha anteriorization, it is hypothesized that the differential effects of these anesthetics 

on thalamic nuclei might switch the cortex into a different, frontally focused, oscillatory 

regime (Ching, Cimenser, Purdon, Brown, & Kopell, 2010; Vijayan, Ching, Purdon, 

Brown, & Kopell, 2013). For example, frontal alpha oscillations might be subserved by 

anesthetics’ engagement of the mediodorsal (MD) nucleus of the thalamus, which is the 

major thalamic center coordinating information transmission between the thalamus and 

frontal cortex (Blumenfeld, 2010). The MD plays a critical role in numerous cognitive 

functions, including attention, decision-making, learning and memory (Mitchell, 2015; 

Schmitt et al., 2017), and thus the depth and duration of anesthetic effects here—perhaps 

manifested by alpha anteriorization—are an important place to look for mechanisms 

related to postoperative cognitive issues. Finally, the finding that anesthetic-induced 

alpha anteriorization is highly variable in the older adult population (Purdon, Pavone, et 

al., 2015) led to the hypothesis that such variability might be related to variability in 

cognitive resilience following anesthesia and surgery (Chapter 2). 
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At deep levels of anesthesia, including after a large bolus at induction, the EEG 

displays periods of near-isoelectricity (i.e., nearly flatline) known as suppression, 

interspersed with bursts of typical spectral content, in a regime known as “burst 

suppression.” Burst suppression is a profound state of unconsciousness and brain 

inactivation that is also seen in several pathological situations, such as coma, hypoxia or 

anoxia, and hypothermia (Brown et al., 2010; Purdon, Sampson, et al., 2015b). Given 

these multiple etiologies, it has been proposed that burst suppression arises from a 

general, profound decrease in cerebral metabolism and an accompanying stabilizing 

influence of ATP-gated potassium channels (Ching, Purdon, Vijayan, Kopell, & Brown, 

2012). The periods of suppression increase in duration with increasing anesthetic depth 

(Bruhn, Myles, Sneyd, & Struys, 2006), and studies have connected increased anesthetic 

depth, sensitivity to experiencing burst suppression, and duration of suppression to 

worse postoperative cognitive outcomes, including occurrence of delirium (Fritz et al., 

2016; Fritz, Maybrier, & Avidan, 2018; Strøm et al., 2014). 

Finally, various measures of entropy—which attempt to quantify signal 

complexity (Liang et al., 2015)—have been applied to monitor anesthetic depth. 

Consistent with the theoretical and empirical connection between conscious level and 

the complexity of neural activity (see above), these entropy measures are decreased 

under anesthesia as compared to the awake period (Liang et al., 2015). An important 

attribute of complex signals is their fractal-like nature, a self-similarity across both space 
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and time (e.g., how tree branches look like smaller trees); yet, many measures of entropy 

used to quantify EEG complexity do not take this self-similarity across different 

temporal scales into account. A measure which does look at complexity across time 

scales, known as multiscale entropy (MSE), has been proposed as a better way to 

quantify EEG signal complexity during anesthesia (Liu et al., 2012, 2015). However, it is 

an open question how MSE relates to postoperative cognitive outcomes like POCD and 

delirium (see Conclusions and Future Directions section). 

1.1.3. Cognitive Impairments Following General Anesthesia and 
Surgery 

Delirium is a syndrome of impaired attention, consciousness, and multiple other 

cognitive faculties (e.g., language, memory, motor function, emotional stability) that 

occurs in as many as 50% of older adults in the hours and days after surgery (reviewed 

in Inouye et al., 2014). It is characterized by an acute onset and fluctuating course, and is 

often easily overlooked, despite its seriousness. To decrease missed diagnoses, it has 

increasingly become standard to frequently assess for delirium in hospital, using for 

example the Three-Minute Diagnostic Interview for Confusion Assessment Method (3D-

CAM), which asks patients questions from “Please tell me the year we are in” to asking 

them to repeat the months of the years backwards (Marcantonio et al., 2014). Though it 

has an acute onset and course, delirium has been associated with long-term cognitive 

decline, increased mortality, and possible onset of dementia (Basinski, Alfano, Katon, 

Syrjala, & Fann, 2010; Inouye et al., 2016, 2014; Naidech et al., 2013). The underlying 
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neural causes are not well understood, but likely involve a large set of interacting 

factors—including depth of anesthesia, as noted above—that result in the large-scale 

disruption of networks in the brain and acute cognitive dysfunction (Inouye et al., 2014). 

Postoperative cognitive dysfunction (POCD) is a collection of cognitive 

impairments, including of attention and memory, with a timescale from weeks to 

months after surgery (Berger et al., 2015). Whereas delirium can be assessed frequently 

using a tool like the 3D-CAM, POCD is defined by a drop in cognitive performance on a 

set of neuropsychological tests from before to after surgery (Berger et al., 2015). While 

such testing generally does not occur in a usual hospital stay, the breadth of cognitive 

assessment and longitudinal nature does make it a particularly rich approach for 

assessing the effects of anesthesia and surgery on cognition. Similar to delirium, POCD 

is associated with impaired quality of life, increased mortality, and a possible 

contributory relationship to dementia (Berger et al., 2015; Phillips-Bute et al., 2006). 

Again, the underlying causes are not well characterized, but likely stem from a number 

of different factors, including potentially the depth and duration of anesthesia. 

1.1.4. Research Questions in This Aim 

In Chapter 2 and Future Directions, I aim to shed light on the relationship 

between conscious levels under general anesthesia and postoperative cognitive issues 

such as POCD and delirium. To do this, I focus both on characterizing the EEG features 

that are most associated with the depth of unconsciousness under anesthesia—including 
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alpha anteriorization, burst suppression, and measures of complexity—and on 

determining how they might correlate with or predict patients’ perioperative 

neurocognitive status. The hope is that better characterizing the mechanisms underlying 

changes to conscious level under general anesthesia will shed light on how those 

changes can give rise to deficits in cognition. 

1.2. Investigating the Contents of Consciousness 

Given a sufficient level of consciousness, the potential contents of consciousness 

include anything that we might conceivably be subjectively aware of (with awareness and 

consciousness being used as interchangeable terms here). This includes stimuli in the 

external environment that we might be perceptually aware of through our different 

senses, such as the sight of a blue sky on a sunny day, the sound of a Mozart sonata, the 

smell and taste of freshly baked brownies, or the touch of a loved one. It also includes 

internal representations absent any direct external source, such as emotions, long- and 

short-term (working) memory, and imaginative thinking. Given the sheer complexity of 

both our multisensory world and our internal, mental lives, how do we manage to 

function successfully without constantly being overwhelmed by the cluttered contents of 

consciousness? 

Closely related to awareness is attention, which can be defined as the core 

cognitive process of prioritizing and selectively processing behaviorally relevant 

information—whether from the external world or stored internally—while attenuating 
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the processing of irrelevant or distracting inputs. Thus attention seems to play a key role 

in allowing us to successfully navigate our complex, multisensory world. But, how 

closely related to awareness is attention? Are these the same phenomenon? If not, what 

is their exact relationship? 

The nature of the relationship between awareness and attention remains 

controversial and is the subject of an active and hotly debated research literature. An 

early view on the subject was against any kind of dissociation between the two 

phenomena: awareness is attention (Posner, 1994). Many subsequent studies, however, 

have pointed to their dissociability, showing for example that attention can be allocated 

to a stimulus without subsequent awareness of it; thus, attention is not always sufficient 

for awareness. Most of this evidence has come from behavioral studies showing that 

stimuli of which we are unaware can nonetheless orient spatial attention and affect 

behavior, with enhancements to response time (RT) and/or accuracy for targets preceded 

by valid (vs. invalid) cues that subjects were unaware of (reviewed in Mulckhuyse & 

Theeuwes, 2010). 

Some have gone a step further by arguing that there is in fact a double 

dissociation between attention and awareness: not only can there be attention without 

awareness, there can also be awareness without (or “in the near absence of”) attention 

(Koch & Tsuchiya, 2007; Lamme, 2015; Tsuchiya & Koch, 2016). However, this kind of 

claim goes against a long history of studies pointing to the necessity of attention for 
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awareness. For instance, in a phenomenon termed inattentional blindness, even very 

salient stimuli that are presented for several seconds can go unnoticed if attention is 

directed elsewhere (Mack & Rock, 1998). Broadly similar manipulations of attention—

including change blindness (Rensink, 2002), load-induced blindness (Macdonald & 

Lavie, 2008), and the attentional blink (Raymond, Shapiro, & Arnell, 1992)—also support 

the idea that without a certain level of attention, awareness does not follow. A number 

of more recent studies place the weight of the evidence against a double dissociation and 

in support of a single dissociation, in which attention is necessary, but not sufficient, for 

awareness (reviewed in Pitts, Lutsyshyna, & Hillyard, 2018). 

A prominent theoretical framework called Global Neuronal Workspace Theory 

(GNWT) has been built on these observations and the idea that attentional selection is 

necessary, but not sufficient, for awareness (Dehaene et al., 2006, 2014). In GNWT, 

conscious information is defined by its global availability in the brain, being part of a 

dynamic, global neuronal workspace that can be recalled, acted upon, and reported 

(Dehaene et al., 2006). Many external stimuli or internal representations are, if of 

sufficient strength or energy, candidates for access to this global workspace and thus 

have the potential to become conscious content. All of the stimuli impinging on our 

nervous system at any given moment are in competition for this access, and attention 

acts by biasing this competition (Desimone & Duncan, 1995) in favor of certain stimuli 

over others (in accordance with one’s goals, and/or due to sufficient stimulus energy). If 
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biased above a certain threshold, there is an “ignition” event that propels the stimulus 

information across a network of distributed brain areas that currently constitutes the 

conscious workspace (Dehaene et al., 2014). Attention alone is not sufficient, though, 

because some stimuli are too weak, or their processing is interrupted in some way, to 

gain conscious access. 

While GNWT has proven to be a useful theoretical framework, many questions 

remain. If attention can be oriented without awareness, what are the neural mechanisms 

underlying this orienting, and how do they compare to conscious orienting? In addition, 

less is known about the mechanisms of internal attentional selection, and how such 

selection relates to the storage and manipulation of internal, often conscious, 

representations in working memory. 

1.2.1. How are the Contents of Consciousness Studied and 
Measured? 

The scientific study of conscious content generally relies on the experimental 

ability to create a minimal contrast between conditions of awareness: with the exact same 

physical stimulus, perform a manipulation such that some of the time an experimental 

participant is aware of the stimulus, and some of the time they are not (Dehaene & 

Changeux, 2011). That way, any measured changes in behavior or neural activity can be 

attributed to the difference in consciousness—aware or unaware—and not to other 

confounds such as differences in the stimuli. There are quite a few different ways to 

manipulate awareness, including using near-threshold stimuli, binocular rivalry and 
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related forms of interocular suppression, manipulations of attention (as mentioned 

above), and visual masking (Kim & Blake, 2005). Here I will focus on masking. 

In masking, awareness of a target stimulus is reduced because of its temporal or 

spatial proximity (or both) to a masking stimulus (Kim & Blake, 2005). This lack of 

awareness manifests behaviorally as a decreased ability to detect or discriminate the 

stimulus, including via subjective report—“I did not see that.” One of the theories for 

how this disruption in target awareness occurs is that the mask interferes with feedback 

or “re-entrant” processing of the target, and that these re-entrant signals are required for 

the target to enter awareness (Di Lollo, Enns, & Rensink, 2000; Harris, Ku, & Woldorff, 

2013; Lamme & Roelfsema, 2000). A striking example of the masking effect is seen with 

object-substitution making (OSM) (Enns & Di Lollo, 1997). In OSM, a four-dot mask is 

presented at the same time and spatially around—but not touching or overlapping—a 

target stimulus. If the mask offsets at the same time as the target, there is no disruption 

of awareness (unmasked condition); however, by merely delaying the offset of the mask 

for an extra several hundred milliseconds, subjective awareness of the target stimulus is 

drastically reduced (masked condition). 

The primary behavioral criterion for awareness is subjective report, with the 

reasoning being that a subject can report having seen something if and only if they are 

aware of having seen it (Dehaene & Changeux, 2011; Dehaene et al., 2014). These reports 

are typically entered via a button press, responding “yes” or “no” to the question, “Did 
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you see that stimulus?” Rather than a binary yes/no response, forced-choice 

paradigms—asking, for instance, for the location a stimulus was presented in—provide 

a more objective, additional measure as they can be compared to chance detection levels. 

Making the report finer grained still, some studies have employed a perceptual 

awareness scale that ranges from “no experience” of a stimulus to “absolutely clear 

image,” along with a multi-level confidence rating (reviewed in Koch et al., 2016). 

The use of subjective report as a gold standard for measuring awareness is not 

without controversy. Some have argued that experiences that are reportable and thus 

available to other cognitive-behavioral systems are only included in what has been 

termed “access consciousness” (Block, 1995). In contrast, “phenomenal consciousness” is 

defined as conscious experience itself—what it is like to be in a state—regardless of any 

ability to remember or report upon that state later. To help dissociate between the 

supposed pure conscious experience of a stimulus and other cognitive processes 

associated with reportability such as attention, WM, and perceptual decision-making, 

some have argued for the necessity of “no-report” paradigms (reviewed in Tsuchiya, 

Wilke, Frässle, & Lamme, 2015). In such paradigms, conscious contents are inferred 

through implicit measures such as eye movements or pupil size rather than an explicit 

report. While this is an important debate describing likely important research 

trajectories to pursue, here trial-by-trial reportability is the preferred metric to determine 

awareness of a given stimulus. 
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As discussed in Section 1.1.1. above, the full neural correlates of consciousness 

(NCCs) have been localized to include frontal areas (Dehaene et al., 2014; Demertzi et al., 

2019) and a posterior “hot zone” that includes parietal, temporal, and occipital cortices 

(reviewed in Koch et al., 2016). On the other hand, the content-specific NCCs are the 

areas within these larger brain regions that are specifically activated by and selectively 

process certain kinds of stimuli, thus contributing to the experience of those stimuli. For 

example, the fusiform face area (FFA) is involved in selectively processing face stimuli 

(Bentin, Allison, Puce, Perez, & McCarthy, 1996; Kanwisher, McDermott, & Chun, 1997), 

and thus the FFA would be expected to be part of the content-specific NCCs for the 

experience of faces. A critical aspect, however, is the timing of these activations. 

Evidence shows that awareness of faces does not depend on the feedforward sweep of 

processing through the FFA and other face-selective areas as indexed by the N170 event-

related potential (ERP) component, but on feedback or re-entrant processing likely 

through these same brain areas (Harris, Ku, et al., 2013; Harris, Mcmahon, & Woldorff, 

2013). 

In addition to the measures already discussed, two ERPs that have been found to 

correlate with awareness of stimuli across a number of different paradigms are the early 

visual awareness negativity (VAN) and the relatively later Late Positivity (LP, also 

referred to as the P3b) (reviewed in Koivisto & Revonsuo, 2010). The VAN is an 

enhanced negativity for conscious vs nonconscious stimuli typically measured over 
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posterior electrodes that occurs relatively early in visual processing, usually peaking 

around ~200 ms. It is thought to represent the earliest signature of conscious detection of 

a stimulus (Koivisto, Grassini, Salminen-Vaparanta, & Revonsuo, 2017). The LP is an 

enhanced positivity for consciously perceived stimuli typically measured over frontal-

parietal electrodes that occurs relatively later, from ~300-600 ms. The LP might reflect 

the fuller processing that occurs after initial detection and might be related to activity 

indicating access to the global neuronal workspace. 

1.2.2. How is Visual Attention Studied and Measured? 

One of the primary approaches to studying attention is to cue subjects to covertly 

(i.e., without an associated eye movement) attend to a certain location, feature, or object 

(Posner, 1980). Behavior and neural activity can then be compared when attention is 

allocated to that stimulus/location versus when it is not. Different types of cues have 

been used to explore and parse different varieties of attention. For example, exogenous 

cues are presented to subjects in the visual periphery and “capture” attention by virtue 

of their salience alone; exogenous cues have been used to study the stimulus-driven, 

“bottom-up” variety of spatial attention. In contrast, endogenous cues are presented 

centrally and instruct subjects to volitionally attend to a location, feature, or object; these 

cues have been used to study goal-driven, “top-down” attentional selection. 

In contrast to the selection of stimuli in the external environment, attention can 

also be directed inwardly to select internal representations, such as those in WM (Chun, 
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Golomb, & Turk-Browne, 2011; Chun & Johnson, 2011). In a typical paradigm, multiple 

stimuli are first encoded into WM. Then, one of them is retroactively cued with a 

“retrocue” as relevant for that trial. Subjects then go on to make a judgement about the 

cued stimulus, such as discriminating if it is the same or different from a probe or test 

stimulus (Souza & Oberauer, 2016). Retrocue studies have been invaluable in helping 

understand the details of another intimate cognitive relationship: that between attention 

and WM. While it has long been recognized that attention plays an important role in 

WM (Baddeley & Hitch, 1974; Cowan, 1995), recent work suggests an even closer 

relationship, including the possibility that the mechanism of WM maintenance is 

actually sustained internal attention (Chun, 2011). Alternatively, attentional selection 

might occur more transiently, with “activity-silent” mechanisms rather than sustained 

activity maintaining the integrity of WM representations. This relationship remains to be 

further parsed. 

Behaviorally, both “precues” (to denote cues that occur in advance of a target 

stimulus) and retrocues have been shown in numerous studies to confer a behavioral 

advantage. With precues, subjects are generally faster and more accurate responding to 

target stimuli that occur at validly (compared to invalidly) cued locations (Posner, 1980). 

Retrocues also improve behavioral (memory) performance, including better, more fine-

grained discrimination or change detection when the memory is probed (reviewed in 

Souza & Oberauer, 2016). 
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Much work has been done to uncover the neural mechanisms leading to these 

behavioral benefits. This can be accomplished in two ways, looking for either the source 

of attentional control signals or the sites of implementation for those signals. The control 

of attention is generally measured in the period following a cue (pre- or retro-). Research 

spanning multiple methodologies—including lesion studies, electrophysiology, 

neuroimaging, and neurostimulation in both human and nonhuman animals—has 

converged on a framework of attentional control wherein a broad frontal-parietal 

network sends control signals that modulate processing in task-relevant regions 

(Buschman & Kastner, 2015; Corbetta & Shulman, 2002; Tineke Grent-’t-Jong & 

Woldorff, 2007). Recent evidence points to there being a high degree of overlap between 

areas involved in external and internal attention, with internal attention also recruiting 

areas such as ventrolateral prefrontal cortex, the frontal operculum, and anterior insula 

(Myers, Stokes, & Nobre, 2017; Wallis, Stokes, Cousijn, Woolrich, & Nobre, 2015). 

These attentional control signals modulate processing in sensory and other areas 

that are relevant to the current task. At the single-neuron level, attention increases firing 

rates and can change a neuron’s response properties, for instance by modulating its 

receptive field (Moran & Desimone, 1985) or altering its contrast sensitivity (Reynolds, 

Pasternak, & Desimone, 2000). At the population level, attention enhances both the 

blood oxygen‐level dependent (BOLD) signal measured in fMRI (Kanwisher & 

Wojciulik, 2000) and the amplitude of sensory‐evoked potentials, such as the P1 and N1 
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ERP components (and their MEG counterparts) (Hillyard & Anllo-Vento, 1998; Luck, 

2014). These modulations occur in task-relevant brain areas, with broad similarity 

between external and internal attention. For example, both pre- and retro-spatial cues 

lead to a modulation of activity in retinotopic visual cortex (Myers, Walther, Wallis, 

Stokes, & Nobre, 2015). Both pre- (O’Craven, Downing, & Kanwisher, 1999) and 

retrocues (Lepsien & Nobre, 2007) directing subjects to pay attention to an object like a 

face or a house selectively modulates processing in relatively specialized cortical areas 

for processing faces (FFA) and houses (parahippocampal place area, PPA), respectively. 

Such object-based attention has been primarily studied with fMRI, and thus less is 

known about the temporal dynamics of this selection. 

What is the neurophysiological nature of these control signals? There is 

mounting evidence that these top-down control signals are instantiated, at least in part, 

through neuronal network oscillations in the alpha band. The emerging conception is 

that high-amplitude alpha in a particular region of cortex serves to inhibit neural 

processing there (Foxe & Snyder, 2011; Jensen & Mazaheri, 2010). Selective, top-down 

modulation of this inhibition from both frontal and parietal cortices as well as thalamic 

nuclei such as the pulvinar sculpts neural excitability to prioritize the processing of task-

relevant stimuli (Marshall, O’Shea, Jensen, & Bergmann, 2015; Samaha, Bauer, Cimaroli, 

& Postle, 2015). This excitability can also be synchronized within and between brain 

regions, which serves to select and bind large-scale functional networks (Buschman & 
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Kastner, 2015; Womelsdorf & Everling, 2015; Womelsdorf, Valiante, Sahin, Miller, & 

Tiesinga, 2014). For example, following a precue directing subjects to attend to a spatial 

location there is a retinotopically specific decrease in alpha (Grent-’T-Jong, Boehler, 

Kenemans, & Woldorff, 2011; Rihs, Michel, & Thut, 2007; Samaha, Sprague, & Postle, 

2016; Worden, Foxe, Wang, & Simpson, 2000a). This spatially specific decrease in alpha 

is also observed following retrocues when accessing internal spatial representations in 

WM (Myers et al., 2015). While alpha modulations in the context of spatial attention are 

well studied, much less is known about the involvement of alpha in object-based 

attention, especially when that attention is directed internally. 

Finally, there is an important distinction to be made regarding the directionality 

of interactions and the temporal dynamics in different varieties of attention. In top-

down attention, control signals originate in regions of frontal cortex and then propagate 

to parietal areas before biasing processing in the relevant sensory cortex (Buschman & 

Miller, 2007; Tineke Grent-’t-Jong & Woldorff, 2007). These top-down signals, such as 

alpha, take about ~500 ms or more to modulate sensory cortex. In contrast, when 

attention is captured exogenously this pattern is reversed, with sensory being activated 

first, followed by “saliency maps” in parietal cortex, and then frontal cortex (Buschman 

& Miller, 2007). The orienting of exogenous attention, particularly feature-based but also 

spatial attention, is classically indexed by an ERP called the N2pc (Luck & Hillyard, 

1994). The N2pc is a negative-polarity wave that peaks between 200-300 ms over 
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posterior scalp contralateral to the attended stimulus. Evidence suggests that it arises 

from extrastriate visual cortex including V4 and the lateral occipital complex (Hopf et 

al., 2006; Luck & Kappenman, 2011). The N2pc has been observed in numerous studies 

of external visual attention, and it has also been observed in the selection of internal 

representations within WM (Kuo, Rao, Lepsien, & Nobre, 2009; Myers et al., 2015),  

1.2.3. Research Questions in This Aim 

In Chapters 3 and 4, I examine the relationship between attention and awareness, 

looking specifically at the neural mechanisms of attention as a selection mechanism for 

specific conscious contents. I examine this using measures of electrical brain activity 

(EEG), and with two different approaches. In Chapter 3, I directly compare the orienting 

of spatial attention with and without awareness of the cue using classic markers of 

attentional orienting (N2pc) and the effects of attention on target processing 

(modulations to the P1 and behavior). In Chapter 4, I examine how attention functions to 

select internal representations of complex object stimuli in working memory. 

Specifically, I focus on the role of alpha in this selection as well as the temporal 

dynamics, which bear on the question of whether attentional selection in WM is 

transient or sustained.   
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2. Intraoperative Frontal Alpha-band Power Correlates 
with Preoperative Neurocognitive Function in Older 
Adults 

2.1. Introduction 

Over 16 million Americans over age 60 undergo general anesthesia for surgery 

each year, after which up to 40% likely develop postoperative delirium and/or cognitive 

dysfunction (POCD) (Berger et al., 2015; Inouye et al., 2014). Although POCD and 

delirium are distinct syndromes assessed by different instruments, each is associated 

with decreased quality of life (Basinski et al., 2010; Naidech et al., 2013; Phillips-Bute et 

al., 2006), increased one-year mortality, long-term cognitive decline, and possible 

increased risk of developing dementia (M. Berger et al., 2015; Inouye et al., 2016, 2014). 

Further, poor preoperative cognitive function is a risk factor for developing POCD 

(Bekker et al., 2010; Silbert et al., 2015; reviewed in Berger et al., 2015) and may be a risk 

factor for postoperative delirium (Greene et al., 2009; but also see Scott et al., 2015). 

Thus, identifying patients with poor preoperative cognitive function could be used to 

risk-stratify patients at high risk of POCD and delirium, and to direct resources toward 

prevention, treatment, and management efforts for these high-risk patients. 

Formally measuring preoperative cognitive function, however, would require 

detailed cognitive testing, which is not part of the 2012 American Society of 

Anesthesiologists practice advisory for preanesthesia evaluation (Apfelbaum, Connis, & 

Nickinovich, 2012). Performing this additional cognitive testing on >16 million older 
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Americans would be logistically complex and financially costly given the financial 

pressures on the American health care system. For example, even if each preoperative 

cognitive assessment only cost $100, the total cost of performing these assessments on 16 

million patients would be $1.6 billion. 

To deal with this issue, researchers have employed brief, handwritten cognitive 

assessments (Culley et al., 2016), as well as computerized cognitive assessment tools. 

However, even brief, handwritten cognitive assessments take time to interpret (and 

would thus be costly to apply on a systematic basis), and computerized cognitive 

assessments may be difficult to use for older patients with poor computer literacy. 

Another potential approach to assessing preoperative neurocognitive status 

could be to measure how a patient’s brain responds to intraoperative anesthetic 

administration. We and others have proposed that anesthesia and surgery place severe 

stress on the aging brain, and that an individual’s ability to withstand this stress can 

serve as an assay for their cognitive resilience (M. Berger et al., 2015; Nadelson, Sanders, 

& Avidan, 2014), which implies that we may be able to measure signs of decreased 

neurocognitive function by carefully assessing how the brain responds to anesthesia. 

Indeed, the human brain’s response to general anesthesia can be measured 

noninvasively with scalp electroencephalogram (EEG), and there are several 

commercially available intraoperative EEG-based brain function monitors. Further, since 

patients with Alzheimer’s Disease (AD) and Mild Cognitive Impairment (MCI) have 
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altered EEG patterns even while awake (Kwak, 2006; Prichep et al., 1994; van der Hiele 

et al., 2007), we hypothesized that the stress of anesthesia and surgery might give rise to 

altered EEG patterns in patients with poor preoperative cognitive function. More 

generally, we hypothesized that certain features of the EEG measured intraoperatively 

might correlate with, or be predictive of, a wide range of cognitive functional statuses. 

The EEG can be subdivided into frequency bands, of which one of the most 

prominent is alpha (8-12 Hz) (H. Berger, 1929). In the awake state—particularly with the 

eyes closed—this alpha activity is maximal over parieto-occipital scalp locations, which 

is thought to reflect rhythmic, reciprocal interactions between the thalamus (particularly 

the lateral geniculate and pulvinar nuclei) and visual areas in occipital and parietal 

cortices (Stuart W Hughes et al., 2011; Lopes da Silva, Vos, Mooibroek, & van 

Rotterdam, 1980; Steriade, Gloor, Llinas, Lopes da Silva, & Mesulam, 1990). 

Functionally, awake alpha has been associated with levels of arousal, relative cortical 

deactivation (Pfurtscheller, Stancak, & Neuper, 1996) or inhibition (Foxe & Snyder, 2011; 

Jensen & Mazaheri, 2010), and attention (T Grent-’t-Jong, Boehler, Kenemans, & 

Woldorff, 2011; Y. Liu, Bengson, Huang, Mangun, & Ding, 2014), and is thus an 

important factor in cognitive function. Indeed, awake alpha has been found to be 

decreased in patients with cognitive deficits such as AD and MCI (van der Hiele et al., 

2007; reviewed in Rossini et al., 2007). 
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Alpha power displays a significant distributional shift under general anesthesia, 

decreasing occipitally and increasing frontally (a process termed “anteriorization”) (John 

et al., 2001; Purdon et al., 2013; Tinker et al., 1977). The mechanisms of this alpha 

anteriorization are not well understood. Modeling work suggests that anteriorization 

might arise from the differential effect of anesthetic drugs on distinct thalamic nuclei 

(Ching et al., 2010; Vijayan et al., 2013), which then alters interactions between the 

thalamus and cortex, although differential effects on distinct regions of cortex (e.g., 

occipital vs. frontal) could also be a factor. These mechanisms are thought to give rise to 

large-scale, anesthetic-induced changes to alpha topography, which correlate with 

anesthetic-induced unconsciousness (Tinker et al., 1977, although also see Blain-Moraes 

et al., 2016, which suggested that anteriorization occurs at higher doses of anesthetics 

than are necessary for loss of consciousness). Since thalamocortical interactions are 

critical for consciousness and cognitive function (M. Berger & Garcia, 2016; Blumenfeld, 

2010; Castaigne et al., 1981), and lower awake alpha power has been shown to be 

associated with cognitive deficits (reviewed in Rossini et al., 2007), we hypothesized that 

the ability of anesthesia to induce strong frontal alpha oscillations might also be a 

predictor or correlate of a patient’s preoperative cognitive function. 

In addition, it is known that alpha power in the awake state decreases with age 

(Babiloni et al., 2006; reviewed in Rossini et al., 2007), and Purdon and colleagues 

recently showed that anesthetic-induced frontal alpha power also declines as a function 
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of age (Purdon, Pavone, et al., 2015). These decreases in alpha power might be due to 

cortical atrophy or other factors related to typical brain aging (Purdon, Pavone, et al., 

2015), such as changes in the cholinergic basal forebrain system (Sarter & Bruno, 1998) 

that is thought to play an important role in alpha generation (Lorincz, Kékesi, Juhász, 

Crunelli, & Hughes, 2009), conditions that would likely also impact on the functional 

capacity of the affected brain regions. Purdon and colleagues (2015) also observed wide 

variation across older patients in frontal alpha power under general anesthesia, which 

suggests the possibility that such variation among anesthetized older adults might 

correlate with preoperative neurocognitive function. 

Notably, however, the work by Purdon and colleagues (2015) used only four 

channels of prefrontal EEG from the SEDLine monitor (Masimo Corporation, Irvine, CA, 

USA), and thus could not fully capture scalp topography changes in alpha power under 

general anesthesia. Moreover, previous studies had not examined the relationship 

between intraoperative alpha power (frontally or at other locations) and preoperative 

cognitive function. Accordingly, our main objective here was to examine the hypothesis 

that intraoperative frontal alpha power under general anesthesia would correlate with 

preoperative neurocognitive function. As a secondary objective, we also examined 

whether frontal EEG power in other frequency bands or alpha power at other scalp 

locations would correlate with preoperative neurocognitive function. To pursue these 

objectives, we took advantage of an ongoing prospective cohort study (NCT01993836) 
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that included preoperative cognitive testing by having a subset of these study patients 

also undergo intraoperative EEG recordings. 

2.2. Methods 

2.2.1. Study Population 

The present study protocol was approved by the Duke University Medical 

Center Institutional Review Board as part of a parent cohort study that was registered 

with clinicaltrials.gov (NCT01993836). All subjects gave written informed consent in 

accordance with the Declaration of Helsinki. For the parent study, we enrolled patients 

age 60 and over undergoing non-cardiac, non-neurologic surgery under general 

anesthesia that was scheduled for at least 2 hours duration and with a planned 

overnight hospital stay. All patients received propofol for anesthetic induction, and 

either propofol or isoflurane as the primary anesthetic maintenance drug. We excluded 

patients who had a personal or family history of malignant hyperthermia or other 

medical contraindication to receive isoflurane or propofol. There were no exclusions for 

preoperative cognitive status or prior neurologic disease (such as MCI, dementia due to 

AD, or stroke). However, all enrolled patients needed to be able to, and were able to, 

complete our cognitive test battery (described below), which required intact language 

function. 

In patients in the bispectral index (BIS) EEG recording group of this study 

(described below and in Table 2), a BIS Quatro sensor (Medtronic/Covidien, Dublin, 
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Ireland) was placed on the left side of the forehead to record raw EEG data. A second 

BIS Quatro sensor was placed on the right side of the forehead, connected to the 

anesthesia display system in the operating room, and used to titrate anesthetic depth to 

maintain a BIS index range of 40-60 in combination with other hemodynamic and 

intraoperative physiologic measurements as per standard clinical practice at Duke. In 

patients in the 32-channel EEG recording group (described below and in Table 1), a BIS 

Quatro sensor was placed in the nasal montage position as previously described 

(Nelson, Nelson, Chen, & Kofke, 2013)—rather than on the forehead as in the BIS EEG 

group—and used to titrate anesthetic depth as described above. The anesthesiologists, 

anesthesiology residents, and nurse anesthetists caring for these patients were blinded to 

the patients’ preoperative cognitive testing data, and to their intraoperative 32-channel 

or left frontal BIS EEG data and recordings. 

Table 1: Baseline characteristics of patients who underwent intraoperative 32-

channel electroencephalogram (EEG) recordings. Continuous data are presented as 

means (SD); categorical data are presented in list format. ASA, American Society of 

Anesthesiology; TIVA, total intravenous anesthesia. *Values listed are the mean 

doses in those patient who received the indicated anesthetic drug (i.e., isoflurane or 

propofol) for anesthetic maintenance during the case. 
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The purpose of this sub-study was to evaluate the possible correlation between 

intraoperative frontal alpha power and preoperative cognitive function. Since we were 

unaware of any previous studies that had evaluated this question, there was no solid 

preliminary data to guide an a priori sample size calculation for this sub-study. 

Accordingly, for this sub-study, we consented all patients enrolled in the parent study 

(NCT01993836) from 29 June 2015 to 7 November 2016 to undergo intraoperative EEG 

recordings, in addition to preoperative cognitive testing (see section below) for the 

parent study. 

Table 2: Baseline characteristics of patients who underwent bispectral index 

(BIS) EEG recordings. Continuous data are presented as means (SD); categorical data 

are presented in list format. ASA, American Society of Anesthesiology; TIVA, total 

intravenous anesthesia. *Values listed are the mean doses in those patient who 

received the indicated anesthetic drug (i.e., isoflurane or propofol) for anesthetic 

maintenance during the case. 

 

2.2.2. EEG Data Collection, Preprocessing, and Spectral Analysis 

In 17 consecutively enrolled patients, we recorded EEG from 32 electrodes 

embedded in a 64-electrode cap custom designed for extended scalp coverage (Woldorff 

et al., 2002) (BrainAmp MR Plus, Brain Products GmbH, Gilching, Germany). The EEG 
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data from two of these patients had to be excluded from this analysis due to excessive 

artifacts (n=1) or incomplete data collection (n=1), leaving 15 patients with 32-channel 

EEG data for analysis. EEG was recorded during the preoperative period (3 min. each 

with eyes open and with eyes closed) and during general anesthesia and surgery, which 

was the primary focus of our analysis based on our hypothesis that general anesthesia 

may serve as a stressor that brings out differences in preoperative cognition. In addition, 

few clinicians obtain preoperative EEG recordings before the induction of general 

anesthesia, and instead apply EEG monitors only after patients have been anesthetized. 

Accordingly, here we focused on the correlation between intraoperative EEG measures 

under general anesthesia and preoperative cognitive function. 

All signals were recorded with a band-pass filter of 0.016-250 Hz (with the 250 

Hz low-pass filter being a fifth-order Butterworth with a fairly sharp 30 dB/octave roll-

off), digitized at 500 Hz, and referenced to scalp-site Cz. Electrode impedances were 

lowered to below 20 kΩ before recording by light abrasion of the scalp locations with a 

moderately gritty electrode paste (Abralyte 2000, EASYCAP GmbH, Herrsching, 

Germany). After recording, the EEG data were band-pass filtered from 0.1-60 Hz and 

downsampled to 250 Hz. We also re-referenced the data to the algebraic average of the 

left and right mastoid electrodes to facilitate comparison with previous research 

examining alpha topographies using a full-scalp electrode montage (e.g., Grent-’t-Jong et 

al., 2011 and Rohenkohl and Nobre, 2011, and as recommended by Cohen, 2014 and 
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Luck, 2014). We selected EEG data beginning after surgical incision and either until the 

end of anesthetic maintenance (i.e., before emergence; n=4) or until two hours after the 

start of surgery (n=11). 

Raw EEG data from each patient was examined by an observer blinded to the 

patient’s cognitive status to identify cases with grossly significant EEG data artifacts; 

additional data preprocessing was then used to remove these artifacts as described 

below. Due to unusually high artifactual drift in two patients, their data were 

additionally high-pass filtered with a half-amplitude cutoff at 1 Hz and a 1 Hz transition 

zone (from 0.5-1.5 Hz). As this filter attenuates signals in the lower delta band (between 

1-1.5 Hz) and could thus affect our results, we re-ran our analyses by 1) using the same 

0.1 Hz high-pass filter for every patient, and 2) excluding these two patients from the 

analyses entirely; both of these approaches yielded nearly identical results as are 

reported here. Due to excessive noise artifacts in the mastoid electrodes of one patient, 

we used nearest-neighbor interpolation to estimate the activity of those channels before 

re-referencing. We segmented the data into 3 s epochs, and epochs with voltage artifacts 

greater than ±100 μV were excluded from further analysis. Independent component 

analysis (ICA) was used to identify and remove cardiac, electrocautery, and EMG 

artifacts from the EEG data in three patients. Channels with noise artifacts occurring in 

significant portions of the recording session were either interpolated using spherical 

spline interpolation (Perrin, Pernier, Bertrand, & Echallier, 1989) or removed. We 
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analyzed all artifact-free data following standard methods for multi-electrode montage 

recordings (Cohen, 2014; Luck, 2014). All EEG preprocessing was performed using the 

EEGLAB toolbox (Delorme & Makeig, 2004) and custom scripts in MATLAB (ver. 2013b, 

The MathWorks, Inc., Natick, MA, USA). 

For 38 additional consecutively enrolled patients, frontal EEG was recorded 

using a BIS Quatro sensor placed on the left side of the forehead, which was connected 

to a BIS A-2000 monitor (originally manufactured by Aspect Medical Systems, 

Norwood, MA, USA). The EEG data from three of these patients had to be excluded 

from this analysis due to either technical problems during data acquisition (n=1) or 

incomplete preoperative cognitive data (n=2), leaving 35 patients with BIS EEG and 

preoperative cognitive data for analysis. The data output port on the A-2000 monitor 

was connected by cable to an ASUS laptop computer (Taipei, Taiwan), and the raw EEG 

data were recorded using software developed by Hagihira and colleagues (Hagihira, 

Takashina, Mori, Mashimo, & Yoshiya, 2001). This raw EEG was recorded with a pre-

amplifier bandwidth of 0.25-100 Hz, sampling rate of 256 Hz, 16-bit depth, and a full-

scale range of ±1.8 mV. The BIS Quatro electrode array records from locations 

approximately at prefrontal sites F7 (channel 1) and Fp1 (channel 2) in the International 

10-20 system, with the reference electrode at Fpz and the ground electrode ~1 cm medial 

to channel 2. After recording, we focused on analyzing EEG data specifically from 

channel 1, since channel 1 is the primary BIS EEG channel, while channel 2 is used for 
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artifact detection by the BIS monitor (personal communication with Medtronic staff, 

January 2017). Channel 1 data were high-pass filtered at 2 Hz (to remove artifactual 

drift). Following the method of Purdon et al. (2015) for analyzing data from clinical 

forehead-based EEG monitors, for each patient we selected for analysis the first 

continuous 2-min. segment of EEG, starting >10 min. after anesthesia induction, that was 

free of artifacts and burst suppression and had stable EEG dynamics (i.e., not 

transitioning to burst suppression). These 2-min. segments were identified an average of 

21.1 min. after anesthesia induction (SD=14.8 min.), but it is possible that some patients’ 

data segments began before surgical incision, which has been shown to affect alpha 

power (Kochs, Bischoff, Pichlmeier, & Schulte, 1994). The individual performing this 

data selection was blinded to the patient’s cognitive data. 

For both the 32-channel and BIS data sets, we computed the power spectrum for 

each patient using the fast Fourier transform (FFT) method with a Hanning window 

taper and window length of T=3 s with no overlap between epochs, implemented in the 

FieldTrip toolbox (R Oostenveld, Fries, Maris, & Schoffelen, 2011). We then converted 

the average absolute power values to a decibel scale by taking 10 log10(𝑃𝑜𝑤𝑒𝑟𝑓). For 

each patient, we focused on calculating the average power within the alpha (8-12 Hz) 

band; in addition, we calculated the average power within the delta (1-4 Hz), theta (4-8 

Hz), and beta (12-30 Hz) frequency bands. We divided the 32-channel data into four 
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electrode regions of interest (ROIs)—frontal, central, parietal, and occipital (see Figure 

1A)—and calculated the average power within each ROI. 

2.2.3. Cognitive Assessment 

Preoperative neurocognitive assessment was performed using our well-

established neurocognitive test battery (Browndyke et al., 2016; Mathew et al., 2013; 

Newman et al., 2001), which includes the following tests: the Randt Short Story Memory 

test, the Modified Visual Reproduction test from the Wechsler Memory Scale, the Digit 

Span test from the revised version of the Wechsler Adult Intelligence Scale (WAIS-R), 

the Digit Symbol test from the WAIS-R, and the Trail Making Test, Part B. The scores 

from these tests were then combined using factor analysis with orthogonal rotation (a 

linear transformation of the data) to produce uncorrelated cognitive domain factor 

scores, which were derived in a previous study of 394 similar non-cardiac surgical 

patients (McDonagh et al., 2010). This approach identified four cognitive domains, 1) 

verbal memory, 2) abstraction and visuospatial orientation (executive function), 3) visual 

memory, and 4) attention and concentration, which together accounted for 84% of the 

total test variability in our previous study (McDonagh et al., 2010). These four cognitive 

domain scores were then averaged together to provide the overall cognitive index scores 

reported here. The overall cognitive index score mean is zero, with a positive score 

representing better than average overall cognitive testing performance, and vice versa. 
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2.2.4. Statistical Analysis 

To test our primary hypothesis, we calculated the Spearman’s rank-order 

correlation between the average intraoperative frontal alpha-power values and the 

cognitive index scores derived from preoperative cognitive testing for patients with 32-

channel EEG data. For patients with prefrontal EEG data recorded from the BIS sensor, 

we analyzed the relationship between alpha power and preoperative cognitive function, 

also using Spearman’s rank-order correlation. Although there is evidence that inhaled 

anesthetics such as isoflurane lead to different EEG dynamics—particularly in the alpha 

and theta bands—than intravenous ones such as propofol (Purdon, Sampson, Pavone, & 

Brown, 2015a), we grouped together patients who received either isoflurane or propofol 

for anesthetic maintenance due to the relatively small number of patients who had 

usable EEG data and cognitive data (n=15 for the 32-channel group, n=35 for the BIS 

group). Future studies with larger, a priori determined sample sizes will likely be 

necessary to determine whether the magnitude of the correlation between intraoperative 

frontal alpha power and preoperative cognitive index scores differs between patients 

who receive isoflurane vs. propofol for anesthetic maintenance. 

We derived the average age-adjusted end tidal isoflurane MAC fraction, and the 

average BIS index values for each patient, based on the minute-to-minute values 

recorded from procedure start to procedure end. As these values are subject to signal 

contamination and other sources of noise, we first filtered the minute-to-minute values 
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by calculating the median of a moving window of 5-minute epochs during the time from 

procedure start to procedure end. We then transformed the filtered median end tidal 

isoflurane concentration values in each 5-minute window into the age-adjusted end tidal 

isoflurane MAC fraction, using 1.17 as the MAC value for isoflurane with a 6% decline 

in MAC per decade after age 30 (Mapleson, 1996). The case average age-adjusted end 

tidal isoflurane MAC fraction and average BIS index value for each patient was defined 

as the mean of these 5-minute median values; see Tables 1 and 2 for this data. 

For comparison with our focus on frontal alpha, we also performed post-hoc 

analyses in which we calculated Spearman correlations between preoperative cognitive 

index scores and frontal EEG power in the other frequency bands (i.e., delta, theta, and 

beta). Furthermore, to gain insight into the topographic distribution of the alpha effects, 

we also performed a post-hoc exploratory analysis of the correlations between 

preoperative cognitive index scores and alpha power in the other predefined ROIs (i.e., 

central, parietal, and occipital). Lastly, we created topographic heatmaps of the alpha-

cognition correlation values across all 32 channels to examine the alpha effects across the 

entire scalp. Analysis was performed in MATLAB (version R2013b, The MathWorks, 

Inc., Natick, MA, USA), and statistical significance was set at α=0.05. 

2.3. Results 

The EEG electrode locations for the 15 patients who underwent 32-channel 

recordings are shown in Figure 1A, with the frontal ROI highlighted in red; Table 1 lists 
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the baseline characteristics for these patients. The analysis of the EEG activity from these 

patients revealed a significant correlation between intraoperative frontal alpha power 

and preoperative cognitive index score (Figure 1B; rS = 0.593, p = 0.022). To assess 

whether this correlation was specific to the alpha band or whether it might simply 

reflect a more general decrease in broadband EEG power in patients with lower 

preoperative cognitive function, we examined whether frontal EEG power in other 

frequency bands would similarly correlate with preoperative cognitive function. These 

analyses indicated that intraoperative frontal EEG power in the delta, theta, and beta 

frequency bands did not show a significant correlation with preoperative cognitive 

index score (Figure 1C-E, respectively). 
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Figure 1: Spearman correlations between preoperative cognitive index score 

and intraoperative frontal electroencephalogram (EEG) power in different frequency 

bands. (A) Electrode locations for 32-channel EEG. Electrodes that are beyond the 

horizon of the head from this top view appear outside of the circular head schematic. 

Red denotes the frontal electrode region of interest (ROI; the data for which are 

plotted in B–E); other ROIs include central (magenta), parietal (blue), and occipital 

(cyan). (B) Alpha (8–12 Hz) showed a significant correlation with preoperative 

cognitive index score, while (C–E) delta (1–4 Hz), theta (4–8 Hz), and beta (12–30 Hz) 

did not. 

To assess the topographic distribution of the alpha effects, particularly in regard 

to the hallmark anesthesia-induced anteriorization pattern, we measured the 

correlations between preoperative cognitive index score and intraoperative alpha power 

in the other partitioned ROIs (central, parietal, and occipital – see Methods and Figure 

1A). These analyses showed that, in addition to the frontal ROI, alpha power in both the 
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central and parietal ROIs showed a significant correlation with preoperative cognitive 

function across patients (central: rS = 0.661, p = 0.009; parietal: rS = 0.575, p = 0.027), 

whereas activity in the occipital ROI did not show such a correlation (rS = 0.271, p = 

0.327). 

In addition, for illustrative purposes and to gain further insight into the 

topographic distribution of the alpha effects, we also calculated the Spearman 

correlation coefficients (i.e., rho values) between preoperative cognitive index scores and 

the average intraoperative alpha power at each electrode across patients, and plotted 

these correlation coefficients as a topographic heatmap (Figure 2A). These values 

showed a broad maximum over frontal, central, and parietal sites, displaying a scalp 

topography that was qualitatively similar to the fronto-central topography of alpha 

power measured intraoperatively (Figure 2B). Further, both of these topographies 

(Figures 2A and B) appear qualitatively different than the topography of alpha power 

measured preoperatively with eyes closed, which has the hallmark parieto-occipital 

maximum for the awake, eyes-closed state (Barry, Clarke, Johnstone, Magee, & Rushby, 

2007; H. Berger, 1929). 
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Figure 2: Scalp topography of alpha power and correlation with cognitive 

index scores. (A) Spearman correlation coefficients for comparisons between 

preoperative cognitive index score and intraoperative alpha power at each electrode 

site. (B) Alpha power under general anesthesia. 

To further corroborate the correlation between intraoperative frontal alpha 

power and preoperative cognitive function, we analyzed data from a separate sample of 

35 patients who underwent intraoperative BIS EEG data collection. In this patient group 

(described in Table 2), we found that alpha power correlated significantly with 

preoperative cognitive index scores (Figure 3; rS = 0.338, p = 0.047). These data thus 

provide additional support for and corroboration of our findings for the frontal ROI of 

the 32-channel data in an independent patient sample. 
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Figure 3: Spearman correlation between preoperative cognitive index score and 

intraoperative alpha power measured by the bispectral index (BIS) monitor in a 

separate sample of 35 patients. The BIS alpha power shown here is lower than the 32-

channel data alpha power (Figure 1B), most likely due to the proximity of the 

reference electrode for the BIS montage (also on the forehead) (For the 32-channel 

data, we referenced to the algebraic average of the mastoid electrodes). 

2.4. Discussion 

Here we demonstrate in 50 older adults anesthetized with propofol or isoflurane 

that intraoperative frontal alpha power correlates with preoperative cognitive function. 

In the 15 patients who underwent 32-channel EEG recordings, such a correlation 

between frontal alpha-band activity and preoperative cognitive function was not 

observed in other EEG frequency bands (i.e., delta, theta, or beta). Further, the alpha-
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power correlation that was seen in the frontal ROI extended back to the central/parietal 

ROIs, but was not observed at occipital electrode sites. 

The topography of scalp regions at which we found strong correlations between 

intraoperative alpha power and preoperative cognitive status (Figure 2A) is similar to 

the topography of alpha power under general anesthesia (Figure 2B). This increased 

frontal alpha power under general anesthesia in normal individuals reflects a large-scale 

shift in alpha power distribution—and in the thalamocortical dynamics that likely 

underlie it—from the awake/conscious state to the anesthetized/unconscious state. 

Awake/conscious individuals typically show high alpha power at parietal and occipital 

sites and lower alpha power over frontal ones, particularly when the eyes are closed, 

whereas anesthetized patients show the opposite pattern (i.e., alpha anteriorization) 

(John et al., 2001; Purdon et al., 2013; Tinker et al., 1977). Thus, one interpretation of 

these results is that the brains of patients with worse preoperative cognitive function are 

less able to undergo the changes during anesthesia that result in the typical alpha 

anteriorization pattern. Our results suggest that such a failure to undergo 

anteriorization, or to show significant frontal alpha power, under general anesthesia is 

an intraoperative, electrophysiological marker of poor preoperative cognitive status. 

Since poor preoperative cognitive status is itself a risk factor for POCD (Bekker et al., 

2010; Silbert et al., 2015; reviewed in Berger et al., 2015) and may be a risk factor for 

postoperative delirium (Greene et al., 2009; but also see Scott et al., 2015), this finding 
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raises the possibility that a failure of the brain to manifest strong frontal alpha power 

under general anesthesia may also be a predictor of POCD and postoperative delirium. 

If future studies provide evidence for such associations between lower intraoperative 

frontal alpha power and postoperative delirium and/or POCD, then these results would 

suggest that lower intraoperative frontal alpha power (and deficient anteriorization) 

could be used as a real-time and relatively inexpensive intraoperative 

electrophysiological marker to identify patients at potential increased risk of 

postoperative delirium and/or POCD, and could be used to target these at-risk patients 

for potential therapeutic intervention trials and/or for increased postoperative follow-up 

care and monitoring. 

Aside from the question of whether lower intraoperative frontal alpha power 

may serve as a predictor of postoperative delirium and/or POCD, another fundamental 

question is why some older patients display lower intraoperative frontal alpha power. 

One potential explanation for this finding could be frontal cortical atrophy in some older 

patients (Fjell et al., 2014; McGinnis, Brickhouse, Pascual, & Dickerson, 2011), which 

could result in an increased physical distance between the cortical sources that give rise 

to the electrical signals measured by electrodes at the scalp surface (Hamalainen, Hari, 

Ilmoniemi, Knuutila, & Lounasmaa, 1993). This hypothetical increased physical distance, 

however, would cause an attenuation of the entire broadband EEG signal measured at 

the scalp, and not just alpha specifically. Previous research has found reduced power 
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across all frequencies (under general anesthesia) with age, but with a relatively larger 

decrease for alpha power specifically (Purdon, Pavone, et al., 2015). If cortical atrophy is 

the primary contributor to both decreased EEG power and lower cognitive function, one 

would expect that power in other frequency bands, such as delta (1-4 Hz), would also 

correlate with preoperative cognitive status. However, we did not observe such a 

correlation, suggesting that the mechanism for reduced alpha power in older adults with 

lower preoperative cognitive status is not simply increased cortical atrophy in these 

patients.  

If frontal cortical atrophy does not account for the correlation between 

intraoperative alpha power and preoperative cognitive function, then what does? We 

believe there are four main possibilities that might explain this correlation. Since the 

frontally distributed alpha power under general anesthesia is thought to be generated by 

a thalamocortical circuit (Ching et al., 2010; Purdon et al., 2013; Vijayan et al., 2013) 

similar to awake occipital alpha (S. W. Hughes & Crunelli, 2005; Stuart W Hughes et al., 

2011; Lopes da Silva, van Lierop, Schrijer, & Storm van Leeuwen, 1973; Lopes da Silva et 

al., 1980; Steriade et al., 1990), lower alpha power could occur secondary to: 1) a thalamic 

issue, 2) a cortical issue, 3) some combination of both, or 4) an impaired thalamocortical 

dynamic. 

Previous research including computational modeling suggests that the thalamus 

plays a necessary role in a reciprocal thalamocortical activity loop that generates alpha 
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oscillations (Ching et al., 2010; Stuart W Hughes et al., 2011; Lopes da Silva et al., 1980; 

Purdon et al., 2013; Steriade et al., 1990; Vijayan et al., 2013); thus, deficits in thalamic 

structure or function might cause decreased frontal alpha power under general 

anesthesia. The thalamus is also responsible for nearly all input to the cortex—including 

sensory information (except olfaction), motor inputs from structures like the cerebellum 

and basal ganglia, inputs from limbic structures such as the hippocampus, and 

widespread modulatory inputs from structures involved in regulating arousal and the 

sleep-wake cycle—and is thus integral to proper neurocognitive function. While full 

thalamic lesions usually cause a near-total loss of consciousness (M. Berger & Garcia, 

2016; Blumenfeld, 2010; Castaigne et al., 1981), more subtle insults can lead to deficits in 

working memory, attention, and perception that can be detected by cognitive testing 

(Blumenfeld, 2010). 

Alternatively, the idea that a cortical issue (e.g., altered or reduced cortical 

activity) might underlie lower intraoperative alpha power in patients with poor 

preoperative cognitive function would be consistent with the idea that aside from the 

thalamocortical loop proposed to generate alpha oscillations, these alpha oscillations can 

also be generated directly by intra-cortical circuits involving deep-layer pyramidal 

neurons (Buffalo, Fries, Landman, Buschman, & Desimone, 2011; Castro-Alamancos, 

2000; Silva, Amitai, & Connors, 1991; Sun & Dan, 2009; van Kerkoerle et al., 2014), 

potentially interacting with low-threshold spiking interneurons (Vierling-Claassen, 
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Cardin, Moore, & Jones, 2010). Thus, a potential deficit in the structure or function of 

these frontal cortical circuits themselves could result in decreased intraoperative frontal 

alpha power. 

Finally, it is also possible that some combination of thalamic and cortical deficits 

and/or their functional and/or anatomic connectivity might underlie both lower 

preoperative cognitive function and lower intraoperative frontal alpha power. In fact, 

some age-dependent neurodegenerative processes (such as the deposition of amyloid 

beta plaque and/or tau tangles in Alzheimer’s disease) may impair synaptic transmission 

within both the thalamus and cortex, and the process of biological aging itself may 

impair the function of synapses in both the thalamus and cortex (Henley & Wilkinson, 

2013). Further, surgery and anesthesia cause neuroinflammation (Bromander et al., 2012; 

Buvanendran et al., 2006; Hirsch et al., 2016; Yeager et al., 1999), which may impair 

synaptic transmission and neural activity (Avramescu et al., 2016), and it is possible that 

there is a larger neuroinflammatory response in patients with lower preoperative 

cognitive function. Taken together, any combination of these mechanisms could 

conceivably alter connectivity/synaptic transmission in the thalamus and cortex and 

between these structures, which could play a role in causing the reduced intraoperative 

frontal alpha power we have observed in patients with lower preoperative cognitive 

function.  
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Much future research clearly will be required to better understand the 

neurobiological underpinnings of why some patients have lower intraoperative frontal 

alpha power, and to understand why lower alpha power correlates with poor 

preoperative cognitive status. Additional research will also be needed to determine 

whether lower intraoperative frontal alpha power is associated with specific 

postoperative complications (such as POCD, delirium, or decreased quality of life) 

and/or changes in postoperative mortality rates. A limitation of the current study is that, 

due to our relatively small sample sizes, we grouped together patients who received 

either isoflurane or propofol for anesthetic maintenance, although there is evidence that 

these different anesthetics lead to different EEG dynamics (Purdon, Sampson, et al., 

2015a). Future studies with larger, a priori determined sample sizes will likely be 

necessary to determine whether either the magnitude of the correlation between 

intraoperative frontal alpha power and preoperative cognitive index scores, or the lack 

of such a significant correlation for the other frequency bands, differs between patients 

who receive isoflurane vs. propofol for anesthetic maintenance. In sum, the present data 

suggest that intraoperative anteriorization and frontal alpha power correlate with 

preoperative cognitive function in older adults, and demonstrate a compelling need for 

future prospective studies to better understand the underlying mechanisms and 

associated sequelae of deficient intraoperative anteriorization and lower frontal alpha 

power in older adults. 
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3. Neural Processes Underlying the Orienting of 
Attention without Awareness 

3.1. Introduction 

At any given moment we are perceptually aware of relatively few of the 

multitude of potential sights, sounds, and other sensations that inundate us from the 

environment. Attention has been described as a “spotlight” that constantly scans our 

environment and selectively prioritizes the processing of behaviorally relevant stimuli 

(Posner, Snyder, & Davidson, 1980), often leading to awareness of those stimuli. 

However, despite long being of interest to both philosophers and scientists (James, 

1890), the relationship between attention and awareness remains the subject of active 

investigation and some controversy, particularly regarding to what extent these 

phenomena are dissociable and, if so, how they interact (Chica, Botta, Lupiáñez, & 

Bartolomeo, 2012; Cohen, Cavanagh, Chun, & Nakayama, 2012a, 2012b; De Brigard & 

Prinz, 2010; Dehaene, Changeux, Naccache, Sackur, & Sergent, 2006; Koch & Tsuchiya, 

2012; Koivisto, Kainulainen, & Revonsuo, 2009; Schettino, Rossi, Pourtois, & Müller, 

2016; Tsuchiya, Block, & Koch, 2012; Van Boxtel, Tsuchiya, & Koch, 2010; Webb, Kean, & 

Graziano, 2016). Some of this controversy arises from differences in defining both 

“attention” and “awareness,” which is made difficult by the fact that neither are 

monolithic processes, nor are they particularly well-defined at the level of the brain. 

Regardless, it is now well established that spatial attention can be oriented 

without awareness of the causative stimulus (Mulckhuyse & Theeuwes, 2010; Schettino 
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et al., 2016; Schoeberl, Fuchs, Theeuwes, & Ansorge, 2014; Webb et al., 2016). Yet, most 

of this work has been based on behavior, and we have little understanding of how 

neural attentional processes differ when oriented consciously vs. unconsciously. To 

address this issue, here we employed a spatial-cueing paradigm and used a form of 

visual masking known as object-substitution masking (OSM) to manipulate subjects’ 

awareness of the cues. We recorded EEG during the task, from which we extracted 

hallmark event-related-potential (ERP) indices of attention. This allowed us to use both 

behavioral and neural measures to directly compare the orienting of spatial attention 

with and without awareness. 

In a classic paradigm for studying spatial attention (Posner, 1980), a cue stimulus 

orients attention (covertly, i.e., without an associated eye movement) either to the same 

location (validly cued) or a different location (invalidly cued) as that of a subsequent 

target stimulus to which subjects must respond. Behaviorally, many studies have shown 

that subjects are faster and more accurate responding to validly (compared to invalidly) 

cued targets (validity effects) (Posner, 1980). Neurally, the sensory ERP component P1—

generated in response to any visual stimulus and associated with feedforward visual 

processing in low-level extrastriate cortex (Luck & Kappenman, 2011)—is larger in 

amplitude for validly versus invalidly cued targets (Hillyard & Anllo-Vento, 1998; 

Hopfinger & Mangun, 1998). These behavioral and neural enhancements to target 

processing are inferred to result from attention being oriented to the target location by 
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the cue and biasing stimulus processing at that location (Desimone & Duncan, 1995). 

These enhancements are generally observed when a target follows an exogenous cue at 

shorter latencies (e.g., <~200 ms); at longer latencies (>500 ms) the opposite pattern, 

termed inhibition of return, is often observed (Klein, 2000). Several studies have 

demonstrated behavioral validity effects in response to subliminal cues (reviewed in 

Mulckhuyse & Theeuwes, 2010; also see Herreros, Lambert, & Chica, 2017); however, to 

our knowledge, no study has examined the neural effects of unconsciously oriented 

attention on subsequent target neurosensory processing. Enhancements to the target-

evoked P1 and target detection (response time (RT) and accuracy) serve as dependent 

measures of attention in this study. 

In addition to cueing paradigms, attention has also been studied using visual 

search, in which subjects must find a target stimulus presented among an array of 

distractors (Treisman & Gelade, 1980). Both search and cueing paradigms have been 

used to measure the orienting of attention to laterally presented stimuli via the N2pc, a 

negative-polarity ERP wave that peaks between ~200-300 ms over posterior scalp 

contralateral to the target (Luck & Hillyard, 1994). The N2pc has been used extensively 

as a hallmark index of the lateralized orienting of attention (reviewed in Luck & 

Kappenman, 2011), and also serves as a dependent measure of attentional orienting in 

this study. 
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While well established in studies with supraliminal stimuli, a few studies have 

also used the N2pc as an index of attentional orienting to subliminal stimuli (reviewed 

in Ansorge, Horstmann, & Scharlau, 2011; Harris, Ku, & Woldorff, 2013; Prime, 

Pluchino, Eimer, Dell’acqua, & Jolicoeur, 2011; Woodman & Luck, 2003). Woodman & 

Luck (2003) used OSM to manipulate subjects’ awareness of lateralized shape targets in 

a search paradigm. In OSM, a four-dot mask surrounds a target, and both mask and 

target are presented among an array of distractors so that attention cannot be 

preallocated to any particular location, a requirement of the OSM effect (Enns & Di 

Lollo, 1997). In the unmasked condition, the mask and target onset and offset 

simultaneously (“co-termination” condition), and subjects suffer no impairment in target 

detection. Yet by simply delaying the offset of the mask relative to the target by a few 

hundred milliseconds (masked/”delayed offset” condition)—with no change to the 

target stimulus itself—subjects experience a marked decrease in their ability to detect the 

target (Enns & Di Lollo, 1997). Woodman & Luck (2003) found that both unmasked and 

masked targets elicited an N2pc, suggesting that attention was oriented to targets 

regardless of subjects’ reported awareness. 

An important methodological consideration for any study that seeks to 

manipulate subjects’ awareness of stimuli is exactly how the conditions of awareness are 

defined and assessed. In OSM and other forms of visual masking, the masked condition 

substantially reduces stimulus awareness, but does not lead to its total abolition. For 
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OSM, stimulus detection or discrimination rates are typically reduced from ~90% in the 

unmasked condition to ~50-70% in the masked (Enns & Di Lollo, 1997; Harris, Ku, et al., 

2013; Prime et al., 2011; Woodman & Luck, 2003). Accordingly, even within the masked 

condition, subjects are still aware of the stimulus on half or more of the trials, and thus 

the unmasked and masked conditions cannot be equated simply with aware and 

unaware, respectively. The conditions of awareness should thus be based on the 

reported perceptual outcome of each trial within the masked condition, which is how we 

conducted our experiment. In addition, while some subsequent studies have similarly 

reported an N2pc in response to masked stimuli (using a variety of masking methods) 

(Prime et al., 2011; reviewed in Ansorge et al., 2011), others have found it to be 

substantially reduced when accounting for the perceptual variability within the masked 

condition (Harris, Ku, et al., 2013). Thus, it is currently unclear if the N2pc reliably 

indexes unconsciously oriented attention. 

Masking paradigms such as OSM can also allow for the comparison of neural 

activity in response to stimuli that are physically identical but of which subjects are 

either aware or unaware on a given trial. With OSM, however, this is only true when 

comparing within but not across masking conditions, as we do here by examining aware 

vs. unaware trials within the masked condition only. Two ERP components in particular 

have been consistently associated with visual awareness: an enhanced negativity 

measured at posterior scalp sites around 200 ms, known as the visual awareness 
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negativity (VAN), and an enhanced positivity measured at parietal sites around 400 ms, 

called the late positivity (LP) (reviewed in Koivisto & Revonsuo, 2010). In addition, OSM 

in particular is thought to disrupt awareness not by affecting initial feedforward sensory 

processing (as indexed by the P1), but by disrupting later feedback/reentrant activity (as 

indexed by the VAN and LP) (Di Lollo et al., 2000; Harris, Ku, et al., 2013). Together with 

subjects’ reported awareness, the presence of the VAN and LP can provide additional 

support that stimuli are being processed differently in the brain as a function of 

awareness. Trial-by-trial awareness reports, the VAN, and the LP serve as dependent 

measures of awareness in the present study. 

In light of the foregoing evidence for behavioral facilitation in response to 

subliminal cues, and given the inconclusive evidence for unconsciously oriented 

attention as indexed by the N2pc, the neural mechanisms that lead to this behavioral 

facilitation are unclear. Two issues in particular remain unresolved: whether the N2pc 

reliably indexes unconsciously oriented attention, and whether there is a subsequent 

enhancement of target sensory processing—as in conscious orienting—thereby reflecting 

a mechanism that leads to behavioral facilitation. Here, we directly compare the full 

cascade of attentional processes—the cue-induced N2pc, behavioral facilitation, and, 

importantly, the target-evoked P1—with vs. without awareness. 
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3.2. Materials and Methods 

3.2.1. Subjects 

Fifty healthy subjects with normal or corrected-to-normal visual acuity 

participated in this study. We needed to exclude one subject due to a technical problem 

during data acquisition, and 14 subjects due to insufficient trial counts within some task 

conditions (<40 trials in any condition), leaving 35 subjects for inclusion in the final 

analyses (17 female, 32 right-handed, mean age 21 years, range 18-35). Of the 35 

included subjects, 25 participated in the main experiment and 10 participated in a 

separate control experiment (see section 3.2.2.1.). We recruited subjects through the 

Duke University Psychology Subject Pool and local advertisements, and obtained 

informed consent for all subjects for their credited or paid participation in accordance 

with a protocol approved by the Duke University Medical Center Institutional Review 

Board. 

3.2.2. Stimuli and Task 

Subjects were seated 60 cm in front of a 24-in stimulus presentation monitor (60 

Hz refresh rate) in a dimly lit, electrically-shielded room. Each experimental session 

comprised 1000 total trials spread evenly across 25 blocks. The sequence of events in a 

trial is shown in Figure 4. 
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Figure 4: Sequence of events in a trial. Shown is a valid trial with both a cue 

and a target presented. Cue-target validity was 50%. No cue was presented on 20% of 

trials, and no target was presented on 30% of trials (cue-only trials). ISI: interstimulus 

interval. 

We instructed subjects to fixate continuously on a white square in the center of a 

medium gray background. Each trial began with a fixation screen (duration 900-1100 

ms). Next, an array (“cue array”) consisting of 14 distractor images and two potential 

cue/target locations, designated by four-dot masks (3.5° x 3.5° visual angle), was 

presented for 17 ms (one screen refresh). The distractors were circular scrambled face 
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and house images, each 3° diameter and jittered ±0.67° in the X and Y dimensions on 

each trial. The two cue/target locations were always symmetric across the vertical 

midline, and were both randomly in either the upper or lower visual hemifield on a 

given trial (50% each) so that subjects could not preallocate their attention to any 

particular location, a requirement of the OSM effect (Enns & Di Lollo, 1997). A cue was 

presented within one of the masks on 80% of trials (random 50% left or right); cues were 

circular face or house images (random 50% each; 3° diameter) chosen randomly from 

sets of 20 each. The remaining 20% of trials had a blank inside both masks, resulting in a 

no-cue condition. 

To have enough trials to examine the perceptual variability within the masked 

condition, the main experiment consisted solely of masked trials, in which the offset of 

the masks was delayed by 500 ms relative to the offset of the rest of the cue array. 

Following the offset of the cue array and an interstimulus interval of 200-300 ms, a white 

square-border target (3.5° per side) was presented (duration 100 ms) within one of the 

masks, both of which remained on the screen for 500 ms following offset of the cue 

array. The target was randomly presented (50% each) in either the same location (valid 

condition) or the opposite location (invalid condition) as the previously presented cue. 

Targets were not presented on 30% of trials that had a cue presented, resulting in a cue-

only condition, which was important for isolating target-evoked activity (see Methods 

section 3.2.3.2.). Subjects used the index and middle fingers of their right hand to press 
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the left and down arrows, respectively, on a standard keyboard to indicate the location 

(left or right) of the target (100-1000 ms response window post-target). We instructed 

subjects to respond as quickly and accurately as possible. 

Following their response to the target, subjects were presented with an untimed, 

three-alternative forced choice (3AFC) report screen and told to indicate whether they 

had or had not seen a cue on that trial (by indicating the side, “left” or “right,’ or by 

indicating "no"). Subjects entered this report with their left hand using the Z (“left”), X 

(“no”), and C (“right”) buttons on the keyboard. Importantly, we created conditions of 

awareness (cue-aware and cue-unaware) based on this report: trials were cue-aware if a 

cue had been presented and the subject correctly reported its location. Trials were cue-

unaware if a cue had been presented but the subject reported that one had not been. We 

excluded from further analysis trials in which a cue was presented but subjects 

incorrectly reported its location, as subjects’ awareness was ambiguous to determine in 

these cases. We instructed subjects to look for the cue on each trial, but explicitly stated 

that a cue would not be presented on every trial. We coached subjects extensively on 

detecting and responding to both the cue and the target, and had them complete a 

practice run of 80 trials before beginning the task to ensure proficiency in responding to 

both stimuli. 
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3.2.2.1. Control Experiment 

We also ran a control experiment that had the two standard OSM conditions 

(randomly interleaved): masked trials as in the main experiment, and unmasked trials, 

in which the entire array, including cue and masks, offset simultaneously. We replicated 

the classic OSM masking effect in this control experiment (see Results section 3.3.1.1. and 

Figure 5), validating our decision to use only masked trials in the main experiment. 

3.2.3. Data Acquisition and Analysis 

3.2.3.1. Behavioral Data 

We calculated mask effectiveness as the proportion of cue-aware trials out of the 

total number of cue-aware and cue-unaware trials. In the control experiment, we 

compared mask effectiveness between the unmasked and masked conditions using a 

two-tailed paired t-test. In the main experiment, we compared mask effectiveness in the 

sole masked condition using a two-tailed t-test against chance (3AFC = 33%). 

For the target-detection RT analyses, we excluded trials with incorrect responses 

and outliers (RTs greater than twice the subject’s interquartile range, i.e., twice Q3 minus 

Q1). This outlier-rejection procedure also ensured that no anticipatory responses (RTs 

<200 ms) were included in the analysis. To statistically evaluate target-detection RTs and 

accuracy, we used separate within-subjects, two-factor, repeated measures analyses of 

variance (rANOVAs) with the factors cue-target validity (valid and invalid) and cue 

awareness (cue-aware and cue-unaware). We used two-tailed paired t-tests for planned 



 

66 

comparisons examining the validity effects separately for the cue-aware and cue-

unaware conditions. 

3.2.3.2. EEG Data 

We recorded EEG from a 64-channel, custom-designed, extended-coverage cap 

(Woldorff et al., 2002) using active electrodes (actiCAP, Brain Products GmbH, Gilching, 

Germany) with an online right-mastoid reference and a 500 Hz sampling rate using a 

three-stage cascaded integrator-comb filter with a corner frequency of 130 Hz 

(actiCHamp, Brain Vision LLC, Cary, NC, USA). We used two horizontal electro-

oculogram (EOG) channels lateral to the outer canthus of each eye and one vertical EOG 

channel below the left eye to monitor for horizontal eye movements and blinks, 

respectively. 

Offline, we preprocessed the data by segmenting it into 3 s epochs, re-referencing 

to the algebraic average of the left and right mastoid electrodes, bandpass filtering 

between 0.1-30 Hz, and downsampling to 250 Hz. We then baseline-corrected the 

epoched data from -100 to 0 ms. We excluded from further analysis trials with blinks or 

eye movements that occurred around stimulus presentation (±100 ms), and used 

independent component analysis to correct for eye-related artifacts occurring across the 

rest of the epoch. We also excluded trials with high-amplitude noise or excessive muscle 

activity (> ±75 μV), and interpolated excessively noisy channels using a spherical spline 

procedure (Perrin et al., 1989). We performed the data preprocessing using a 
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combination of the EEGLAB (Delorme & Makeig, 2004) and ERPLAB (Lopez-Calderon 

& Luck, 2014) toolboxes. 

To examine cue-evoked activity, we selectively averaged trials time-locked to 

cue-array onset as a function of laterality of electrodes with respect to the cue 

(contralateral and ipsilateral) and/or cue awareness, and collapsed across all other 

conditions (i.e., face and house cues and upper- and lower-visual-field presentation). For 

the early cue-evoked effects (P1 and VAN), we included both cue-only trials and cue-

and-target trials in which the target was presented >250 ms after the cue. This allowed 

us to have more trials while avoiding activity overlap from the target, since the earliest 

visual evoked potential (C1) does not occur until 50-70 ms after stimulus onset (Luck & 

Kappenman, 2011). For the later effects (LP and N2pc), we included only cue-only trials, 

which allowed us to examine the cue-evoked activity without any activity overlap from 

a target being presented. Importantly, because cue-only trials were randomly 

interleaved with cue-and-target trials, subjects could not know that no target would be 

presented on those trials. 

When a target was presented, it always followed the cue array, the response to 

which would overlap the target-evoked response. Thus, to isolate the target-evoked 

activity from the overlap of activity from the cue array, we subtracted cue-only trials 

(time-locked to when a target would have occurred but a blank was presented instead) 

from cue-and-target trials (time-locked to target onset) separately for each cue-
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awareness condition (Woldorff, 1993). That is, we subtracted aware cue-only trials from 

aware cue-and-target trials, and unaware cue-only trials from unaware cue-and-target 

trials. We then separately binned these isolated target responses as a function of validity. 

We performed the time-locked averaging and plotting of the data using the FieldTrip 

toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011) and custom scripts in MATLAB 

(ver. 2013b, The MathWorks, Inc., Natick, MA, USA). 

For statistical evaluation of the ERP effects, we first calculated the mean 

amplitudes across specific time windows and electrode sites, both of which we chose 

based on previous research, with the following exception: separately for the cue-evoked 

and target-evoked P1 analyses (time-locked to cue-array onset or to target onset, 

respectively), we chose the electrode sites where the P1 was maximal, and the time 

window as ±25 ms around the P1 peak, when collapsing across all conditions. For trials 

time-locked to cue-array onset, we extracted the P1 between 75-125 ms, the VAN 

between 150-250 ms at our occipital electrode sites nearest O1 and O2 and the LP 

between 300-500 ms at our parietal electrode sites nearest P3 and P4 (Koivisto et al., 

2009), and assessed them statistically using separate two-tailed paired t-tests between 

the cue-awareness conditions. For cue-only trials, we extracted the N2pc between 180-

400 ms at posterior electrode sites nearest the 10-10 system electrode locations O1, P3, 

and PO7 (Harris et al., 2013; Oostenveld & Praamstra, 2001), and assessed it statistically 

using a rANOVA with the factors laterality and cue awareness. We used two-tailed 
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paired t-tests for planned comparisons examining the N2pc separately for the cue-aware 

and cue-unaware conditions. For the isolated target activity (time-locked to target 

onset), the P1 peaked somewhat later (~125 ms), perhaps due to refractoriness in the 

response due to the target occurring so soon after the cue array. We thus analyzed the 

target P1 activity in the time window 100-150 ms using a rANOVA with the factors 

validity and cue awareness. We used two-tailed paired t-tests for planned comparisons 

examining the P1 validity effect separately for the cue-aware and cue-unaware 

conditions. We performed the statistical analyses using the RStudio environment (ver. 

1.0.136, RStudio, Inc., Boston, MA, USA) for R (ver. 3.3.2, R Foundation for Statistical 

Computing, Vienna, Austria). 

3.3. Results 

3.3.1. Behavior 

3.3.1.1. Object-substitution Masking Reduced Cue Detection Performance 

In the control experiment, which included both masked and unmasked 

conditions, the mean proportion of cue-aware trials decreased from 84% (SE = 2%) in the 

unmasked condition to 54% (SE = 6%) in the masked condition (t9 = -4.48, p = .002; Figure 

5A). This confirmed that we were able to replicate the classic OSM effect on perceptual 

awareness with our experimental parameters, justifying our focus on the masked 

condition in the main experiment. In the main experiment, the proportion of cue-aware 

trials averaged 50% (SE = 3%), giving an approximately equal number of cue-aware and 
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cue-unaware trials for the subjects, on average. The proportion of cue-aware trials was 

also significantly above chance for the 3AFC cue report (33%; t24 = 6.25, p < .001), 

demonstrating that subjects were not merely guessing. 

 

Figure 5: Behavioral results. (A) In the control experiment, the mean 

proportion of cue-aware trials decreased significantly from the unmasked condition 

to the masked condition. In the main experiment (not shown), the mean proportion of 

cue-aware trials (50%) was significantly greater than chance (33%). (B) In the main 

experiment, subjects showed significant target RT validity effects (invalidly minus 

validly cued targets), both when they were and were not aware of the cue. Vertical 

bars represent standard error of the mean (SE). **p < .01; ***p < .001. 

3.3.1.2. Valid Cues Enhanced Target Detection Even When Subjects Were Unaware of 

the Cue 

Our behavioral analyses of target detection as a function of validity and cue 

awareness focused on RT effects. These analyses showed that there was a significant 

main effect of validity on target-detection RT: subjects were on average 40 ms (SE = 4 

ms) faster responding to targets following valid (M = 447 ms, SE = 16 ms) compared to 

invalid (M = 487 ms, SE = 18 ms) cues (F1,24 = 100.19, p < .001). There was a significant 
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interaction between validity and cue awareness (F1,24 = 22.36, p < .001), due to the validity 

effect (invalidly minus validly cued target RTs) being larger in the cue-aware condition 

(Figure 5B). Planned comparisons of this validity effect between the cue awareness 

conditions showed a significant effect on both cue-aware trials (M = 61 ms, SE = 7 ms; t24 

= -8.83, p < .001) and, importantly, cue-unaware trials (M = 20 ms, SE = 5 ms; t24 = -4.26, p 

< .001). There was also a significant main effect of cue awareness on target-detection 

RTs: subjects were on average 63 ms (SE = 6 ms) faster responding to targets on cue-

unaware trials (M = 440 ms, SE = 16 ms) compared to cue-aware trials (M = 503 ms, SE = 

19 ms) (F1,24 = 89.37, p < .001). For comparison, target-detection RTs for trials in which no 

cue was presented (no-cue condition; M = 457, SE = 16 ms) were similar to (but a bit 

slower than) cue-unaware trials (t24 = 3.84, p < .001), while they were also significantly 

faster than cue-aware trials (t24 = -7.06, p < .001). However, within the cue-unaware 

condition, invalid trials were not statistically different than no-cue trials (t24 = 1.19, p = 

.244), while valid trials were significantly faster (t24 = 5.65, p < .001). 

There was also a significant main effect of validity on target-detection accuracy: 

subjects were on average 6% (SE = 1%) more accurate responding to targets following 

valid (M = 94%, SE = 1%) compared to invalid (M = 88%, SE = 1%) cues (F1,24 = 34.50, p < 

.001). There was also a significant interaction between validity and cue awareness (F1,24 = 

15.97, p < .001), due to the validity effect being larger in the cue-aware condition. 

Planned comparisons of this validity effect between the cue awareness conditions 
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showed a significant effect on both cue-aware trials (M = 9%, SE = 2%; t24 = 5.39, p < .001) 

and, importantly, cue-unaware trials (M = 3%, SE = 1%; t24 = 4.07, p < .001). There was 

also a significant main effect of cue awareness on target-detection accuracy: subjects 

were on average 5% (SE = 1%) more accurate responding to targets on cue-unaware 

trials (M = 93%, SE = 1%) compared to cue-aware trials (M = 88%, SE = 1%) (F1,24 = 31.22, p 

< .001). 

Together, these results are consistent with classic cueing effects where subjects 

are faster and more accurate responding to validly compared to invalidly cued targets, 

and show that this effect was robustly present even when subjects were unaware of the 

cue. 

3.3.2. Neural Processes (ERPs) 

3.3.2.1. Cue Processing Differed as a Function of Awareness 

Cue-evoked activity differed significantly as a function of cue awareness in a 

way that is consistent with previous findings (Figure 6). There was no evidence of a 

difference at the P1 latency (t24 = -0.99, p = 0.334), but there was a trend toward 

significance for the VAN (cue-aware trials more negative than cue-unaware trials; t24 = -

1.84, p = .078; Figure 6A) and a significant LP (cue-aware trials more positive than cue-

unaware trials; t24 = 2.21, p = .037; Figure 6B). These findings are consistent with 

previous literature (Koivisto & Revonsuo, 2010) and theories of how OSM disrupts 

awareness (Di Lollo et al., 2000; Harris, Ku, et al., 2013). These results also provide 
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additional support for our use of subjective report to determine awareness of the cue on 

each trial.

 

Figure 6: Cue processing differed as a function of awareness. (A) No difference 

was found at the P1 latency (75-125 ms), but there was a trend toward an increased 

negativity for cue-aware trials from 150 to 250 ms (the VAN). (B) This was followed by 

a significantly increased positivity for cue-aware trials from 300 to 500 ms (the LP). 

Scalp topographies for the VAN and LP are plotted below; white circles indicate the 

channel locations plotted above. Shaded areas indicate measurement time windows. 

ns: not significant; yp < .08; *p < .05. 

3.3.2.2. N2pc Elicited Only When Subjects Are Aware of the Cue 

The N2pc analyses showed a trend toward a significant main effect of laterality: 

voltages measured at electrodes contralateral to the cue location were more negative 

than those at ipsilateral electrodes (F1,24 = 4.04, p = .056), consistent with the elicitation of 

the N2pc (Figure 7). Importantly, there was a significant interaction between laterality 
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and cue awareness (F1,24 = 7.23, p = .012), due to the N2pc being substantially larger in the 

cue-aware condition. Planned comparisons between the awareness conditions revealed a 

significant N2pc for cue-aware trials (t24 = -2.71, p = .012; Figure 7A) but no evidence of 

this component for cue-unaware trials (t24 = -0.13, p = .895; Figure 7B). In light of the 

significant behavioral validity effects found in both cue awareness conditions, this 

finding suggests that a different neural pathway than that which is indexed by the N2pc 

is responsible for orienting attention in the cue-unaware condition. 

 

Figure 7: Lateralized orienting of attention to the cue. There was a significantly 

increased negativity at electrode sites contralateral to the cue (N2pc) on cue-aware (A) 

but not cue-unaware (B) trials. Scalp topographies are plotted below; white circles 

indicate the channel locations plotted above. c-i: contralateral minus ipsilateral; i-c: 

ipsilateral minus contralateral. Shaded areas indicate measurement time windows. ns: 

not significant; *p < .05. 
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3.3.2.3. Enhanced Early Sensory Processing for Validly Cued Targets Regardless of 

Cue Awareness 

The target P1 analyses (Figure 8) showed a significant main effect of validity: 

voltages for validly cued targets were significantly more positive than for invalidly cued 

targets (F1,24 = 29.52, p < .001). There was also a significant interaction between validity 

and cue awareness (F1,24 = 5.94, p = .023). Planned comparisons revealed a significant P1 

validity effect for both cue-aware trials (t24 = 4.93, p < .001; Figure 8A) and cue-unaware 

trials (t24 = 3.12, p = .005; Figure 8B), although the difference was on average 0.5 μV 

smaller on cue-unaware trials. Crucially, the presence of a P1 enhancement for validly 

cued targets in both cue-awareness conditions suggests that spatial attention, even when 

oriented unconsciously and not indexed by an N2pc, can lead to biased sensory 

processing for subsequently presented stimuli. 
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Figure 8: Enhanced early sensory processing for validly cued targets regardless 

of cue awareness. There was a significantly larger P1 (100e150 ms) for validly versus 

invalidly cued targets for both cue-aware (A) and cue-unaware (B) trials. Scalp 

topographies are plotted below; white circles indicate the channel locations plotted 

above. Shaded areas indicate measurement time windows. **p < .01; ***p < .001. 

3.4. Discussion 

As part of the larger endeavor investigating the relationship between attention 

and awareness, the specific goal of this study was to directly compare the mechanisms 

of spatial attentional orienting with and without perceptual awareness. To do this, we 

developed a paradigm that combined a classic spatial-cueing task with object-

substitution masking to manipulate subjects’ awareness of the cues. Our paradigm 

allowed us to examine the full cascade of attentional processes—the N2pc reflecting 
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attentional orienting to the cue, enhanced target-detection behavior, and, critically, the 

effect of attention on target sensory processing via an enhanced P1—in the presence and 

absence of awareness. We found validity effects in both enhanced target detection (faster 

RTs and better accuracy) and enhanced target-evoked P1s, regardless of cue awareness, 

although both the behavioral and neural enhancements were larger when subjects were 

aware of the cue. Interestingly, and contrary to previous findings (Ansorge et al., 2011; 

Harris, Ku, et al., 2013; Prime et al., 2011; Woodman & Luck, 2003), we found an N2pc 

only when subjects were aware of the cue. This finding, in the context of the 

enhancements to subsequent target processing and behavioral responses, suggests that 

attention was being oriented to subliminal cues, but via a different neural pathway than 

supraliminal cues. 

We first demonstrated that we could successfully manipulate cue awareness with 

our experimental parameters. In the control experiment, the rate of cue detection, based 

on subjects’ report at the end of every trial, went from 84% in the unmasked condition to 

54% in the masked condition. In the main experiment, which consisted solely of the 

masked condition, the rate of cue detection was similar at 50%. While useful, subjective 

report is a far from perfect measure, and it is valuable to have converging evidence to 

add confidence to these reports. We found that the ERP responses to cues differed as a 

function of awareness: no difference was found at the P1, but we found a trend toward a 

significantly increased negativity (VAN) followed by a significantly increased positivity 
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(LP) for cue-aware compared to cue-unaware trials. These effects are consistent with 

previous literature that examined manipulations of stimulus awareness (reviewed in 

Koivisto & Revonsuo, 2010), as well as the theory that OSM exerts its awareness-

disrupting influence not on feedforward sensory processing (P1), but on later 

feedback/reentrant processing (indexed here by the VAN/LP) (Di Lollo et al., 2000; 

Harris, Ku, et al., 2013). In addition, the pattern of behavioral effects (discussed below) 

adds further confidence to our claim that the processing occurring in the cue-aware and 

in the cue-unaware conditions were qualitatively different. 

Behaviorally, subjects responded faster and more accurately to validly cued 

targets in both awareness conditions, replicating previous behavioral results in 

subliminal cueing (reviewed in Mulckhuyse & Theeuwes, 2010). Both the RT and 

accuracy validity effects were larger for cue-aware than for cue-unaware trials, a 

difference that was driven by a significantly greater slowing and decrease in accuracy in 

invalid cue-aware compared to invalid cue-unaware trials. These effects may reflect a 

working memory (WM) response conflict (Kiyonaga & Egner, 2014) on cue-aware trials; 

namely, subjects had to first correctly detect the cue and hold its location in WM (for ~1 s 

until the appearance of the cue report screen) while correctly responding to the target 

location, which on invalid trials is opposite the cue location being held in WM. In 

addition, there was an overall slowing and decrease in accuracy for cue-aware compared 

to cue-unaware trials, regardless of validity. This can likely be attributed to the dual-task 
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nature of cue-aware trials (responding to both the cue and target); in addition to WM 

response conflict, such increased cognitive load as a result of the two tasks is known to 

slow response times and decrease accuracy (Pashler, 1994). Further, RTs in the cue-

unaware condition were similar to those in the no-cue condition, and both of these 

conditions had faster RTs than the cue-aware condition. The pattern of results in these 

conditions thus argues that there was no such WM conflict or dual-task interference on 

cue-unaware trials, reinforcing the conclusion that subjects were not aware of the cue. 

The N2pc, indexing the lateralized orienting of attention to the cue, was found 

only when subjects were aware of the cue. This result may seem somewhat surprising 

given several previous studies reporting an N2pc in response to stimuli in the masked 

condition of OSM, even when taking subjects’ behavior within that condition into 

account (Harris, Ku, et al., 2013; Prime et al., 2011; Woodman & Luck, 2003). For several 

reasons, however, we conclude that not all unconscious attentional orienting is indexed 

by the N2pc. The task in both Woodman and Luck (2003) and Prime et al. (2011) 

required subjects to detect a target shape in an array that consisted of bilateral masks 

(each containing a possible target shape) and 20 distractor shapes, and to press a button 

indicating that the target shape for that block was either present or absent. Both groups 

found an N2pc that did not differ significantly for correct responses (target present with 

“present” response) and incorrect responses (target present with “absent” response). 

This difference in findings from ours, however, might be due to the fact that incorrect 
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responses in their task only indicated that subjects were unable to detect the specific 

target shape (which required shape discrimination), not whether they detected a target 

shape at all. In our paradigm, the cue report was a 3AFC with “no” cue as an option; 

thus cue misses (which we coded as unaware) meant subjects reported that no cue was 

detected at all, a stronger and more selective criterion for unawareness. 

Another potential reason for the discrepant N2pc findings is that our cue array 

was presented much more briefly (17 ms) than the ones in Woodman and Luck (2003) 

and Prime et al (2011) (83 ms), meaning that the to-be-masked stimulus was less salient 

overall. The experimental parameters in Harris et al. (2013) were more similar to ours, 

including the stimuli used, the to-be-masked stimulus duration (17 ms), and the 3AFC 

report used to create the conditions of awareness. Yet, they found N2pc activity for both 

aware and unaware trials within the masked condition, although it was substantially 

reduced for unaware trials. The likely difference is that the delayed-offset mask in 

Harris et al. (2013) was unilateral and stayed on the screen for 500 ms after the offset of 

the rest of the array; thus, the observed N2pc could be attributable to either the masked 

target stimulus or the mask itself, and likely stems from a combination of the two. In the 

current study we eliminated this confound by using bilateral masks, making our 

stimulus array physically identical on both sides of the vertical midline—except for the 

cue—and thus ensuring that any lateralized effects could be attributed only to the cue. 
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Our other findings showing enhancements to both the behavioral detection and 

sensory processing of the targets strongly suggest that attention had indeed been 

oriented unconsciously. This pattern of results thus raises the question as to how we can 

have attentional orienting without an accompanying N2pc, the well-replicated cortical 

index of the shifting and focusing of attention. A plausible explanation is that the 

attentional orienting in the cue-unaware condition was mediated by a different 

mechanism than that reflected by the N2pc, such as by the subcortical retinotectal 

pathway (Mulckhuyse & Theeuwes, 2010), and is therefore not indexed by the cortically 

generated N2pc (Hopf et al., 2000; Luck, 2014). The retinotectal pathway, which 

proceeds from the retina to the superior colliculus and is then routed via the thalamic 

pulvinar nucleus to extrastriate and parietal cortices (Blumenfeld, 2010; Kato, Takaura, 

Ikeda, Yoshida, & Isa, 2011), is integral to oculomotor programming and the rapid 

orienting of attention (Edward Awh, Armstrong, & Moore, 2006; Kato et al., 2011; 

Mulckhuyse & Theeuwes, 2010; Van Le et al., 2013). Thus, our rapidly presented, 

masked cues could plausibly activate this phylogenetically ancient, rapid attentional-

orienting circuit—and elicit effects on both subsequent target processing and behavior—

without also generating either the cortical N2pc or perceptual awareness of the cue. 

Another novel contribution of the present study is that, in addition to measuring 

the cortical reflection of the orienting of attention to the cue (i.e., the N2pc) and 

subsequent behavioral target-detection enhancements, we were able to directly examine 
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modulations of early neurosensory processing of the target as a function of both 

attention (valid vs. invalid cueing) and awareness of the cue. As noted above, previous 

studies have shown that cueing spatial attention leads to enhanced processing for 

stimuli subsequently presented at the cued location, an effect manifested by larger 

amplitude P1s (Hillyard & Anllo-Vento, 1998; Hopfinger & Mangun, 1998). We found 

that the target P1 was robustly enhanced on valid compared to invalid trials in the cue-

aware condition, an expected result replicating a myriad of previous reports. Crucially, 

however, we also found a cue-induced enhancement of target P1 amplitudes on cue-

unaware trials, strongly arguing that unconscious orienting, even when apparently not 

mediated by a cortical pathway, can modulate the sensory processing of target stimuli. 

Previous studies have demonstrated the effects of unconscious orienting on behavior 

(reviewed in Mulckhuyse & Theeuwes, 2010), but these effects could be attributable to 

modulations at any of several points along the processing cascade from incoming 

sensory input to behavioral output. Other studies have examined neural indices of 

attentional orienting as a function of awareness (Ansorge et al., 2011; Harris, Ku, et al., 

2013; Prime et al., 2011; Schettino et al., 2016; Woodman & Luck, 2003), but here we have 

examined the entire cue-target processing sequence, including the neural and behavioral 

effects of attention on subsequent stimulus processing. This is a critical point, because a 

defining function of spatial attention is that it enhances or biases the processing of 

stimuli at attended locations (e.g., Desimone & Duncan, 1995). 
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A concern that might be raised regarding the current results is that they could 

have been biased by the post-hoc exclusion of 14 subjects due to low trial counts within 

some task conditions (<40 trials in any of the conditions). The low trial counts for these 

subjects were due both to EEG artifacts (M = 6% rejected trials) and to behavior that 

resulted in highly unbalanced bin numbers within those individual subjects. More 

specifically, the cue-detection rates in the excluded subjects were either substantially 

higher or substantially lower than the average across subjects, resulting in either one or 

the other cue-awareness condition having insufficient trials and therefore an 

unacceptable signal-to-noise ratio. Importantly, however, the exclusion of these 14 

subjects seems very unlikely to have biased the results, for two main reasons. First, if we 

used a less stringent trial-count threshold of at least 20 trials per bin, which results in 

excluding only 5 subjects (leaving 34 for the final analyses), the results are nearly 

identical—but with noisier data—and our conclusions would not change. Second, the 

average cue-detection rate across the excluded subjects (41%) was similar to the average 

across the included subjects (50%), but with much more extreme individual detection 

rates (excluded subjects range: 3-93%; included subjects range: 26-79%). Because the 

group of excluded subjects was not biased toward very low or very high cue-detection 

rates, it would be very unlikely that their exclusion would have introduced a systematic 

bias to our results. 
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Overall, we have demonstrated that attention can be oriented in the absence of 

awareness and enhance both the neural sensory processing and behavioral detection of 

subsequently presented stimuli, findings that add to the active literature investigating 

the relationship between attention and awareness. According to one prominent 

theoretical perspective, attention is necessary, but not sufficient, for conscious awareness 

(Cohen et al., 2012b; Dehaene et al., 2006). Our results further validate and expand upon 

the claim that attention is not sufficient for awareness, and, although our results do not 

bear on the necessity of attention for awareness (although see Cohen et al., 2012b; 

Dehaene et al., 2006), they are nonetheless consistent with this perspective. Under this 

theoretical view, attention is a construct that describes the way certain assemblies of 

neural activity are amplified or biased relative to competing assemblies (Desimone & 

Duncan, 1995), for instance via correlated activity (Cohen & Maunsell, 2009; Ruff & 

Cohen, 2016; Salinas & Sejnowski, 2001) and/or synchronous oscillations (Buschman & 

Kastner, 2015; Fries, 2015; Miller & Buschman, 2013; Sejnowski & Paulsen, 2006). 

Awareness, on the other hand, has been proposed to result from a relatively global, 

dynamic state of integrated activity and information content in the brain (Dehaene et al., 

2014; Oizumi, Albantakis, & Tononi, 2014). According to this view, then, attended 

representations are amplified and thus relatively biased to become part of this global, 

dynamic network state (awareness), but these are not identical neural processes. 
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4. Characterizing the Mechanisms and Temporal 
Dynamics of the Attentional Selection of Object 
Representations in Working Memory 

4.1. Introduction 

Visual working memory (WM) refers to the fundamentally important capacity to 

guide behavior via the short-term storage and manipulation of (often conscious) internal 

stimulus representations, rather than the external stimuli themselves (D’Esposito & 

Postle, 2015). Mounting evidence over the past several years suggests that there is an 

intimate relationship between WM and attention, in that attention can be directed 

internally to selectively modulate the contents of WM in a way that closely parallels the 

selection of external stimuli (Chun et al., 2011; Gazzaley & Nobre, 2012; Kiyonaga & 

Egner, 2013). An important open question is whether the actual mechanism of WM is 

sustained internal attention (E. Awh, Vogel, & Oh, 2006; Chun, 2011; Kiyonaga & Egner, 

2013), or whether internal attention transiently selects and strengthens specific content 

in WM, with no active maintenance required (Myers et al., 2017; Stokes, 2015). 

Much evidence for the proposed close relationship between WM and attention 

comes from studies in which attention is cued retroactively (with a “retrocue”) to 

specific content in WM (Souza & Oberauer, 2016) in a way that parallels the use of 

advance, preparatory cueing in studies of external attention (Posner, 1980). Like advance 

cues, retrocues lead to a substantial boost in behavioral (in this case memory) 

performance (reviewed in Souza & Oberauer, 2016). Retrocues also marshal many of the 
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same brain regions involved in controlling external attention, especially frontal areas 

like the frontal eye fields (FEF) and parietal regions like the intraparietal sulcus (IPS) 

(reviewed in Chun & Johnson, 2011; Gazzaley & Nobre, 2012; Myers et al., 2017). 

According to one prominent framework, these control regions selectively 

modulate the processing and maintenance of WM representations in sensory cortical 

regions that were involved in processing the encoded stimulus in the first place 

(D’Esposito, 2007; D’Esposito & Postle, 2015; Scimeca, Kiyonaga, & D’Esposito, 2018). 

For example, retrocues directing attention to face or house/scene images held in WM 

modulate sensory regions involved in processing those objects, namely the fusiform face 

area (FFA) and parahippocampal place area (PPA), respectively (Johnson & Johnson, 

2009; Johnson, Mitchell, Raye, D’Esposito, & Johnson, 2007; Lepsien & Nobre, 2007; 

Lepsien, Thornton, & Nobre, 2011). However, because the vast majority of these studies 

have used fMRI, we have little understanding of the neurophysiological signals 

involved in this internal selection and modulation, especially their temporal dynamics, 

which would bear on whether internal attention functions in a sustained or transient 

manner to support WM. 

One candidate neurophysiological signal for this selection mechanism is 

oscillatory EEG activity in the alpha band (8-12 Hz). In numerous studies, alpha has 

been shown to closely track the external locus of spatial attention (Grent-’T-Jong et al., 

2011; Rihs et al., 2007; Samaha et al., 2016; Worden, Foxe, Wang, & Simpson, 2000b). 
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Pointing again to shared mechanisms, alpha has also been recently shown to closely 

track spatial locations being held in WM (Bae & Luck, 2018; Foster, Bsales, Jaffe, & Awh, 

2017; Foster, Sutterer, Serences, Vogel, & Awh, 2016; van Moorselaar et al., 2018), 

including retrocued locations (Myers et al., 2015; Wallis et al., 2015). Not only are 

modulations to alpha closely associated with both external and internal spatial selection, 

in many cases these effects seem to be unique to the alpha band, rather than other EEG 

frequency bands (Bae & Luck, 2018; Foster et al., 2016; Samaha et al., 2016). However, a 

critical and behaviorally relevant aspect of WM is the internal representation of specific 

stimulus content, not just their locations. In particular, it is currently unknown if alpha 

plays a similar mechanistic role in the attentional selection and WM maintenance of 

complex object stimuli like faces and houses, independent of spatial location. 

To investigate the possible role of alpha in selecting and maintaining objects in 

WM, we designed a modified delayed match-to-sample task in which both a face and a 

house were presented as samples on each trial, and then one of them was retrocued. 

Using the topographical patterns of alpha following the retrocue, we trained a 

multivariate classifier to distinguish between the two object categories. We examined 

this classification performance over time to determine at which point information 

relating to the specific object category became available, reflecting its selective 

modulation in WM. 
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4.2. Materials and Methods 

4.2.1. Subjects 

We consented 37 healthy subjects with normal or corrected-to-normal visual 

acuity and normal color vision (based on the Ishihara Color Test; Ishihara, 2008) to 

participate in this study. Of those, there were eight exclusions: one subject failed the 

Ishihara Color Test; one subject decided to prematurely end the EEG recording; for one 

subject we could not get adequate contact between the electrodes and the scalp; and five 

subjects had excessive EEG artifacts (>50% of trials). This left 29 subjects for inclusion in 

the final analyses (17 female, 25 right-handed, mean age 21, range 18-30). We recruited 

subjects through the Duke University Psychology Subject Pool and local advertisements 

and obtained informed consent from all subjects for their credited or paid participation 

in accordance with a protocol approved by the Duke University Medical Center 

Institutional Review Board. 

4.2.2. Stimuli and Task 

Subjects were seated in a dimly lit, electrically shielded room at a viewing 

distance of 60 cm from a 24-in LCD monitor (ASUS Model VG248QE; 60 Hz refresh rate) 

on which stimuli were shown using Presentation software (ver. 20, Neurobehavioral 

Systems, Inc., Albany, CA, USA). Subjects completed a modified delayed match-to-

sample task with retroactive cueing; Figure 9a shows the sequence of events in a trial. 

We instructed subjects to fixate continuously on a white square in the center of the 
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medium gray background. Two white boxes (each 2.75° x 2.75° visual angle) were also 

continuously present, one above and one below fixation (centered 1.5° away). 

 

Figure 9: Task diagrams. a) Sequence of events in a single trial from the main 

task. b) Several trials from the localizer task. 

Each trial began with the presentation of two sample images for 400 ms within 

the boxes, one face and one house (random 50% as to which was above fixation; 

randomly chosen from sets of 20 each). After an interstimulus interval (ISI) of 400-500 

ms (uniform jitter), a colored-circle retrocue was presented indicating to which just-seen 

object subjects should attend for that trial: the face, the house, both, or neither. There 

were thus four retrocue colors—orange, green, blue, and magenta—which subjects 
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learned explicitly and which were counterbalanced across subjects. For the present 

analysis we focused only on the face and house retrocues. After a delay of 1500 ms, a 

single probe image was presented that was either the same or different from the 

retrocued sample(s) (random 50% each). Subjects were instructed to respond with their 

left and right index fingers on a gamepad (Logitech Dual Action) as to whether the 

probe was the same or different, except on neither-cue trials, in which subjects were 

instructed not to perform the discrimination and to instead press a dedicated third 

button. On face-retrocue and house-retrocue trials, the probe was always both the same 

object category (face or house) as the retrocued sample and presented in the same 

location (above or below fixation). On both-cue and neither-cue trials, the probe was 

either a face or a house (random 50% each) that was either the same or different from 

one of the samples (random 50% each). 

To map the scalp topography of face-selective processing, each subject also 

performed a localizer task in which face and house images were presented one at a time 

at fixation (300 ms duration, 900-1100 ms ISI; Figure 9b). Subjects were tasked with 

detecting and discriminating the object category (face or house) of rare (20%) blurry 

images presented in the series. However, infrequent trials with blurry images and 

subject responses were not analyzed. 
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4.2.3. EEG Recording and Preprocessing 

We recorded EEG from a custom 64-channel, extended-coverage cap (Woldorff et 

al., 2002) using active electrodes (actiCAP, Brain Products GmbH, Gilching, Germany), 

an online right-mastoid reference, and a 500 Hz sampling rate with a three-stage 

cascaded integrator-comb filter with a corner frequency of 130 Hz (actiCHamp, Brain 

Vision LLC, Cary, NC, USA). We used two horizontal electrooculogram (EOG) channels 

lateral to the outer canthus of each eye and one vertical EOG channel below the left eye 

to monitor for horizontal or vertical eye movements and blinks. 

Offline, we preprocessed the data by: 1) segmenting it into epochs from -1500 to 

+2200 ms relative to retrocue onset; 2) re-referencing to the common average of all 

electrodes; 3) bandpass filtering with half-amplitude cutoffs at 0.05 and 40 Hz; and 4) 

downsampling to 250 Hz. We then baseline corrected the epoched data from -200 to 0 

ms. We excluded from further analysis trials with blinks or eye movements that 

occurred during stimulus presentation, and used independent component analysis to 

correct for eye-related artifacts occurring across the rest of the epoch. We also excluded 

trials with high-amplitude noise or excessive muscle activity (> ±75 uV), and 

interpolated excessively noisy channels using a spherical spline procedure (Perrin et al., 

1989). We performed the data preprocessing using a combination of the EEGLAB (ver. 

14.1.1b, Delorme & Makeig, 2004), ERPLAB (ver. 6.1.4., Lopez-Calderon & Luck, 2014), 
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and FieldTrip (ver. 20170920, Oostenveld, Fries, Maris, & Schoffelen, 2011) toolboxes 

based on MATLAB (ver. 2016b, The MathWorks, Inc., Natick, MA, USA). 

4.2.4. Decoding Analysis 

We performed the decoding analysis using the Amsterdam Decoding and 

Modeling toolbox (ADAM ver. 1.0.4., Fahrenfort, van Driel, van Gaal, & Olivers, 2018) 

with default settings unless otherwise noted. We used ADAM’s backward decoding 

model, linear discriminant analysis (LDA), to discriminate between classes using a five-

fold cross-validation procedure. For this cross-validation procedure, each subject’s trials 

were first randomly partitioned into five separate “folds.” A classifier was then trained 

on 4/5 of these folds, and tested on the remaining, left out fold. This procedure was 

repeated five times until each fold (i.e., 1/5th partition of the data) served as the training 

data once. For the main analysis examining object-specific selection, the two classes were 

face retrocues and house retrocues, collapsed across spatial location of the sample (i.e., 

treating all face/house-retrocues the same regardless of whether the preceding 

face/house sample had been presented above or below fixation). We also examined the 

degree of location-specific selection by creating classes based on whether the retrocue 

referred to a sample that had been presented above or below fixation, collapsing across 

whether that sample had been a face or house. 

We performed the decoding analysis using the alpha amplitude at each of the 

electrodes (except the vertical EOG electrode) as features. To isolate alpha, we calculated 
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the power from 8-12 Hz in steps of 1 Hz using the fast Fourier transform (FFT) method 

with a Hanning window taper and window length of T = 500 ms centered every 20 ms 

(equivalent to downsampling to 50 Hz). Decoding was performed separately for each 

integer frequency and then averaged across frequencies. 

A separate classifier was trained on every timepoint within a trial (every 20 ms at 

the 50 Hz downsampled rate) to examine the timecourse of decoding and thus when 

class-specific information becomes available. Decoding performance at each timepoint 

was assessed using balanced accuracy, calculated as the average number of correct class 

assignments, first separately for each class and then averaged across classes and again 

across the five folds of cross-validation. To examine the time-specificity of the decoded 

signals, we also performed a cross-classification decoding analysis in which the classifier 

trained on a specific timepoint (e.g., at t = 100 ms) is tested on every other timepoint in 

the trial (i.e., from -100 to 1700 ms around retrocue onset), yielding a temporal 

generalization matrix (King & Dehaene, 2014). Accuracy was assessed statistically across 

subjects by performing a two-sided t-test against chance (50%) at every timepoint. We 

corrected for multiple comparisons using group-wise cluster-based permutation testing 

(with 1000 iterations) on contiguously significant (p < .05) timepoints (Maris & 

Oostenveld, 2007). 

We plotted the classification accuracy time series fitted with a spline that was 

centered on the maximum accuracy timepoint and that gave the plot the appearance of a 



 

94 

30 Hz lowpass-filtered signal (Fahrenfort et al., 2018); this spline procedure was done for 

visualization purposes only. To visualize the topographic pattern that allowed 

successful classification, we forward-transformed the LDA classifier weight map by 

multiplying it by the data covariance matrix. Since the weights returned from LDA 

contain the difference between the two classes normalized by the covariance matrix, this 

operation returned activation patterns that are equivalent to the mass-univariate 

difference between the two classes (e.g., face- vs. house-retrocues). Unlike normal 

backward decoding model weights, these forward-transformed weights are 

interpretable as neural sources in the same way as typical EEG contrasts (Haufe et al., 

2014). 

4.3. Results 

4.3.1. Behavior 

Although a difficult discrimination task, subjects performed well, with an 

accuracy that was significantly above chance (50%) on face-retrocue trials 81% (SE = 2%; 

t28 = 14.552, p < .00001) and on house-retrocue trials of 71% (SE = 2%; t28 = 11.01, p < 

.00001). The difference between trial types was also statistically significant (t28 = 5.797, p 

< .00001). 

4.3.2. Decoding 

Alpha could be used to accurately decode the retrocued object starting at 480 ms 

and continuing until 940 ms (two-tailed cluster p-value < .001; Figure 10a). Decoding 
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ability then fell back to chance levels and did not ramp up in the time leading up to the 

probe (at 1700 ms; not shown). 

 

Figure 10: Decoding accuracy over time following the retrocue (t = 0). a) 

Accurate decoding of face vs house retrocues occurred from 480 to 940 ms. b) When 

fully controlling for spatial selection by training on trials in which the retrocued 

sample was above fixation and testing on trials in which it was below, face vs house 

retrocues could still be accurately decoded from 540 to 800 ms. c) Examining trials in 

which the retrocue referred to a sample that was above vs below fixation, while 

collapsing across face and house retrocues, accurate decoding only occurred in the 

lead-up to the probe, ramping up after 1420 ms until the probe at 1700 ms. Black lines 

show significant time periods after cluster based permutation testing. Shaded areas 

are ± s.e.m. 

Even though the location of the retrocued sample was orthogonal to the subjects’ 

discrimination task, and we collapsed across spatial location in the main decoding 

analysis, our task design does have a spatial component. Given the strong association 

between spatial selection and modulations to alpha, we sought to provide even stronger 

evidence that the alpha-based decoding here was specific to objects. To do this, we 

trained our classifier on face/house retrocue trials in which the face/house sample being 
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retrocued had been presented above fixation, and tested the classifier on trials in which 

the sample had been presented below fixation. Successful classification here can thus 

only be attributed to object-specific selection and not location-specific selection. Again, 

alpha could be used to accurately decode the retrocued object in a transient way, from 

540-800 ms (two-tailed cluster p-value = .002; Figure 10b). 

We then sought to understand any effect of location in our task. To do this, we 

looked at the ability to decode whether the retrocued sample had been presented above 

or below fixation, regardless of whether it was a face or a house. We found significant 

decoding accuracy, but only in the lead-up to the probe, starting at 1420 ms and ramping 

upward until probe onset at 1700 ms (two-tailed cluster p-value < .001; Figure 10c). We 

interpret this as a location-specific anticipatory modulation of alpha, given that the 

probe location was always 100% predictable for subjects. 

To investigate the temporal dynamics of this object-based selection, we also 

computed a temporal generalization matrix (Figure 11). Accurate decoding (two-tailed 

cluster p-value = .007) occurs transiently and is primarily limited to the diagonal of the 

matrix, reflecting activity that evolves in a time-specific manner and does not generalize 

to other time periods. 
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Figure 11: Temporal generalization matrix for decoding accuracy. The 

primarily on-diagonal decoding accuracy is reflective of time-dependent, and in this 

case relatively transient, processing. Colored (non-shaded) regions denote significant 

(p < .05) time periods following cluster-based permutation testing. 

To investigate which topographic patterns of alpha allowed for successful 

classification, we also plotted the forward-transformed classifier weight maps (Figure 

12). These weight maps look qualitatively similar to the alpha topography from the 

localizer task, which suggests that similar brain regions are being modulated when 
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viewing face and house images as when selecting face and house representations in 

WM. 

 

Figure 12: Forward-transformed classifier weights showing the activation 

pattern that allowed successful decoding between face and house retrocues. For 

comparison is the topographical alpha pattern for the face minus house image 

contrast from the localizer task. Note the qualitative similarity, especially from 880-

980 ms. 

4.4. Discussion 

As part of the broader effort exploring the relationship between attention and 

WM, we examined the temporal dynamics of selecting object representations in WM and 

the role of oscillatory alpha-band EEG in particular. We used a modified delayed match-

to-sample task in which one of two objects, either a face or a house, was retroactively 

cued and then probed on each trial. We trained a multivariate classifier on the alpha 

signal to see if it contained object-selective information, and assessed the classifier’s 

performance over time to examine the temporal dynamics of this information 

processing. We found strong evidence that alpha is in fact involved in object-specific 

selection, independent of its well characterized role in location-specific selection, which 
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points to a general mechanistic role for alpha in top-down selection processes. The 

temporal dynamics of this selection were transient, occurring from ~500-1000 ms and 

then subsiding well before the probe was presented. Thus, instead of a sustained 

attention account of WM, our results are consistent with a theoretical framework in 

which top-down control signals in the alpha band transiently modulate—strengthening 

and perhaps reconfiguring—WM representations in sensory cortex, which can otherwise 

be maintained in a latent, “activity-silent” state (Myers et al., 2017). 

4.4.1. Alpha is Associated with Object Selection in Working Memory 

We found that we could decode object-category information from the alpha 

signal from 480-940 ms after the onset of the retrocue. This analysis collapsed across the 

spatial location of the retrocued sample object—whether it had been presented above or 

below fixation—and location was orthogonal to the discrimination task subjects were 

performing. Still, recent evidence points to an essential role for space even in the storage 

of non-spatial information in WM (Pertzov & Husain, 2014; Schneegans & Bays, 2017), 

and numerous studies have shown that alpha is closely associated with spatial selection 

both externally and internally in WM (e.g., Foster et al., 2016; Myers et al., 2015; Samaha 

et al., 2016; Worden et al., 2000). Foster and colleagues (2017) showed further that alpha 

encodes spatial information during a WM delay, even when completely task-irrelevant. 

To provide the most stringent test that the decodable information in the alpha 

signal was specific to object category, and not location, we also trained a classifier on 
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face-retrocue (and house-retrocue) trials in which the retrocued sample had been 

presented above fixation, and tested the classifier on face-retrocue (and house-retrocue) 

trials in which the retrocued sample had been presented below fixation. Successful 

decoding here could thus only be attributed to object-category information, as the 

location of the retrocued object was fully controlled. Again, we found that object-

category information could be successfully decoded with a similar, transient timecourse 

of 540 to 800 ms after the retrocue. This is strong evidence that alpha plays a role in the 

selection of object representations in WM, independent of spatial selection. In addition, 

plotting the forward-transformed classifier weight maps, which show the topographical 

pattern of alpha that allowed successful classification and can be interpreted as neural 

sources (Haufe et al., 2014), shows a qualitatively similar pattern as to when subjects 

actually saw face and house images in the separate localizer task. While not conclusive, 

this is consistent with the fMRI evidence showing modulations to object-selective areas 

in response to retrocues (Johnson & Johnson, 2009; Johnson et al., 2007; Lepsien & 

Nobre, 2007; Lepsien et al., 2011) and with the sensory-recruitment hypothesis in 

general, which posits that top-down control signals operate on WM representations 

stored in sensory cortical areas involved in processing those stimuli in the first place 

(D’Esposito & Postle, 2015; Gazzaley & Nobre, 2012). This study adds to the existing 

fMRI evidence by providing insight into the temporal dynamics and neurophysiological 

signals (i.e., alpha) involved in these object-selective modulations. 
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While alpha certainly reflected object selection in our task, we also sought to 

understand whether it encoded spatial information about the retrocued sample as well. 

To examine this we trained a classifier to discriminate between retrocues that referred to 

samples that had been presented above fixation—regardless of whether it was a face or a 

house—and ones that referred to samples that had been presented below. Interestingly, 

there was no decodable spatial information until 1420 ms, just before presentation of the 

probe at 1700 ms, in contrast to recent findings that alpha could still be used to decode 

task-irrelevant spatial information (Foster et al., 2017). The probe location was always 

the same as the retrocued sample’s location, and thus subjects were always certain 

where the probe would appear and could prepare accordingly. Combined with the fact 

that decoding accuracy seems to ramp up before the probe onset, we interpret this as a 

location-specific preparatory modulation of alpha. This is consistent with the well-

characterized location-specific preparatory alpha found in numerous other studies (e.g., 

Grent-’T-Jong, Boehler, Kenemans, & Woldorff, 2011; Rihs et al., 2007; Worden et al., 

2000). We interpret these distinct selection mechanisms, first of the retrocued object and 

then of a location in preparation for the probe, as reflective of the general mechanistic 

role that alpha plays in flexibly carrying out top-down, goal-directed signaling (de 

Pesters et al., 2016; Jensen, Gips, Bergmann, & Bonnefond, 2014; Womelsdorf & Everling, 

2015). 
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The finding that alpha contains information about the retrocued object category 

and, in the latter part of the trial, spatial location seems to go against a recent study by 

Bae & Luck (2018) who found that only spatial information, and not featural information 

about a stimulus, could be decoded from the alpha signal (while both space and feature 

information could be decoded from sustained, <6 Hz EEG potentials). This difference 

could be attributable to the fact that their experimental paradigm did not involve any 

attentional manipulations, and the alpha signal here seems to function as a transient 

attentional selection mechanism. 

4.4.2. The Temporal Dynamics of Object Selection in Working Memory 

Classification accuracy was significantly better than chance starting at 480 ms 

after retrocue onset and continuing until 980 ms before going back to chance. In 

addition, the primarily on-diagonal decoding of the temporal generalization matrix is 

reflective of information processing that is relatively time-specific in its dynamics and 

does not generalize to other time periods. Together, these are suggestive of a transient, 

rather than sustained, selection mechanism. This timing is consistent with both 

behavioral studies on the benefits of retrocues (reviewed in Souza & Oberauer, 2016) 

and several recent studies examining the temporal dynamics of alpha in response to 

retrocued spatial attention (Myers et al., 2015; Poch, Capilla, Hinojosa, & Campo, 2017; 

Wallis et al., 2015; Wolff, Jochim, Akyürek, & Stokes, 2017). 
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We extend these results by reporting, for the first time, that similar temporal 

dynamics of alpha are at play in the selection of object representations in WM. Our 

results further show alpha flexibly shifts roles throughout a trial, going from being 

involved in the transient selection of the retrocued object to preparing spatially for the 

upcoming probe. In line with other recent findings that alpha dynamics can 

differentiate—online—between current and future goals in a WM-guided visual search 

task (de Vries, van Driel, & Olivers, 2017), this points to its role as a general top-down 

control signal that can manifest flexibly in line with current task goals, or with different 

facets of current goals. 

These results are not consistent with the idea that sustained internal attention is 

the mechanism of WM maintenance, as we would have expected to see a sustained 

ability to decode the object category during the delay period. Instead, they are consistent 

with an emerging literature and theoretical framework in which internal attention 

functions to transiently select relevant representations in WM, strengthening or 

“refreshing” (Camos et al., 2018; Chun & Johnson, 2011) those representations and 

perhaps altering their format to best guide future action (Myers et al., 2017). After this 

transient selection, “activity silent” mechanisms such as short-term synaptic plasticity 

(Mongillo, Barak, & Tsodyks, 2008) are sufficient to maintain those representations 

without a degradation in memory performance (Rose et al., 2016; Stokes, 2015; Wolff et 

al., 2017).  
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5. Conclusions and Future Directions 

The overarching goal of this dissertation has been to contribute to our growing 

understanding of the neural basis of consciousness. Fully characterizing the neural basis 

of consciousness is a much larger research program than that covered in any single 

dissertation, so the more specific goal here has been to break down this larger question 

into two complementary facets and explore research along each of those facets, namely 

levels of consciousness and the contents of consciousness. Levels of consciousness refers 

to the continuum between the rich conscious experience of being alert and awake to the 

subjective oblivion of being in a deep, dreamless sleep, or under general anesthesia. 

Chapter 2 investigated level of consciousness under general anesthesia, and specifically 

how changes to the brain under anesthesia can ramify on the cognitive abilities of older 

adult patients. Once of a sufficient conscious level to perceive anything at all, the 

contents of consciousness refers to the specific information that one is in fact perceiving 

at any given moment: sights and sounds, etc. in the external world, or experienced 

memories, emotions, or imagined futures from our internal worlds. Given the sheer 

complexity of our external and internal worlds, we need a mechanism to select and 

prioritize behaviorally relevant information over irrelevant, distracting information. 

That selection and prioritization mechanism is attention, and it thus shares an intimate 

relationship with conscious content. Chapters 3 and 4 specifically explored the 

relationship between attention and awareness, in one aim the mechanisms of the 
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unconscious orienting of spatial attention (Chapter 3), and in the other the attentional 

selection of internal object representations in working memory (Chapter 4). 

Levels of Consciousness 

Chapter 2 showed that one of the most profound changes to the EEG as patients 

descend from wakefulness to the anesthetized state—the anteriorization of alpha-band 

activity—correlates with preoperative cognition as measured by a validated battery of 

neuropsychological tests. Poor preoperative cognition is itself a risk factor for 

postoperative cognitive dysfunction, POCD, and may be a risk factor for delirium, 

which raises the possibility that a failure to undergo anteriorization might be a predictor 

for these postoperative issues as well. This correlation was shown not only in a sample 

of 15 older adult patients with 32-channel EEG recordings, but also an independent 

sample of 35 patients with recordings from the intraoperative BIS monitor, 

strengthening the confidence in this finding. 

One interpretation of this result is that the brains of patients with worse 

preoperative cognition are less able to undergo the changes to brain dynamics that lead 

to alpha anteriorization, which modeling work suggests arises from reciprocal 

communication between the frontal cortex and mediodorsal nucleus of the thalamus. 

This is perhaps due to compromise of these areas, which are critical to cognitive 

functions including attention, memory, and flexible cognitive control. Anesthesia and 

surgery, as stressors on the brain, thus seem to be unmasking brains that might already 
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be compromised and less flexible to begin with. Future studies with larger patient 

samples and more diversity in postoperative cognitive outcomes, which we have been in 

the process of collecting, will be able to shed further light on these issues. 

These results also suggest that lower intraoperative frontal alpha power could be 

used as a physiological marker to identify older adults with lower preoperative 

cognitive function, which could be used to target these at-risk patients for possible 

therapeutic interventions to help prevent postoperative delirium and POCD, or for 

increased postoperative monitoring and follow-up. More generally, these results suggest 

that understanding inter-individual differences in how the brain responds to anesthetic 

drugs can be used as a probe of neurocognitive function (and dysfunction), and might 

be a useful measure of neurocognitive function in older adults. 

Future studies will also look at the relationship between postoperative cognitive 

impairments and the amount of time spent in burst suppression, which, as discussed in 

the General Introduction, is another prominent feature of the anesthetized EEG that is 

closely related to the depth of anesthesia. Early indications from our own data point to a 

relationship between time spent in burst suppression and cognition as measured by the 

mini-mental state examination (MMSE), in that patients who spend more time in 

suppression tend to have lower pre- and postoperative MMSE scores (Gardner et al, 

2017, CNS Poster). While MMSE is a useful measure, it is not as richly diagnostic of 

cognition as our neurocognitive test battery, and thus our plan is to analyze the 
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relationship between that and burst suppression once we have collected enough patients 

to have sufficient statistical power. Our preliminary results (Gardner et al, 2017, CNS 

Poster) also looked specifically at frontal burst suppression—as have other recent 

published studies—but it will be useful to look at data from our full 32-channel 

montage, as recent research suggests that burst suppression can vary markedly in its 

spatial distribution (Lewis et al., 2013). 

Future studies will also examine the relationship between multiscale entropy 

(MSE) and cognitive outcomes. Several measures of entropy have been used to quantify 

signal complexity in the EEG and monitor the level of consciousness under anesthesia 

(Liang et al., 2015), but MSE is an improvement over other measures because it takes 

into account self-similarity over time, an important aspect of complexity. While others 

have used entropy measures including MSE to monitor the depth of anesthesia, none 

have explored the relationship of those measures with perioperative cognition. Recent 

work by a collaborator shows that an age-related reduction in postural complexity as 

measured by MSE can predict falls in older adults (Zhou, Habtemariam, Iloputaife, 

Lipsitz, & Manor, 2017), suggesting that this is a promising avenue of research to 

pursue. 

In closing, the goal of this aim has been to increase our understanding of changes 

to the brain as the level of consciousness is reduced under general anesthesia— 

including alpha anteriorization, burst suppression, and entropy measures—and to 
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examine how these changes ramify into cognitive impairment after. The hope is that by 

understanding more about these mechanisms and the manipulation of conscious level 

under anesthesia, we can help prevent—or at least ameliorate—these postoperative 

cognitive impairments. 

Contents of Consciousness 

The aim for this section has been to broadly explore the relationship between 

attention and awareness, and specifically to understand the role of attention as a 

selection mechanism for the contents of consciousness. Existing behavioral studies have 

shown that stimuli of which we are unaware can orient spatial attention and affect 

behavior, and Chapter 3 aimed to build on this literature by directly comparing the 

neural mechanisms between unconscious and conscious orienting. To do this, I 

employed a spatial-cueing paradigm and used object-substitution masking to 

manipulate subjects’ awareness of the cues. I recorded EEG during the task, from which 

I extracted hallmark event-related-potential (ERP) indices of attention. Behaviorally, 

there was a 61 ms validity effect (invalidly minus validly cued target RTs) on cue-aware 

trials. On cue-unaware trials, however, subjects also had a robust validity effect of 20 ms, 

despite being unaware of the cue. An N2pc to the cue, a hallmark index of the 

lateralized orienting of attention, was observed for cue-aware but not cue-unaware 

trials, despite the latter showing a clear behavioral validity effect. Finally, the sensory P1 

to the targets was larger when validly vs. invalidly cued, even when subjects were 
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unaware of the preceding cue, demonstrating enhanced sensory processing of targets 

following subliminal cues. These results suggest that subliminal stimuli can orient 

attention and lead to subsequent enhancements to both stimulus sensory processing and 

behavior, but through different neural mechanisms than stimuli we perceive, such as via 

a subcortical pathway. These results reinforce the idea that attention is not sufficient for 

awareness, and are consistent with the larger theoretical framework of GNWT (Dehaene 

et al., 2006, 2014). 

In contrast to Chapter 3’s exploration of external spatial attention, Chapter 4 

examined internal attentional selection, and specifically the role of alpha in the top-

down selection of complex object stimuli in working memory. An important aspect of 

this study was to investigate the temporal dynamics of this selection, which would bear 

on different proposed ideas for the relationship between attention and WM, namely 

transient selection vs sustained, active maintenance. 

I employed a modified delayed match-to-sample task in which both a face and a 

house were shown on each trial, and one of them was retroactively cued. Using a 

multivariate pattern classifier to decode the retrocued object, I found that alpha is 

indeed involved in the selection of object representations in WM, pointing to its 

generality as a top-down signal in the brain. Importantly, this selection was transient, 

occurring from ~500-1000 ms after the retrocue before subsiding in the lead-up to the 

probe, and did not generalize across time. These findings are consistent with recent 



 

110 

proposals of activity-silent working memory, in which attention functions to transiently 

select and strengthen representations in WM—and perhaps alter them to be more 

action-oriented (Myers et al., 2017)—rather than to actively maintain and sustain these 

representations. Instead of sustained activity, maintenance might be accomplished by a 

short-term plasticity mechanism (Mongillo et al., 2008; Trübutschek et al., 2017).  

A limitation of this study is that I did not specifically assess subjects’ awareness 

of the retrocued object on a trial-by-trial basis, and thus it is unclear exactly how the 

attentional selection of the retrocued object relates to subjects’ awareness of that 

representation. Future studies should seek to gather reports on the particulars of how 

retrocueing affects the contents of consciousness. 

In closing, the goal of this aim was to look at the relationship between awareness 

and both externally and internally directed attention. By helping parse the close 

relationships between awareness and attention, and attention and working memory, this 

work can help improve our understanding of how these important cognitive functions 

help guide behavior in our everyday lives. 
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