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ABSTRACT OF THE DISSERTATION

Neural Activation within Components of
Verbal Working Memory Following Sleep Loss

by

Benjamin Scott McKenna

Doctor of Philosophy in Clinical Psychology

University of California, San Diego, 2011
San Diego State University, 2011

Professor Sean P.A. Drummond, Chair
Professor Gregory G. Brown, Co-Chair

Total sleep deprivation (TSD) leads to neurobehavioral changes in experimental
tasks of alertness, attention, learning, and motor responses. However, results f
working memory (WM) studies are more equivocal. WM comprises multiple eggnit

processes and the cerebral basis of this differential vulnerability is n@hkno
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The current experiment utilized tasks employing parametric manipugatithin
an event-related functional magnetic resonance imaging (fMRQrésibetter
understand the cerebral basis for the differential effects of TSD on WM conipone
Specifically, the current study utilized fMRI with healthy young a(t= 20, ages 20-
35), who were scanned 12 hours after their habitual wake time and again 36 hours after
their habitual wake time in a counterbalanced design.

For an attention component, results demonstrated activation in neural regions
implicated in selective visual attention and frontal top-down control of the attahti
system when participants were attending to the stimuli. For a rehgaasatomponent,
results demonstrated activation in neural regions subserving rehearsal adéetcepis
encoding when maintaining information in WM. The attention component parameter
estimates from a mathematical model correlated with selective viseati@an brain
regions; whereas, the rehearsal span component estimates from the nmedherodel
correlated with brain regions subserving rehearsal processes.

Following TSD, there was a decrease in behavioral performance for théattent
component coinciding with decreases in activation (relative to when parteiparg
rested) in the selective visual attention system. For the rehearsal sgaomeoin there
was intact behavioral performance coinciding with increased activatiatiesto when
participants were rested) in brain areas subserving rehearsal peocBesults from the
mathematical model demonstrated a shift from the use of both rehearsal span and
episodic encoding when participants were rested to use of rehearsal span 80xing T

These data suggest that a mechanism for decreased performance andrattivati

verbal WM following TSD lies in impairment of the supervisory attentional Byste

XVi



Alternatively, behavioral performance related to the phonological loop andatssioci
neural substrates compensate in the face of TSD. The compensatory mecleanisno
be related to rehearsal processes as participants shifted from pismgjeeencoding to

phonological rehearsal during TSD.

XVil



INTRODUCTION

Given data showing adults in Western society are sacrificing sleep more
frequently, and therefore regularly functioning on inadequate sleep, it is anptut
understand how sleep loss impacts cognitive function. Additionally, sleep loss is
common in many neuropsychiatric and cognitive disorders. An important part of highe
order cognitive processes involve working memory (WM), which is genatefiged
as the temporary storage and manipulation of remembered information (Atkinson &
Shiffrin, 1971; Baddeley, 1986, 2000). WM is not a unitary process and is an integral
part of many other cognitive operations, from complex decision making to encoding
into episodic memory. While there have been considerable advances in the
understanding of WM, the neurocognitive mechanisms underlying each component of
WM are not completely understood. The impact of sleep deprivation on WM is even
more equivocal. Sleep deprivation studies using global measures of WM have
produced mixed results, with some studies demonstrating deficits (Choo, Lee,
Venkatraman, Sheu, & Chee, 2005; Polzella, 1975; Raidy & Scharff, 2005; M. E.
Smith, McEvoy, & Gevins, 2002), and others intact performance (Binks, Waters, &
Hurry, 1999; Nilsson et al., 2005; Wimmer, Hoffmann, Bonato, & Moffitt, 1992).
Furthermore, when deficits in WM are observed, it may reflect deficientidmnog of
a single cognitive process, multiple processes, or a more complicatedtiotethat a
global WM task cannot capture. Only a few studies have attempted to image the
specific components of WM (Champod & Petrides, 2010; Chang, Crottaz-Herbette, &
Menon, 2007; Rypma & D'Esposito, 2003), and fewer have examined different forms of

WM under the influence of TSD (Chee & Choo, 2004).



Under standing Wor king Memory

Both animal and human research has contributed to understanding how WM
functions. Seminal work done studying monkeys demonstrated that individual neurons
in the prefrontal cortex (PFC) sustain activity throughout the delay period cdyedel
response task (Fuster, 1973; Fuster & Alexander, 1971; Niki, 1974). This finding first
suggested a neural correlate for a process to maintain information in arstatieves
well as storage of that information (Hebb, 1949; Jacobsen, 1936). Within the field of
human cognitive psychology, Baddeley and Hitch (Baddeley & Hitch, 1974) introduced
the multiple component model of WM. This model has proven to be enormously
influential, spawning a large amount of research that continues unabated to this day.
This model initially proposed a set of subsystems controlled by a limipatita
executive system. These subsystems consisted of one for processingdatigeia
phonological loop), one for visuospatial data (the visuospatial sketchpad), and, more
recently, the episodic buffer for the integration of information from multiplecesur
(Baddeley, 2000; Baddeley & Logie, 1999). Goldman-Rakic integrated thelamdha
human approach proposing that the sustained delay-period activity in the PFC studied
by neuroscientists and the storage buffers of the multiple-component modeldeda
were cross-species manifestations of the same fundamental mental phenomena
(Goldman-Rakic, 1987, 1990). This conceptual integration of WM has given rise to a
“standard model” of WM, which acknowledges the importance of the PFC for the
integration of information within a multiple component system of WM. However, other
models of WM have been postulated that do not propose a multi-component system.

For example, Cowan proposed that the contents of WM are not maintained within



dedicated storage buffers, but rather are simply the subset of informationvtitatris
the focus of attention at a given time (Cowan, 1988, 1999).

Historically, studies in humans designed to identify neuroanatomical debstra
of WM relied primarily on dissociation paradigms in patients with centraboosr
system lesions (Hartley & Speer, 2000). However, lesion studies haveyialtedd
information about the functioning of the integrated network of brain regions forming the
substrate of WM. More recently, investigators have used functional brain imaging
methods in neurologically intact individuals to identify brain regions whose neural
activity is altered during WM. The brain regions activated during WM depend upon the
component WM process studied, the type of information to be retained, and whether the
information retained is manipulated or simply maintained over time (H&tteyeer,
2000). Consistent with the animal literature, reviews of functional imagialgest
consistently find that WM stimulates neural activity in the PFC while mé&ion is
maintained in an active state (Champod & Petrides, 2010; Curtis, 2006; D'Esposito,
2001). Activation within the dorsolateral PFC is thought to reflect a reorgamzati
material into familiar or regular structures, which would aid in increagiMycapacity
(i.e., increase rehearsal span; Bor, Cumming, Scott, & Owen, 2004; Bor, Duncan, &
Wiseman, 2003; Ericcson, Chase, & Falloon, 1980). Activation within the ventrolateral
PFC may reflect an explicit intention to remember or retrieve a givenlsis (Dove,
Rowe, Brett, & Owen, 2001; Henson, Shallice, & Dolan, 1999; Wagner et al., 1998).
The activation of these frontal subregions further depends on the type of material
studied, the extent to which information needs to be manipulated, the effort demanded

by the task, and the complexity of the motor planning required for a response, (Curtis



2006; D'Esposito, 2001; Mohr, Goebel, & Linden, 2006). Activation of the bilateral
and medial premotor cortices have also commonly been observed in studies of WM and
are thought to be involved in the maintenance of visuospatial attention during WM, a
process that is likely to be particularly important where delays are @dpmween a
stimulus and a response to that stimulus (Owen, 2000). Brain response in the inferior
parietal cortex is also commonly observed in functional brain imaging sicigM.
Posterior parietal activity seems associated with the recoding aadestufrsensory
representations during WM processing (D'Esposito, 2001; E. E. Smith & Jonides,
1998). Additionally, the intraparietal sulcus within the poster parietal cortelxeems
specifically associated with manipulation of information within WM (Champod &
Petrides, 2007, 2010).

Recent studies have explicitly tried to separate WM into specific component
processes such as the encoding, maintenance, and retrieval components @Merbal
Rypma et al. used event-related fMRI to differentiate verbal WM components
specifically within the prefrontal areas and found evidence consistent witiofalc
segregation of the PFC being based on the types of operations performed on
information held in WM (Rypma & D'Esposito, 2003). Chang et al. discriminated
verbal WM into the encoding, maintenance, and retrieval phases with a focus on the
basal ganglia and found that the anterior caudate may help link signalsnnotdisti
functional networks during the different phases of verbal WM (Chang, Crottaz-
Herbette, & Menon, 2007). Both studies utilized slow event-related designs topartit
WM into different “phases”, based on temporal sequences. More recently, Champod

and Petrides used a parametric event related design to dissociate the &dPFC



itraparietal sulcus in manipulation versus monitoring processes of verbal Wby

found the DLPFC was associated with monitoring of verbal information, whereas, the
intraparietal sulcus was associated with manipulation of the same information
(Champod & Petrides, 2010).

Although fMRI studies to date have advanced the identification of component
neural systems underlying WM performance, the results do not directly map onto
component processes postulated by cognitive theories (e.g., D'Esposito, 200¥). Litt
imaging research, for example, has focused on manipulating the capacity obtie ver
WM system (the phonological loop in Baddeley’s model), nor has there been much
imaging research that has focused on the attentional aspects of WM. Becaidé the
processes studied by the imaging community generally do not map easily amtiveog
theories of WM, the brain basis of cognitive theories of WM remains unclear.

This study examined brain systems underlying different components of verbal
WM by altering the demands placed on the storage component of verbal WM and by
the attentional demands of the task. We altered storage demands by manighdating t
lengths of the words to be studied, and altered attentional demands by visually
degrading words to be processed. These study variables can not only be dir¢etly rela
to Baddeley’s notion of the phonological loop and the supervisory attentional system,
they have also been shown to dissociate component WM processes in a previous
mathematical modeling study from Dr. Brown’s laboratory. We studied threesevent
during WM processing using event-related FMRI: presentation of stimuli, mamte

of information, and recognition of previously presented stimuli.



Working Memory and Seep Deprivation

Both behavioral and functional neuroimaging studies examining the impact of
total sleep deprivation (TSD) on WM have produced inconsistent results. Behaviorally,
a number of studies reported diminished WM function following TSD (Choo, Lee,
Venkatraman, Sheu, & Chee, 2005; Polzella, 1975; Raidy & Scharff, 2005; M. E.
Smith, McEvoy, & Gevins, 2002). Several other investigations, however, failed to
observe decreased performance (Binks, Waters, & Hurry, 1999; Nilsson et al., 2005;
Wimmer, Hoffmann, Bonato, & Moffitt, 1992). The inconsistency in findings across
these studies may result from the fact each measured only global workmgryn
scores (e.g., overall accuracy), even though the tasks each involved different
components of WM. Hypothetically, if the global measure used focused largely on
components of WM sensitive to the effects of TSD, then subjects should do poorly
when sleep deprived. Alternatively, if task emphasized WM components preserved
during sleep loss, then subjects should maintain performance.

As with behavioral studies, neuroimaging studies during TSD also show
inconsistent results that may be explained by the specific component of §uiveckin
each study. For example, arithmetic processing (Drummond, Gillin, Stridkeang, &
Brown, 1999; Thomas et al., 2000; Thomas et al., 1993) and maintenance of verbal
information (Habeck et al., 2004; Mu et al., 2005) typically result in decreased
activation associated with decreased performance following TSD. Tasksngqui
manipulation of verbal information, on the other hand, often show increased cerebral
responses during TSD (Chee & Choo, 2004; Chee et al., 2006; Drummond, Smith, Orff,

Chengazi, & Perlis, 2004). This increased activation is typically interpreted as



“compensatory recruitment.” Compensatory recruitment is defined asraasedn
activation following TSD, either in areas already activated weledest in new areas,

to preserve behavioral performance in the face of sleep loss (Drummond & Brown,
2001; Drummond et al., 2000; Drummond, Brown, Salamat, & Gillin, 2004,
Drummond, Gillin, & Brown, 2001). Chee and Choo performed the only neuroimaging
study, to our knowledge, attempting to differentiated components of WM in the context
of sleep deprivation. They used a block design with two WM tasks, one requiring
maintenance and the other maintenance plus manipulation. Findings showed greater
activation of the left dorsolateral PFC and bilateral thalamus when manipul@son w
required following TSD relative to when only maintenance was required (Clide4,
2004). Overall, these neuroimaging findings are consistent with our behavioral $inding
(see Preliminary Data) that different components of WM are diffetgmiianerable to

TSD and argue for the need to more systematically examine specifiogentp. The
current study used an event-related fMRI design to evaluate the diffesffgcts of

TSD on component processes of verbal WM by parametrically manipulatingattenti

and rehearsal span processes in rested and sleep deprived subjects.

Attention within Working Memory and Effects of Seep Deprivation

Attention refers to several different capacities or processes ¢thetlated to
aspects of how an organism becomes receptive to stimuli (Parasuraman, 188B&Pos
Petersen, 1990). These processes have finite resources as well asdihe lmathaor
disengagement to shift focus and for responsivity to either sensory or sestiamtics

characteristics. Successfully attending to an item with the goal ofiegléhat item to



be rehearsed in WM involves selective attention or the gating function of attentional
processes. This refers to the capacity to highlight the target stimulisupipFessing
awareness of competing distractions. For example, within WM, one must balance
his/her attention to newly presented items with the ongoing processing of lgurrent
active items. One must also balance the allocation of attention to currentited
items against the attentional requirements associated with encodingatoriior
future recall. In terms of Baddeley's model of WM, these attentional pracessde
related to the supervisory attentional system within the central execoim@oaent of
the model. This system was first proposed by Norman and Shallice (1986) to account
for two broad types data: absentmindedness in hormal participants (Reason, 1984), and
the disturbance of attentional control that frequently accompanies frangadléonage.
Patients with frontal lobe damage show attentional problems such as pensg\@rat
given act because an impaired supervisory attentional system has leadttoraheang
captured by the immediate environmental stimuli (Shallice, 1982). Within Batklele
WM model, the suspervisory attentional system subserves multiple typesnbioatin
WM including the capacity to focus, divide, and switch attention (Baddeley, 2002).
No one to our knowledge has examined selective attention in isolation within
WM tasks following TSD. However, there are other important aspects of attéimdit
have been studied within the sleep deprivation literature that shed light on how TSD
may influence attentional processes within WM. Sustained attention kefées t
capacity to maintain attention over a period of time. Tasks of sustained attention
typically show decreased behavioral performance following TSD, as weltesaded

cerebral activation in task-related regions (Thomas et al., 2000; Wu et al., 19@1). W



fMRI, our lab reported a diminished capacity for the brain to appropriatebate

resources to cortical regions associated with sustained attention after 8 8&ur
(Drummond et al., 2005). On the other hand, the brain does not always show decreased
responses to attentional challenges during TSD. Our lab reported increasstbacti

and intact performance following TSD on a divided attention task (Drummond, Gillin,

& Brown, 2001). Divided attention involves the ability to respond to more than one

task at a time or to multiple elements or operations within a task. Similartgsret al.
reported increased thalamic activation on a brief selective attention Haskrig TSD

(Portas et al., 1998). These studies demonstrate the differential effe@ @inTS

attentional processes. However none have studied attention within the context of WM.

Rehearsal Span within Working Memory and Effects of Seep Deprivation

Rehearsal is any repetitive mental process that serves to lengtheratinendafr
a memory trace (S. C. Brown & Craik, 2000), though it does not necessarily ensure
permanent storage of information. Similar to attention, rehearsal span (i.e., the numbe
of items one can actively rehearse at any moment) is limited. Thesequantification
of the capacity limit associated with working memory was proposed byrNi®56),
who stated that seven chunks of information could be maintained at one time.
However, rehearsal span varies individually, depending on the level of conoentrat
the strategy employed, environmental factors, the properties of tangeli,sand
amount of sleep (Brown & Donenfeld, 1982; Hulme & al., 1995). More recently
Cowan (2001) proposed that WM has a capacity of about four items in young adults.

Within Baddely’s multi-component model of WM, the rehearsal loop process is
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postulated to involve a phonological store and an articulatory rehearsal systees Tra
within the store were assumed to decay over a period of about two seconds unless
refreshed by rehearsal processes akin to subvocalization (Baddeley & Hitch, 1974)
No study to our knowledge has studied the impact of TSD on rehearsal span in
isolation, only in the context of overall WM abilities. For example, a few studiee
manipulated the amount of information to be rehearsed within a delayed match-to-
sample task. The authors found reduced expression of activation in an overall network
with reductions in recognition accuracy following 48 hours TSD (Bell-MgGenal.,
2004; Habeck & al., 2005). Specific brain regions showing decreased activation
following TSD included the parietal, occipital, and temporal lobes (Brodmann& Are
[BA] 7, 40, 37, 38, 39, 18, 19). This study, however, focused on activation within an
entire network of brain regions covering all task demands and did not isolate cimnges

the cerebral correlates of rehearsal span itself following TSD.

Individual Differencesin Response to Seep Deprivation

Another set of findings within the sleep deprivation literature relevant hele dea
with the identification of individual-level differences in the response to TSD.
Anecdotal observations from the majority of sleep deprivation studies suggest that som
individuals do well after TSD while other individuals show large performanceitdefi
Only recently have studies attempted to examine these differences steraatjcally.
Van Dongen et al. reported that there are differences among individualg@sploase
to TSD on specific neurocognitive domains (Van Dongen, Baynard, Maislin, & Dinges,

2004). They further report, as do LeProult et al., that these differences aiéajplant
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and consistent across time (Leproult et al., 2003; Van Dongen, Baynard, Maislin, &
Dinges, 2004). Frey et al. extended these behavioral findings to report that an
individual’s vulnerability or resiliency to TSD depends on the specific taskiardm
(Frey, Badia, & Wright, 2004). Our study utilizing verbal WM tasks further tedor

that an individual’s vulnerability or resilience to TSD varies not just with the bag

with the specific component of WM examined even within a single task (Turner,
Brown, & Drummond, 2007; see Preliminary Data). Recent neuroimaging studies have
also reported stable individual differences in the response to TSD. For example,
multiple studies found that following TSD sleep deprivation-resilient subljests
significantly more brain activation than sleep deprivation-vulnerable dslfiebee &
Choo, 2004; Drummond et al., 2000; Drummond, Meloy, Yanagi, Orff, & Brown, 2005;
Mu et al., 2008). Lim et al. observed the most robust marker of this cerebral
vulnerability/resiliency to TSD was the change in the intra-individual véitiabf

reaction times in a WM task (Lim, Choo, & Chee, 2007).

Sgnificance

Sleep deprivation has become a common occurrence in Western society, and this
has significant impacts. Sleep loss decreases productivity (Kuppermari&9%) and
doubles the risk of accidents (Melamed & Oksenberg, 2002), with accident-related c
estimated at $43-56 billion/year, in 1988 dollars (Leger, 1994). This study examined
how changes in brain function during TSD lead to altered performance and how these
changes vary with specific cognitive processes and across individuals. khieexa

the effects of TSD on 2 components of verbal WM, a cognitive process underlying
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many daily activities. This study is significant for several@aas First, scientifically,

it will advance our understanding of both WM and the neurophysiological impact of
TSD by a) basing the FMRI analysis on a parametric manipulation of ispafdf
components, and b) systematically examine how specific components of verbaleWM ar
altered by TSD. Second, health-wise, our tasks and variants of the tasks have been
validated and shown to identify discrete deficits in not only TSD, but also
schizophrenia, bipolar disorder, and lesion patients (Brown et al., 2007; Brown &
Turner, 2010). Thus, understanding changes in brain function in a controlled TSD
environment may help inform sources of deficits in other populations. This has
important implications for clinical research, because many clinisatdiers have sleep
loss as a core component (e.g., depression, anxiety, TBI, Alzheimer’s Dementi
Understanding how WM changes with sleep loss will help determine the extent to
which deficits in clinical populations may be due to sleep deprivation genesally
features specific to the disorder itself. Third, our findings may more sdgifacd in
developing interventions for those prone to sleep loss, including not only clinical
populations but also emergency personnel, military forces, truck drivers, and even
frequent business travelers. For example, individuals resilient to decliredeearsal
span might be selected for duties requiring manipulation and management plemulti
pieces of information over sustained periods of time. Individuals experiencing a
significant drop in attention during sleep loss might benefit from altering \asipaicts

of a display to make the stimuli more engaging or less attention demanding.llWe wi
extend knowledge of the differential task-related effects of TSD on tcagby

examining the behavioral and cerebral effects of TSD on specific components of verbal
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WM. The cerebral effects were examined at three events within the Vékbahsks:
during presentation of the stimuli (Learn), during rehearsal of the stinehie@se),

and during a forced choice recognition test (Recognition).

Soecific Hypotheses

Aim one of this study is to examine the brain regions underlying each of two
component processes of working memory assessed using fMRI when patrticipants are
well-rested. We hypothesize that an attention manipulation will be correldtethes
blood oxygen level dependent (BOLD) signal in the bilateral premotor cortice§)BA
left precuneus (BA 7), and left fusiform gyrus during the Learn evifd further
hypothesize that a rehearsal span manipulation will be correlitethe BOLD signal
in theleft lateral and inferior posterior parietal cortex (BA 39, 40) anddiefsolateral
prefrontal cortexBA 9, 46) during the Rehearse evehsstly, we hypothesize a
double dissociation where the attention manipulation will produce BOLD changes in
task-related areas during the presentation of the stimuli (Learn) and muj theri
rehearsal period (Rehearse). Alternatively, the rehearsal span mianipwid
produce BOLD changes in task-related areas during the rehearsal petheade) and
not during presentation of stimuli (Learn).

Aim two isto examine the effects of 36-hours of TSD on cognitive performance
associated with two component processes of working memory. We hypothesire that i
rested participants, accuracy will decrease and reaction time wébseRs each
cognitive process is manipulated to become more difficult. There will alsiNlgha

by Difficulty interaction such that, following TSD, harder versions of eash all
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show greater impairment than easier versions. This effect will be strmnglee
rehearsal span manipulation than for the attention manipulation.

Aim three is to examine the effects of 36-hours of TSD on brain regions
underlying two processes of working memory as assessed with fMRI. Wéagizet
that at the group level, a Night by Difficulty interaction will occur such tleéigwing
TSD, harder versions of each task will show greater decreases in BQidDisig
regions listed in the first aim for the attention and rehearsal span proaetises
stronger effect for rehearsal span during their respective events (led&Rehearse).
Lastly, we hypothesize that there will be a positive correlation between individua
changes in attention (assessed with task performance) after TSD and B@&Drs
dorsal thalamus. This BOLD response will represent compensatory recruibment
those relatively resilient to the effects TSD on attention. There will not be

compensatory activation for the rehearsal span manipulation.



PRELIMINARY DATA

Brown et al. developed and validated a continuous paired-associates test
(CPAT) that uses a computational model to isolate three components of verbal WM:
attention, discplacement (the inverse of which is rehearsal span if assugeongetric
distribution), and episodic memory (Brown et al., 2007; Brown & Turner, 2010). The
CPAT presents verbal nonwords and has participants identify the nonword. The
number of intervening test and study conditions between presentation of the tajet w
and testing of item recognition are study lags, which vary throughout the test from 0O
(the item just studied) to 4 lags (the item studied four trials previously). &¥e al
performed a behavioral study of TSD utilizing this task and found evidence for a WM
component-dependent explanation of TSD effects. Forty healthy young adéts wer
studied, using the same inclusion/exclusion criteria proposed for this stutiyested
and after 41 hours TSD. At the group level, each component of WM was differentially
affected by TSD. The displacement component showed the biggest decline in
performance, with an intermediate (non-significant) decline in the attecdimponent,
and no observed change in the episodic memory component (Turner, Brown, &
Drummond, 2007). We also found both inter- and intra- individual differences in the
impact of TSD. For each task component, some participants were resilienette the
of TSD (i.e., the parameter estimate for that component decreased minifrzlbfl),
while others were vulnerable (the parameter estimate decreased congjderabl
Similarly, any given subject was not vulnerable or resilient across edl tamponents,
but rather showed differential vulnerability on specific components. These results

suggest that the verbal WM task was able to differentiate the impact of TSD on

15
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different components of WM both between and within individuals. This, in turn,
suggests the task should be useful for understanding cerebral changes wids TSD
well. The current study focused on the two verbal WM components that showed a
decline with TSD in this initial behavioral study: attention and displacerebetrsal
span.

We considered administering this identical task for the current study, but
decided for several reasons, in favor of using a parametric approach to isolate
components of verbal WM. First, the original task would require comparing parameter
from a computational model of the data to BOLD signal data in order identéigred
substrates of each WM component, and this has not been validated with fMRI. Second,
using parametric manipulations of the processes of interest to identifydhantel
cerebral substrates is a very common technique in fMRI researald{imgin TSD)
and does not directly rely on the computational model. Third, the variant tasks based on
the CPAT, but designed for the fMRI environment allow us to focus specifically on
attention and rehearsal span, and not episodic memory. While a function of WM is
often to encode information into long-term memory, studying the episodic memory
component here would detract from the main focus on WM processes.

Thus, we used variants of the CPAT task, based on research of Brown et al.
(2010). Brown et al. used tasks similar to the one in our preliminary work discussed
above to isolate attention and rehearsal span processes through parametric
manipulations of specific attributes of the stimuli, while using the sameotygtemuli
and basic presentation paradigm as in our TSD study. Brown et al. selealieedyl

attention through manipulating the degree of stimulus degradation (0% or 40% of pixels
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changed to the background color). Results demonstrated that task performance, and the
attention parameter from the computational model, were significantly iegpiairthe
40% degradation condition at the shortest presentation time. Importantly, this
manipulation did not significantly affect the displacement parameter.labespent
(the inverse of which is rehearsal span if assuming a geometric distribuéien)
isolated by manipulating word length via varying the number of syllablesimstady
word (2, 3, or 4 syllables). The results indicate a linear decrease in perfoanaree
increase in the displacement parameter from the model with increasingrawhbe
syllable. The attention parameter in this task was not significantistedfe

Based on the information learned in these previous studies, we developed tasks
specifically for this project, and conducted a series of pilot studies. In partiad
created two tasks based on a delayed match-to-sample paradigm that would be
appropriate for the fMRI environment: one focused on the attention component of WM
and one focused on the rehearsal span component. Briefly, the tasks consist of a study
stimulus followed by a rehearsal period and then a forced choice recogniiimh pe
(with two options). The stimuli are always multi-syllabic pronounceable nonwords.
We employed identical manipulations as Brown et al. within this paradigm bylyisual
degrading 2-syllable nonwords presented for 2000ms by 0% or 40% (attentional
manipulation) in one task. For another task we present either 2 or 3 or 4 syllable
nonwords for 3000ms (rehearsal span manipulation). Additionally, we decided to break
each task into two versions, which are run sequentially with 7 stimuli per condition in
each version. This was done to provide a short break for sleep deprived participants in

between versions and to control for time on task effects and linear drift in the BOLD
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signal within the MRI scanner. Thus, there are 14 stimuli per condition for each
manipulation (see methods: verbal WM tasks for a detail explanation of the td#ks)
initially piloted these tasks with 6 participants randomly assigned to eachicondit
(attention or rehearsal span manipulation) and randomly assigned to a version of the
task (two versions given at each time point). Participants were studied ah&vo t
points, one week apart, to examine the behavioral effects of the manipulationsdrepeate
measurement effects, and to compare the equality of the different verktbegasks.
First, we examined if there was a difference between the 4 versions oaglacising a
one-way ANOVA averaging across the time points for each level of each task on the
outcome variables of accuracy and reaction time. Importantly, there wegnificant
differences between the means across each version of either task orthenguitome
variables.

For the rehearsal span manipulation, we used a 2 (time) by 3 (syllablepdepeat
measures ANOVA to examine accuracy and reaction time. For accuracy, we found a
significant main effect for syllable §z= 13.13,p = 0.014, partiah’ = 0.767, see figure
1), but not a significant interaction (partigl= 0.338) or a significant main effect of
time (partiam?® = 0.009). To follow up the significant main effect of syllable, we used
Bonferroni corrected contrasts and found a significant difference betwsdal3esand
2-syllable nonwords (= 14.24 p = 0.02, partiah® = 0.781), and a significant
difference between 4-syllable and 3-syllable nonworeg £F1.3.01,p = 0.023, partial
n®=0.765). Similarly, for reaction time, we found a significant main effect ftatsgl
(Fo.4=59.57p = 0.004, partiah® = 0.975), but not a significant interaction (partjaE

0.453) or a significant main effect of time (parijal= 0.001). Following up the
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significant main effect of syllable we again found a significant diffee between 3-
syllable and 2-syllable nonwords; (= 91.23,p = 0.001, partiah® = 0.958), and a
significant difference between 4-syllable and 3-syllable nonworgs<(B3.66,p =
0.003, partiah? = 0.916). Thus, it seems that as the rehearsal span is taxed with
increasing difficult verbal information to maintain in WM, participants desgreéa their
accuracy and increase in their time to respond on a recognition test (seé)igure
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Figure 1: Performance on the syllable manipulation task.

For the attention manipulation, we used a 2 (time) by 2 (degradation) repeated
measures ANOVA to examine the same outcome variables. We did not find a
significant interaction (partial®> = 0.078), or any significant main effects (partjak
0.078 for main effect of time, partigf = 0.012 for main effect of degradation) for
accuracy. For reaction time, we also we did not find a significant interactidia(pa
= 0.173), or any significant main effects (partjak 0.001 for main effect of time,
partialn® = 0.112 for main effect of degradation). Based on this negative finding and

the relatively small effect sizes, we decreased the presentatioafttheestimuli from
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1000ms to 600ms in order to increase the difficulty for this task in an attempt to
strengthen the effect of degrading the stimuli. We decided on this approach based on a
previous finding by Dr. Brown where the attentional effect was strongest in hi
experiment when the presentation time of the stimuli was decreased from 3000ms
1000ms. Therefore, by decreasing the presentation time to 600ms we would expect
even greater effects for the attentional manipulation. We choose 600ms based on
research from Baddeley who demonstrated that one syllable takes 300ms to be
rehearsed once (Baddeley, 1986). Using 600ms should thus allow enough time for our
2-syllable nonwords to be rehearsed once while still displayed, allowingrthéi $0

enter the WM buffer for subsequent rehearsal. We studied an additional 5 participants
with this new degradation manipulation task at one time point. Using a one-way within-
subject ANOVA we found no significant differences between the degradedisdimd
nondegraded stimuli in accuracy (parjaE 0.400) or reaction time (partiaf =

0.069). However, we observed a larger effect size for the 600ms presentation time
suggesting decreasing the presentation time to 600ms increased the yitiioeit
non-significantly in such a small sample. While there may not be a behaviect| i

does not exclude the possibility for a BOLD effect with fMRI. It may takecased

activity, particularly in visual attention regions, to correctly identifg place degraded
nonwords into WM phonological processing compared to non-degraded nonwords.
This would show increased task-related activity in the attention manipulation wi
comparable behavioral performance between conditions. Additionally, tlagrberan
interaction with sleep deprivation such that when sleep deprived there is antiffler

response in activity in the brain and in behavioral performance between condiams
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example, Portas et al. found increased activation in the thalamus on a seltstivenat
task when participants were sleep deprived compared to when they weresteel)-re
despite no change in performance (Portas et al., 1998).

We next examined these tasks using fMRI with 6 participants. The methods are
identical to the WR portion of the current study (see methods). Behaviorally, we
replicated all the results found in the behavioral pilot analyses, with thptexcef a
non-significant decrease in accuracy from presentation of 2-syllable ttaBlsy
nonwords in the rehearsal span manipulation. Thus, while there was still mairogffect
syllable, the significant decrease in accuracy was when participapresented with
4-syllable nonwords.

In terms of the BOLD response, we examined clusters of activation redated
three events of the tasks: presentation of the stimuli (Learn), the &hsared
(Rehearse), and the recognition test (Recognition). We expected to se@activa
related to the attention manipulation during the learn event when participanisrage tr
to learn degraded versus non-degraded nonwords. We expected to see activibn rela
to the rehearsal span manipulation during the Rehearse event when particgpants ar
actively trying to keep nonwords that vary by syllable length maintained in WM
Therefore, we initially examined these two events for their respectinguiation.

For the attention manipulation, we found several significant clusters of
activation in task-related areas (see table 1) when we contraste@Ltibediynal for
degraded versus non-degraded nonwords during the Learn event. We found greater
activation in the bilateral fusiform gyri when participants were predenitih degraded

nonwords than when they were presented with non-degraded nonwords. Prior research
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has found the left fusiform gyrus to be particularly important for word regognit

(Dien, 2009) and activity in this area would be expected to be greater when the nonword
is degraded and thus harder to recognize. Additionally, we found activity in the right
medial lingual gyrus, which was greater for presentation of non-degraalede¢graded
nonwords. While this is counter-intuitive, this activity may reflect diffeesnn ventral

visual processing of the information, or some semantic memory strategy used by
participants, which is more effectively employed when the nonword is identifeel m

easily (e.g., non-degraded). Indeed, research has shown differemnati@ctn the

lingual gyrus dependent on the memory strategy used (Yumiko et al., 2004).

For the rehearsal span manipulation, we found several significant clusters of
activation in task-related areas (see table 1) when we contrasted ltbedgfDal for 4-
syllable to the other syllable during the Rehearse event. These areas inclabedl bil
dorsolateral PFC (BA 9), left anterior PFC (BA 10), bilateral premotaicesr(BA 6),
bilateral supramarginal gyrus (BA 40), and right superior parietal lobe (BAIVpf
the clusters showed greater activation when participants were acéhelyrsing 4-
syllable nonwords than when they were rehearsing the 2- and 3-syllable nonwords.
Activation in these areas are often found in studies of WM. The bilateral dorablate
PFC, in particular, is thought to be important for organizing WM contents that then
serves to facilitate memory by reducing the overall cognitive load. Thtls as
phonological processing is taxed with more information to keep in an activelstate, t
increased activation in the dorsolateral PFC facilitates the mainteobiias
information. Activation of the bilateral premotor cortices is thought to rethect

maintenance of visuospatial attention during rehearsal, while activation ofeherinf
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parietal lobes is thought to be sensitive to the amount of phonological encoding or
recoding that is required by a given condition. Interestingly, we found noisagif
clusters of activation when we broke apart the “other syllable” group and cedttiast
BOLD signal for 3-syllable to 2-syllable nonwords. This is consistent Wwih t
behavioral results where we did not find a significant difference in accheaayeen 2
and 3-syllable nonwords in our sample. In other words, for our small sample of
participants, it seems that 3 syllable nowords did not significantly tax the WM
phonological processing beyond that of 2-syllable nonwords.

Next we probed for significant clusters of activation related to the taskseve
we would not expect our manipulations to activate. For example, we examineq activit
in task-related areas in response to the attention manipulation during the Retieatse
and activity related to the rehearsal span manipulation during the Learn evetite For
attention manipulation, we did not observe any significant activation during the
Rehearse event suggesting that once participants processed the nonword eyVM, t
use the same level of activity to maintain the nonword regardless of that nonwayd bein
degraded or non-degraded. For the rehearsal span manipulation, we found significant
clusters of activation in many areas involving visual perception and processing (e.
occipital to temporal pathways and frontal eye fields) when contrasting Blsytibethe
other syllable nonwords consistent with the added demands of visually processing
longer nonwords. Importantly, in terms of task-related activity we only olaserve
activity in the right dorsolateral PFC, which overlapped with the right freyealfields,
suggesting such activation may be related to reading longer stimuli. Wheastiogt

3-syllable to 2-syllable nonwords we observed less overall activation which estly m
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constrained to the bilateral occipital lobes. These findings suggest that whende
nonwords, the differences in activation related to manipulation of syllablénlesftgct

the added need for visual processing in the presence of longer nonwords. Based on this
result, we added a series of X’s to the end of the 2 and 3 syllable nonwords to make

each word the same length visually (see methods: verbal WM tasks).

Table 1: Regions of significant brain activation following parametric manipulations

Rehearsal Span Manipulation for Rehearse Attention Manipulation for Learn
Talairach Brodmann Talairach Brodmann

Brain Regions  Coordinates areas Brain Regions  Coordinates areas
L APFC 28L, 50A, 21S 10 L Fusiform 28L, 56P, 10l 37
L DLPFC 46L, 6A, 28S 9 R Fusiform 36R, 41P, 101 37
R DLPFC 49R, 11A, 29S 9 R Lingual 7R, 75P, 4S 18
R DLPFC 34R, 31A, 33S 9

R IPL 45R, 41P, 40S 40

L IPL 51L, 48P, 48S 40

L IPL 39L, 53P, 40S 40

R SPL 32R, 60P, 42S 7

L Premotor 35L, 5P, 62S 6

R Premotor 32R, 2P, 58S 6

Each entry represents a significant cluster ofvatitn. L: left hemisphere; R: right hemisphere;F&P
anterior prefrontal cortex; DLPFC: dorsolateralfpyatal cortex; IPL: inferior parietal lobe; SPL:
superior parietal lobe; Premotor: premotor corfexsiform: fusiform gyrus; Lingual: lingual gyrus.
Clusters for the rehearsal span manipulation reptafose found during the Rehearse event when
contrasting 4-syllable to the other nonwords. @tssfor the attention manipulation represent tHosad
during the Learn event when contrasting degradewtedegraded nonwords. The magnitude of
activation of every voxel of each cluster was digant at a minimum t-value of 3.682, degrees of
freedom = 5.



METHODS

Participants

Twenty healthy participants (11 females) were studied with a mean age of
24.5+3.5 years and a mean education of 16.15+1.5. This is the age range used in our
lab’s previous TSD studies and helped to minimize potential aging effectsprasige
fMRI measures. Fifty percent of the sample was Caucasian, 35 percent Asian
American, 10 percent Hispanic, and 5 percent African American. Participamts wer
recruited from the general San Diego community and the University doadi, San
Diego (UCSD) campus. Each subject spent 2-3 weeks in the study (see table 2 for

study timeline).

Table 2: Study timeline

Week Appointment Length Data Collected
Pre-Week Study Overview & Initial 20-30 minutes  Telephone screen

1 Screen

Week 1 Informed consent 2-3 hours Screening appointment

Screening: H&P, SCID,
questionnaires, WRAT, take
home sleep diaries &
actigraphy

Week 1 Sleep diaries and actigraph 0.5 hours Evaluation of sleep diaries
and actigraphy for eligibility

Cognitive and

Orientation to FMRI phase 1 hour . :
Neuropsychological testing

Week 2/3 Screening PSG overnight Sleep evaluation for
eligibility
FMRI scan and cognitive

Counterbalanced Norm FMRI 1 hour !
performance testing

Week 2/3 Counterbalanced TSD FMRI 1 hour FMRI scan and cognitiye
performance testing

25
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Screening

Eligibility determination occurred in three steps. Initial screeningpatficipants
took place via telephone. Participants were given an overview of the studytand, a
providing verbal consent, were screened with questionnaires covering the major
inclusion/exclusion criteria. Second, those not excluded for obvious violations of
eligibility received an in-person screen, including medical history d] &Structured
Clinical Interview (SCID), Wide Range Achievement Test — 4th edition (\WRA
word reading test, Weschler Memory Scales — 3rd edition (WMS-3) spatmehagda
letter-number sequencing subtests, Horne-Ostberg Morningness-Eveningresar®t
the Edinburgh Handedness Inventory to further establish eligibility. Infororeskaot
was signed at the beginning of this first in-person meeting accordinggaittedines of
UCSD, San Diego State University (SDSU), and the VA San Diego Heat8gatem.
Finally, a sleep study at the UCSD Laboratory for Sleep and Chronobiology was
conducted to screen for unreported sleep disorders. The sleep study occurred the night
immediately preceding the first experimental night and consist of a sthodamight
polysomnography (PSG).

The inclusion/exclusion criteria take into consideration both the TSD and the
fMRI portions of the protocol and match the criteria used in our lab’s previous TSD-

FMRI studies. (see tables 3 and 4). Inclusion criteria inclajleidht-handed, b) 18-39

years-old, cr12 years education and word reading skills; dtaled score of 8 of the
WMS-3 spatial span and letter-number sequencing subtests, and e) having a consistent
sleep-wake schedule that includes 7-9 hours of overnight (i.e., between 20:00 — 08:00)

sleep each night. Exclusion criteria includgdany self-reported or PSG-identified
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sleep disorder, b) any personal history of Axis | psychopathology or immeaiaily f
history of mood or psychotic disorders, c) personal history of significant head mmjury,
current use of any nicotine product or history of use in the past 2 years, or regular
consumption of more than 400mg of caffeine or two ounces of alcohol per day, and f)
positive urine toxicology screen for illegal substances. Given the visualitgyafahe
stimulus and its presentation, anyone with non-correctable vision impairmeatsoas

excluded. Finally, anyone not appropriate for fMRI scans will be excluded.

Table 3: Major inclusion criteria

Inclusion Criterion

Sour ce of | nformation

7 - 9 hours total sleep time per night, and

daytime nap per week, no complaint of
impaired daytime performance

PSG

<Ahone Interview, Sleep Diaries, Actigraphy,

Table 4: Major exclusion criteria

Exclusion Criterion Sour ce of Exclusion Criterion Sour ce of

Information Information
Family History of Interview during Left-handed Phone Interview,
Mood or Psychotic SCID Edinburgh

Disorder

Handedness Inventor

Respiratory
Disturbance Index >5

PSG Screening

Loss of consciousn
>15 minutes

eBhone Interview,
Medical History

PLM w/arousal Index
>10

PSG Screening

Inappropriateness foPhone Interview,

MRI

Medical H&P, SCID
(i.e., anxiety)

Personal History of
Axis | disorder

SCID

>400mg caffeine or J
oz alcohol per day, of
any nicotine

Phone Interview,
Medical History &
Physical, SCID

Use disallowed
medications/drugs

Phone Interview,
Medical History
& Physical,
SCID, toxicology
screens

Education < 12 years

and/or word reading ¢

12 years

Phone Interview,
SCID, WRAT word
reading test

Morningness
chronotype: score <
31 or Eveningness
Chronotype: score
> 69

Horne-Ostberg
Morningness-
Eveningness
Scale

Impaired working
memory: Scaled scor
<8

WMS-3 spatial span
eand letter-numbering
subtests
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Orientation

Participants who remained eligible after all screening appointmentge ier
Experimental phase. The day prior to the first fMRI session, participants umd@mnve
orientation where the experiment was explained and participants had the oppastunity t
train to criteria on the cognitive tasks used during the fMRI sessions ioaknany
practice effects. Before each fMRI the CPAT (an additional verbating memory
test; see preliminary data) was given to minimize the time betweehd®R collection

and CPAT performance.

Experimental Procedures

The Experimental Procedures consisted of two fMRI scanning sessions,
scheduled in a counterbalanced order: 12 hours post-awakening after the Norm night
and following 36-hours of TSD. We decided on 36-hours of TSD for two reasons: 1) it
allows us to image a subject at the same point on their circadian cyclensadhb ti
prevent confounds in the BOLD signal due to circadian rhythms; 2) this is a standard
length of TSD used in the sleep deprivation literature and one that has been used many

times within our lab.

Habitual Night (Norm)

For the Norm night, we recorded participant’s sleep the week before the
appointment with actigraphy. Participants were required to sleep between 7 and 9 hour
each night going to bed and waking up around the same time. They arrived at the

laboratory in the evening of their appointment. We recorded a standard PSG to screen
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for any sleep disorders. Upon awakening participants were allowed éotheav
laboratory and engage in their daily activities, but were allowed to driféirmaf2

hours post wake or have any alcohol throughout the day. Twelve hours post wake the
participants returned to the laboratory and were escorted to their scansiog s¢she

UCSD Center for functional MRI.

Total Seep Deprivation (TSD)

During TSD, we recorded participant’s sleep the week before the appointment
with actigraphy. Participants were required to sleep between 7 and 9 hdursgic
going to bed and waking up around the same time (same as in the Norm condition).
Participants arrived at the laboratory in the evening and remain in the lousrgegby
being kept awake through ad libitum activities with staff (including thedtigtantly
ensuring the subject was awake. Light snacks were provided overnight and ereals w
provided during the day. No exercise more strenuous than walking was allowed, nor
was any form of stimulant. Wakefulness was documented through 1) staff dogplet
monitoring log every 15 minutes that documents participant’s activities andlmenta
status, and 2) actigraphy. Every four hours, staff obtained vital signs. Both Dr.
Drummond and our research nurse were on call during all TSD periods. These are the
same conditions under which participants in our current TSD studies are kept. Over the
past 5 years, we have conducted about 180 patient-nights of TSD and only 2
participants have been unable to remain awake. At 36-hours TSD, participants were
escorted to their scanning session. Following this session, participants hadaiméoopt

spend a night in our lab to sleep, or to have a friend or taxi drive them home.
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Verbal WM tasks

These tasks follow a delay match-to-sample paradigm. Each trialtsoofsis
study stimulus followed by a rehearsal period and then a forced choice remogniti
period. The stimulus to be remembered was always a multi-syllablic pronounceable
nonword. The effects of stimulus degradation and word length on brain activity during
WM were studied on separate runs. For the stimulus degradation (attention)
manipulation the stimuli were 2-syllable nonwords that were either debd@dé or
0%, with 7 stimuli in each condition. Each nonword was represented in a pixel matrix
where image color could be coded in MatLab. For non-degraded nonwords the full
stimulus was presented in black pixels against a white background. For 40%edegrad
nonwords, 40% of the black pixels were randomly set to gray. For the syllable lengt
(rehearsal span) manipulation the stimuli were 2, 3, or 4-syllable nonwords, adpin wit
7 nonwords in each condition in black pixels against a white background. Each
nonword was presented for 600ms in the attention manipulation and 3000ms in the
rehearsal span manipulation. Following presentation of the study word, there was a
rehearsal period randomly jittered from 8 to 16 seconds followed by a force choice
recognition trial. The forced choice involved two choices presented on the lefgland ri
side of the screen lasting for 3000ms. One choice was the target word and one was a
foil that differed by only one letter. Participants used their dominant hand to respond t
each test stimulus by pressing one button for the nonword presented on the left of the
screen and another for nonwords on the right using a response box (current designs).
Each trial for both manipulations was pseudo-randomly presented with aniadter-tr

interval (ITl) between trials. The order of the trials for each version wasrctesed
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upon a process where 1000 random stimulus functions were generated. We then
evaluated the power of the stimulus functions to detect significant difessemour
statistical contrasts of interest by examining the normalized standaatiale for each
stimulus function. Those functions that had the smallest normalized standard deviations
were chosen as the stimulus order for each version of the task. The ITI wasehee
condition and was designed to keep a person’s mental set fixed on responding to the
next trial (rather than day dreaming or rehearsing) and is similar to vidaatide
paradigms used to study attention. The inter-trial interval had two phasesrsThe fi
involved the fading out of an orientation cross, where the cross becomes progressively
less visible over a four-second period. Once the cross disappeared a white asreen w
present, where the next trial could start at any moment over the next 20 seconds. This
blank period lasts for a median of 6 seconds, and no longer than 20 seconds, as
governed by the hazard function of a percentile distribution derived from a geometric
distribution. Thus, the overall median time for the ITI was 10 seconds. The total time
for each task depended on which rehearsal span and ITI was chosen for eacthgial i
task. Based on what is expected to be average, the attention manipulation task was on
average 6 minutes and 8 seconds, whereas the rehearsal span manipulation was on
average 9 minutes and 52 seconds. Each run type, i.e. degradation and word length,
was repeated once. This increased power by doubling the number of trials available
analysis and allowed for the reliability of the MRI signal to be evalualee.

instructions were to memorize the nonword that was presented, mentally rehearse
nonword by repeating it continuously (akin to subvocalization), and choose the correct

nonword on a recognition test. Once tested on a given word the participants were
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further instructed to no longer rehearse the nonword. Prior to scanning, participants

practiced the tasks until the instructions were understood.

Questionnaires

Immediately prior to each scan, participants completed the Karolinska
Sleepiness Scale (KSS) and the Spielberger State Anxiety Scalediatetyeafter
each task a computerized questionnaire that contains the KSS and a series of 10-poi
Likert scales asking about motivation to perform well, ability to concentaatount of
effort required to perform the task, and perceived task difficulty were adméalste
These questionnaires have proven useful in past studies for ruling our potential
explanations for changes in cerebral activation after TSD (e.g., dbegtian go down

because motivation?).

fMRI Data Acquisition

fMRI sessions took place at the UCSD Center for Functional Magnetic
Resonance Imaging (CFMRI). Each session took place at the same time of day, 12
hours post habitual wake time for each subject. The CFMRI is located in an
independent building on the USCD School of Medicine campus approximately 250
yards from the GCRC-LSC and houses two identical GE Signa EXCITE 3.0T whole-
body imaging systems. Each of the two fMRI sessions lasted approxifd@telinutes
and contained identical scans: an anatomical image of the brain, a field map for
correcting distortions in the functional images, four functional images acquired dur

the verbal WM tasks, and a whole brain resting cerebral perfusion scan {tiseoper
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scan is not part of this formal dissertation and will not be discussed further).
Anatomical scans utilized a T1-weighted fast spoiled gradient echo (FSRGR
sequence (TE=4mes, flip angle="9@mnt resolution). This scan aids in visualizing the
functional scans and localizing activation. The functional scans were settsitinee
T2*-weighted BOLD signal. For the verbal WM tasks, 40 echoplanar 3mm axia slice
covering the whole brain (TR=2000 ms, TE=30 ms, image matrix= 64x64, 3.59mm x
3.59mm resolution) were acquired parallel to the intercommigsiara in an
interleaved manner using a gradient echo pulseesegu The number of repetitions
acquired varied over each experimental task, destabove. For the attention
manipulation there was 184 reps collected in the fMRI scanner on average; and for the
rehearsal span manipulation there was 296 reps collected on average. Em gcadi
pulse-sequence weights the echo planar imagesfi#Rhe blood oxygen level dependent
(BOLD) contrast and served as the main outcome measures from@iséskions.
Finally, field maps were collected and applied to the EPI data in order toputivera
echo-planar images and improve inhomogeneities in the magnetic figlovimg the
quality of the BOLD signal.

During the fMRI sessions, we assured participants remained awake in arnumbe
of ways. For example, there was very little downtime when the participantstare
being asked to actively engage in some task (i.e., either the verbal WM task or a
guestionnaire). If a subject did fall asleep in the scanner (evidenced eitledr by s
report or 15+ seconds of non-responding), we did not use the functional data from that
task or any subsequent tasks, since subsequent wake periods may represent the

influences sleep inertia as much or more than TSD (Balkin et al., 2002). Additionally
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we obtained the anatomical scans last because we believed that during TSD, the
anatomical scans confer the highest risk of participants fallingpa@een their

relative inactivity). Since we did not use functional data acquired after asfdlie

asleep, we minimized the risk of losing data by placing the anatomical asans |

While we took several steps to reduce the risk of falling asleep in the scanner,
microsleeps (sleep <10sec) are still possible. In two prior studiesngitize

Psychomotor Vigilance Task, a sustained attention reaction time extreemsitive to
microsleeps, we saw no reaction times longer than 5 sec in a total 60 particgemts sl
deprived for 36 hours (the time period proposed here; e.g., Drummond, Meloy, Yanagi,
Orff, & Brown, 2005). Nonetheless, as with any TSD study, and any study not gnsurin
adequately rested participants through the active control and measuremesy,of sle
brief periods of decreased arousal are possible and could potentially impair
performance. The only effective way to measure this on-line is through comititzd E

fMRI studies.

Power Considerations

Our prior TSD study with a similar task (see Preliminary data) redéaige
effects for the rehearsal span component (Cohen’s d = 1.04), and Dr. Brown’s
component manipulation study found effect sizes of d = 1.06 - 1.29.n\Ai&0, we
will have power = .87 to detect d = 1.0 in the behavioral data (Brown & Turner, 2010).
This specific task has not been used previously with fMRI. However, we typieally s
large effect sizes for the BOLD signal change with TSD (Drummonid, &080;

Drummond, Brown, Salamat, & Gillin, 2004; Drummond, Gillin, Stricker, Wang, &
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Brown, 1999). For example, the most recent FMRI-TSD study published by our group
reported a mean effect size, weighted by cluster volumg, 6f0.29 in the brain

regions showing a Night x Difficulty interaction (the same type of amajyroposed

here). Here, an effect size even half of that (which would be a medium-ltegesete
according to Cohen (1988) would provide a power of .81 to detect a significant Night

by Difficulty interaction with 20 participants.

Verbal WM Tasks Data

For overall measures of performance on the task, accuracy and reaction time
were the outcome measures. These measures will be used to test the hypotheses
described below. Additionally, since the tasks manipulate components produced by the
CPAT’s computational model, we are also able to correlate the BOLD respohse to t
parametric manipulations with the component estimates for each subjediecbllec

outside the MRI, though this is not part of our specific aims.

fMRI Data Processing

We used local software and the Analysis of Functional Neurolmages (AFNI)
library to analyze images (Cox, 1996). We processed the data three diffeysranaa
statistically evaluated which processing pathway yielded the highdgyd@@LD
data. One process involved all methodology described below (all process), another
without using a local Pearson correlation in aligning functional to structurafaliata

LPC process), and the last without application of field maps, physiological noise
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filtering, and use of functional to structural alignment (i.e., a comparison gyoup t

examine the usefulness of these additional methods in this study; base process)

Preprocessing

After reconstructing slice selected raw signal matrices into 3rdiioeal
images, the echo planar slices are first aligned to have the samedkonjgimn. Echo
planar images are then corrected for motion artifact by co-raggterthe base image
whose position is most typical of the images in the EPI time series. AFNbseftw
realigns each image in the time series with the base image along 3 axtesiaf and 3
planes of translation. In addition to using rotation and translation data to cofregiste
within the time series, we used the translation data as covariates in our signal-
processing model to control for spin history. The use of one type of movement
correction in the signal-processing model has been shown to be equivalent to using both
types of data in controlling spin history and helped improve our degrees of freedom in

our signal-processing model.

Physiological Noise Filtering

Changes in BOLD signal depend on blood oxygenation, volume, and flow
during neural activity (Buxton, 2002; Kwong et al., 1992). However, there are many
factors that can influence the signal beyond that of neuronal activity includimgatiher
noise, variation due to scanner hardware, participant movement, and several
physiological processes. Two such physiological processes thatth&fd®LD signal

are cardiovascular and respiratory effort. Cardiovascular induced pulsatldosd
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can result in signal change in regions of the brain near highly vascularizedsrégig.,
middle cerebral artery (Dagli, Ingeholm, & Haxby, 1999)), in cerebral spwndl(e.g.,
ventricles), as well as gray matter, especially near blood sg9&zizard & Song, 1996;
Weisskoff et al., 1993) where task-induced signal is localized. Change ialdeteei

of carbon dioxide (C¢@) during respiration can also result in task correlated signal
variation in gray matter (Stillman, Hu, & Jerosch-Herold, 1995). Physiologicsg noi
has also been detected in regions containing predominantly white matterafgtHu,

& Jerosch-Herold, 1995).

Ignoring the effects of these physiological processes on the BOLD smmal
bias results. Wise et al. demonstrated that changes4n@®g normal breathing
were significantly correlated with the BOLD signal (Wise, Kojiro, Rayli& Traceya,
2004). In addition, Birn et al. found that changes in breathing could falsely inflate
effects in the BOLD signal (Birn, Diamond, Smith, & Bandettini, 2006). In fact
research has demonstrated that physiological noise fluctuations candafB@hD in
a variety of ways including increase correlations between non-default netwas a
sensitive to the physiological signal (Lowe, Mock, & Sorenson, 1998), decrease
sensitivity to task-induced signal variation obscuring small taskecekgnal change
with noise (Lund, Madsen, Sidaros, Luo, & Nichols, 2006), and creation of image
artifacts or non-uniform intensity (Glover, Li, & Ress, 2000). Physiologicakenaliso
depends on total signal strength and may constitute a larger fraction of the s#ahnoi
the BOLD signal as the signal increases and increased magneticréelgtist(Shmueli

et al., 2007).
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Therefore, it is scientifically prudent to filter out physiological ndrsen the
BOLD signal. In the present study we simultaneously collected cardioaastual
respiratory effort with additional monitoring equipment during the functioraalssc
Previously developed corrections based on parallel measures of respiratiordaaa ca
activity (e.g., RETROICOR) were used to parse out physiological noisetfijBOLD
signal (Glover, Li, & Ress, 2000). These parallel measures have been usetetdha
effects of physiological noise, and used as regressors in the general loakehr m
(GLM), reducing non-normaility of residuals and bolstering valid statilsticnclusions
(Lund, Madsen, Sidaros, Luo, & Nichols, 2006). Shmueli, et al. found that an
additional 1% of the BOLD signal could be explained by including regressors based on
parallel measures of cardiac and respiration (2007). We followed these same
procedures by including regressors based upon the cardiovascular and rgsgfiator

within each of our GLMs for each WM task.

Functional-to-Sructural MRI Alignment

Functional images have low spatial resolution and poor anatomical contrast. As
such, we overlay our T2*-weighted functional images on a separate high resolition T
weighted anatomical image collected in the same subject during the cameession.
Inferring any neuroanatomical area based upon the BOLD data depends on a close
spatial correspondence between the functional and structural images. dftea done
by employing automatic optimization routines which seek the spatial travegfon
that minimizes the cost functional between the structural and functional imagest

functional measures the mismatch between two images over the group of proper affine
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transformations (Jenkinson & Smith, 2001). Here, we used a specialized cost flinctiona
optimized for T2*-to T1- weighted image alignment which uses a weighted local
Pearson coefficient (LPC). This specific cost functional has been shown to bersuper
to other cost functionals (e.g., mutual information) in aligning the type of ddia in t
present study (Saad et al., 2009). We used the same methodology as Saad et al. in
application and visual analysis of the LPC cost functional approach. This included, in
addition to statistical tests comparing pre- and post-alignment, the use afetelgion
methods to visualize the results of the alignment. This process visually ps@tlges

of the gyri in both the functional and structural images. The presence of edges in the
images facilitates the comparison of alignments by delineatingraicatl features in

both image types and aids in determining if the cost functional successfylgdathe

data (Monga, Deriche, Malandain, & Cocquerez, 1991; Saad et al., 2009).

Signal Processing

Time series data were analyzed on the individual level by fitting a GLNEto t
data. The GLM contained parameters for the constant, linear and quadrat® drift
motion parameters (derived from the motion coregistration step above), 8 physilolog
noise regressors (derived from the physiological noise filtering step )alaoethe
reference functions. The reference functions are vectors represéastinghiavioral
paradigm convolved with the estimation of the hemodynamic response curve using a
wavered gamma function. We estimated BOLD signal response to the preseoitati
the stimuli, the rehearsal period, and the recognition events using the ITI agtherc

baseline. Thus, each task yielded three main contrasts of interest,iegtiimat



40

average magnitude of the BOLD response to the presentation of the stimuti)(ltiear
rehearsal period (Rehearse), and recognition period (Recognition). Thesetpesa

can then be compared across task conditions (i.e., the manipulations of attention and
rehearsal span) and across nights (WR vs. TSD). For this study, we focused only on the
Learn and Rehearse events as these were hypothesized to be related to our task

manipulations.

Between Subject |mage Standardization

After the individual time series analysis, an additional set of processjpg st
were undertaken prior to group analyses. First, to account for inter-subjabilitg in
gyral anatomy, we spatially smoothed the functional images using a Gaulgsian f
(FWHM=4.0 mm). Next, the T1-weighted anatomical images were transtbin
standard Talairach atlas space (Talairach & Tournoux, 1988). Functional image dat
sets were then similarly transformed into standard atlas space usalgdhtm
developed for the anatomical scan from the same scan session and the voxels were

resampled to 3mm isotropic.

Intra-Class Correation and Reliability of BOLD Sgnal

Previous research has produced mixed results regarding the stability if the
BOLD signal over time using varying statistical methods to evaluaigitstand
reliability. Some studies have shown a stable BOLD signal over time (eog.,, A
Gluck, & Poldrack, 2006; Fernandez et al., 2003; Friedman et al., 2008); whereas others

have shown significant within-subject variation in the BOLD signal across sca
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sessions (e.g., Marshall et al., 2004; Tjandra et al., 2005; Zandbelt et al., 2008). While
there is varying statistical methodology, a prominent measure amongthéss is the
intra-class correlation coefficient (ICC). The ICC guantifies thkty of fMRI to

assess brain activity between participants and assesses the repeafaibkervations
by quantifying the error measurement of the within-subject vari@@aeeres & al.,
2009; Zandbelt et al., 2008). Stable and reliable activation over time can be defined as
those repeatable activations whose within-subject variances are shrallen agreed
limit (Bland & Altman, 1996). Unfortunately, there is as of yet an agreed upodesth
for the acceptance of the error in fMRI. Here, we considered ICC vall@soeflect
adequate stability in our signal over the administration of two identical tatkiga Wie
same scanning session based upon the current literature (e.g., Cacere®@al ICC
values were calculated for each of two tasks (degrade and syllable mammpialsks)

in two different conditions (Norm and TSD) for all cortical regions including the
frontal, parietal, temporal, occipital, and subcortical regions. Each task was
administered twice sequentially. We focused our ICC analyses on the evietseasit
for each task. Therefore, we examined the ICC values for the learn event igrdmede
manipulation and the rehearse event in the syllable manipulation. These awalgses
conducted using R statistics (R Development Core Team, 2009) with a localgdcrea
script (Brown, et al.). The script calculates ICC values with resirio@Eximum
likelihood for each voxel sampled and outputs four files reflecting 1) variability
between participants, 2) variability within participants over the two tinrgpwithin

the scan session, 3) unexplained variance (e.g., noise in the signal), and 4)fitre ICC
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each voxel (i.e., a measure of signal stability). Any brain regions found to have an

unreliable BOLD signal or a high unexplained variance will not be examinedrfurthe

Data Analytic Methods

We first averaged the functional data between each version of the two tasks to
create one EPI dataset reflecting each manipulation. We then comparégtbeesis
group to the all-LPC process group using a paired-samples T-test to xémeine
how the functional to structural alignment changed the BOLD data. We then compared
the optimal group from this analysis to the base process group using a paiptelssa
T-test to examine the benefit of the field maps and physiological ndeyanfy.

Group analyses of BOLD data followed standard statistical procedures. For
group analyses, the fMRI dependent measures are the parameter esliscatsed
above from the individual-level, after spatial smoothing and Talairach transimnmat
We conducted a data-driven whole-brain analysis. Since we developed hypotheses
based on the available literature and our conceptualization about the impaagp of slee
deprivation on WM, we considered utilizing a strictly region-of-interest (ROI)
approach. We decided against this for two main reasons. First, this spekifiagas
never been examined with any functional neuroimaging technique, making it more
difficult to adequately develop ROIs. Second, this is one of the first studies to use
FMRI to examine the effects of sleep deprivation on cerebral responsesitt spe
components of WM. Our lab has previously found replicable, significant TSD-related
activation in unexpected regions for other tasks that was correlated with intact

performance (Drummond et al., 2005; Drummond et al., 2000). Thus, even when
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behavior does not change with sleep deprivation, the neural substrates of performance
may change in ways that inform the plasticity of the brain during cognitiéa.
controlled Type | error rate in our whole-brain analysis using family-ajgeoach

with a cluster threshold method (Forman et al., 1995). This method utilizes a Monte
Carlo simulation to determine the probability that a single significantlyated voxel

is also part of a contiguous cluster of N voxels that are all individually signify
activated in the analysis p .01. In this study, we utilized a cluster threshold of 9
voxels in the native resolution (348 MmiThat is, we only considered an area of
activation as reliable and reportable if it contains at least 9 contiguous \vexehsof
which are individually activated at tipe< 0.01 level. This results in a whole-brain
alpha level of 0.01, meaning that under the null hypothesis, the probability that the
largest single cluster of activation in the brain contains 9 or more signifioaels

simply by chance is 1 percent. Setting this as our minimum cluster sizeimsitie

probability of a Type | error in the entire whole-brain analysis at 0.01.

Testing the Secific Aims

1) Aim 1: Identifying the neural correlates for attention and rehegraal@@mponents
of WM

We hypothesized that each task component will be associated with a significant
BOLD signal response within specific brain regions. For the attention manyow hat
first created a contrast comparing degraded to non-degraded nonwordsnand the
conducted a one-sample T-test on the Norm data. For the rehearsal span mamipulati

we conducted a one-way within-subjects ANOVA across number of syllalde<(i3,
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and 4 syllable nonwords) on the Norm data. We conducted each analysis for each event
of interest of the WM task (e.g., Learn and Rehearse). Regions showindiaasigni

effect of task level (i.e., difficulty) were interpreted as responsiVieggiven

component of working memory (i.e., attention or rehearsal span). We expected a
double disassociation where the attention manipulation elicits task-ratzabeitly

during the Learn event, but not the Rehearse event; and the rehearsal span toanipula

elicits task-related activity during the Rehearse event, but not Hre kegen.

2) Aim 2: Behavioral differences for each WM component following TSD

We hypothesized that there would be an interaction between sleep condition
(Norm/TSD) and task difficulty level. This was tested with a 2x3 or 2x2 repeated
measures ANOVA (depending on the component analyzed). A significant iiteract
was followed by testing the effect of night at each level of task. For tiatt
manipulation, the dependent variables were accuracy performance and réaetion t
We hypothesized that the degraded nonwords would show greater performance
impairments during TSD compared to nondegraded nonwords. For the rehearsal span
manipulation, the dependent variables were also accuracy performancectiod rea
time. We hypothesized that all three levels of the task will show perfoemanc
impairment with TSD, but the 4 syllable nonwords will show significantlytgrea

impairment than the other two levels.

3) Aim 3: Differences in the BOLD signal for each WM component following TSD
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We hypothesized a similar Night by Difficulty interaction as in the behalio
data. The analyses were the same, except that the dependent variables were t
magnitude of the BOLD signal derived from the fMRI data rather than the penfice
data. We used a series of 2x2 or 2x3 repeated-measures ANOVA (depending on the
component analyzed) for the Learn and Rehearse events for each WM task.

We also hypothesized there will be individual variability in the impact of TSD,
especially for the attention experiment. That is, some participantshavll eelatively
intact performance after TSD while others show very impaired perfoenarmse
with better performance following TSD will show increased activation &,
particularly in dorsal thalamus. Better performance does not necessaaityan
improvement compared to the Norm baseline, rather relative to other sleep deprived
individuals. To evaluate this, we regressed performance data onto BOLD data for both
the degraded and the non-degraded conditions. We expected the most robust findings to
be in the non-degraded condition since this is the condition where we do not anticipate
group level decrements. Past studies have shown that individual differences in
vulnerability/resiliency are best reflected in conditions where group |eeetéchents

are smallest.



RESULTS

Sample

A total of 32 participants were screened over the telephone, nine of which were
excluded from the study during the telephone screen. Of the 23 participants that came
to the in-person screen, three were excluded from the study yieldingahsdmple of
20 (11 females). Fifty percent of the sample was Caucasian, 35 percent Asian
American, 10 percent Hispanic, and 5 percent African American. One subject fell
asleep in the fMRI scanner during his first functional scan when sleep akprive
Therefore, this subject’s functional scan data and subsequent scan datacluelede
from analysis because of sleep inertia effects on subsequent scans. Tabls thehow
characteristic of the final sample demonstrating that each subject haal norm
reading/WM abilities and had adequate sleep before participation in eacharondit

Participants averaged 7 hours 24 minutes of sleep the night before the Nornononditi
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Table 5: Sample characteristics

a7

N=20
Variable Mean (SD) Range
Demographics
Age 24.5 (3.5) 20-35
Education 16.15 (1.5) 14 - 20
Questionnaires
Horne-Ostberg Morningness-Eveningness Scale 48.55 (8.4) 34 -61
Edinburgh Handedness Inventory percentile 48.78 (41.0) 42.9 - 100
Neuropyschological Tests
WRAT-4 Reading Subtest standrad score 111.8 (10.1) 99 —133
WMS-3 Working Memory Index standard score 106.8 (6.8) 93-118
WMS-3 Spatial Span scaled score 11.1 (1.6) 9-14
WMS-3 Letter-Number Sequencing scaled score 11.4 (2.2) 8-15
Polysomnography the night before Norm appointment
Sleep Latency (minutes) 13.5(11.2) 3-41
Total Sleep Time (minutes) 444.4 (38.0) 421.3-494.1
Wake After Sleep Onset (minutes) 43.3 (26.2) 15.5-90.7
Sleep Efficiency (percentage) 89.8 (6.8) 84 —95.5
Actigraphy the week before Norm appointment
Sleep Latency (minutes) 14.9 (3.6) 8.5-195
Total Sleep Time (minutes) 469.6 (37.3) 424.5 — 496.7
Wake After Sleep Onset (minutes) 21.5(9.9) 9.2-33.0
Sleep Efficiency (percentage) 94.2 (6.5) 89.2 - 96.8
Actigraphy the week before TSD appointment
Sleep Latency (minutes) 13.8 (4.2) 8.9-18.0
Total Sleep Time (minutes) 462.3 (33.4) 425.0 — 487.4
Wake After Sleep Onset (minutes) 21.1 (6.7) 14.2-34.9
Sleep Efficiency (percentage) 93.1 (2.0) 91.4-96.2

Values represent the sample mean (standard deniatia range

Questionnaire Results

Table 6 shows the data from questionnaires given during the fMRI sessions

immediately following completion of each task. There were no differences&etw

task administrations (e.g., first and second administration of each WM tésk avit

condition). Therefore, we averaged the scores to create one subjective ragrfgrsco

each WM task to parallel the imaging results. Table 6 also includes thépaatts

rating of their anxiety immediately before their scan. We conducted al{zanaples t-

test on each score to examine if any of the ratings changed following 36 ho@®.of T
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Participants reported being sleepier, less able to concentrate, and ohtas&se
difficulty for each WM task following TSD. Participants denied having a alhang
motivation, effort, and anxiety following TSD. In addition, there were no ordectef
on anxiety ratings from the first to second MRI scan with each ratingwitieinormal

range according to normative cutoff values.

Table6: Self-report questionnaires

Measure Norm TSD p-value
Attention Manipulation Task
Karolinska Sleepiness Scale (1-9) 39+1.8 7.7+1.2 p <0.001*
Concentration (1-10) 83+15 55+25 p <0.001*
Task difficulty (1-10) 23+14 44+25 p = 0.008*
Motivation (1-10) 85+1.4 8.2+1.6 p =0.356
Effort required to perfrom (1-10) 81+16 8214 p =0.707
Rehearsal Span Manipulation Task
Karolinska Sleepiness Scale (1-9) 39+20 8.0+1.3 p <0.001*
Concentration (1-10) 78117 45+22 p <0.001*
Task difficulty (1-10) 39+24 59+1.9 p =0.007*
Motivation (1-10) 84+15 76+21 p =0.080
Effort required to perfrom (1-10) 84+17 8.1+1.8 p =0.399
STAI state anxiety score 29.5+7.3 31.8+9.0 p =0.167

Values represent the sample mean * standard dmvifaii each condition. * p < .05 from a paired-
samples t-test, df = 19.

fMRI Data Processing Results

Visual inspection of the overlay between gyri edges following the ataldb
functional alignment methodology using a LPC cost functional revealed superior
alignment across individual scans for the all process group compared to the all-LPC
process group. The only area of the brain that showed significant non-overlapnbetwee
functional and anatomical edges was the posterior aspect of the occipital layes w
the functional edges were slightly anterior to the structural edges. FRoed-pample

T-tests were conducted on a contrast of interest for each task (degraded minus non-



49

degraded and 4 minus the average of 3 and 2 syllables) in each condition (Norm and
TSD) to examine the change in the magnitude of the BOLD signal between the all
process and the all-LPC process groups. Results from all four tests eshfirenvisual
inspection of the gyri demonstrating significantly increased BOLD sigrtalei

bilateral posterior occipital lobes for the all-LPC process group. Addilyoniaé all-

LPC process group demonstrated increased BOLD signal in the cerebellum. Howeve
this group also had significantly increased BOLD signal in many areas otlitside

brain, in the cerebral spinal fluid (e.g., ventricles), and the eyes. Altgrnateiall
process group showed increased BOLD signal in the right medial temporal lobe,
bilateral prefrontal and pre-motor cortices for both tasks; and the bilatsifakm and
lingual gyri for the attention manipulation task. Based upon these findings the all
process group was chosen as the sample for further analyses.

To examine the influence of including physiological regressors, application of
field maps, and application of the LPC cost functional we conducted the samefteries
paired samples T-tests as the LPC analyses (described above) cortpmaalhgrocess
group to the base process group for each task (i.e., attention and syllable mangjulat
and for both conditions (i.e., Norm and TSD). For the attention manipulation during the
Norm condition, we found greater BOLD signal for the all process group in bilateral
lingual and fusiform gyri, and left lentiform nucleus. We did not find any sigmfic
clusters of activation demonstrating greater BOLD signal for the basegs group
inside the brain. During the TSD condition we did not find any areas of brain that
showed a significant difference between the all process and base process gooups. F

the rehearsal span manipulation during the Norm condition we found greater BOLD
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signal for the all process group in the left V3 cortex, bilateral insula, lalategular

gyri, bilateral caudate, and bilateral anterior prefrontal cortex. @erdl one cluster

of activation in the left V1 cortex that demonstrated greater BOLD sign#iddrase
process group. During the TSD condition, we found greater BOLD signal for the all
process group in the right dorsolateral and anterior prefrontal gyrus, righbinf
parietal lobe, and right V2 cortex. We did not find any significant clustergiedaon
demonstrating greater BOLD signal for the base process group insioaithhe These
results were not aimed at demonstrating spatial changes in the BOLDthagnal
research has demonstrated with the addition of physiological noise reg{&sotli

et al., 2007). However, they do demonstrate that the use of these methods were not only
theoretically prudent, but produced an increase in the magnitude in the BOLDirsigna

task-related brain regions.

Reliability of BOLD signal

We examined the results from the ICC processing for a contrast of interest
within each task administration (i.e., degraded minus non-degraded and 4 minus the
average of 3 and 2 syllables) in each condition (i.e., Norm and TSD) to examine the
reliability of the BOLD signal over task administration. We found a reliagleasin
all conditions across cortical regions with ICC values >.70 in grey mattes.isTnot
surprising considering the close proximity in time of each task adminostralihus, no

brain regions were excluded from our main analyses.
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Aim 1 Results: Identifying the neural correlates for attention and rehearsal span
components of WM

Attention Manipulation

Behaviorally for the attention manipulation, there was no significant differenc
in accuracy or reaction time comparing degraded to non-degraded nonwords in the
Norm condition (tg =-1.93,p = 0.061, Cohen’s d = 0.4465& 2.02,p = 0.058,

Cohen’s d = 0.451 respectively). However, there were marginally significant
differences with degraded nonwords being recalled less accurately with teageon
times.

In order to examine the neural correlates for the attention manipulation we
subtracted non-degraded from degraded nonword activation during the Learn and
Rehearse events during the Norm condition. We then performed a one-sampled T-test
comparing this contrast to zero. Table 7 shows those significant clustervati@ct
found during the Learn and Rehearse events. All clusters followed the saene patt
showed a greater BOLD signal when learning degraded versus learnidggrawled
nonwords. In general, for the Learn event, we found activation in the ventral visual
processing stream including the left lateral geniculum body, bilateraaprivisual
cortex, bilateral secondary visual cortex, bilateral fusiform gyri, efidnferior
prefrontal cortex. We also found significant clusters of activation in braianegi
responsible for visuospatial processing (bilateral precuneus) and sel¢etntma (left
thalamus). Figure 2 illustrates the statistical parametric mapsatssowith the

significant clusters found in the Learn event. For the Rehearse event, only one
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significant cluster of activation was found and showed greater activatian whe

rehearsing non-degraded compared to degraded nonwords.

Table 7: Regions of significant brain activation for attentional manipulation for the
Norm condition

Attentional Manipulation for Learn Event

Talairach
Coordinates Brodmann
X Y z Volume Brain R egion area Cohen's d
Positive Weights
20.7 92.7 4.8 2619 mm® L V1/V2 Cortex 17 /18 1.312
-22.6 87.6 -11.9 1350 mm® R V1 /V2 Cortex 17 /18 1.171
-22.4 92.1 10.9 1188 mm® R V2 Cortex 18 0.852
23.0 74.2 -12.4 5886 mm°> L Fusiform /V2 Cortex 37 /18 0.963
-29.7 51.0 -16.6 8937 mm° R Fusiform Gyrus 37 0.881
44.2 43.4 -19.3 756 mm® L Fusiform Gyrus 37 1.109
2.2 67.1 31.5 891 mm’ L Precuneus 7 1.223
-23.9 61.4 48.8 513 mm’ R Precuneus 7 1.173
-22.4 29.1 51.6 675 mm® R Postcentral Gyrus 3 1.330
-0.9 -18.6 50.5 4590 mm? B S uperior Frontal Gyrus 8 0.944
-12.0 -27.6 -6.8 486 mm’ R Anterior Cingulate 32 0.951
38.1 -40.8 9.1 648 mm® L Inferior Prefrontal Gyrus 47 1.169
33.9 2.0 53.2 1890 mm® L Pre-Motor C ortex 6 0.891
-35.7 0 57.3 1296 mm® R Pre-Motor C ortex 6 1.141
44.5 -15.5 28.1 1593 mm® L Dorsolateral Prefrontal C ortex 9 1.007
21.5 25.7 3.4 756 mm°> L Lateral Geniculum Body * 1.176
8.2 13.2 15.2 621 mm° L Thalamus * 1.061
Attentional Manipulation for Rehearse Event
Talairach
Coordinates Brodmann
X Y z Volume Brain R egion area Cohen's d
Negative Weights
-45.9 8.2 9.0 405 mm’® R Pre-Motor C ortex 6 0.552

Each entry represents a significant cluster ofvatitin. L: left hemisphere; R: right hemisphere; B:
bilateral. Clusters for the attentional manipulatare those found when degraded was contrasteshto n
degraded nonwords. The magnitude of activatiorvefyevoxel of each cluster was significant at a
minimumt-value of 2.859, degrees of freedom = 19. Positiggghts indicate a positive contrast or
increased activation for degraded nonwords. Negatiights indicate a negative contrast or increased
activation for non-degraded nonwords.
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Inten

Figure 2: Results from Learn event for the attentional manipulation. MRI images are in
neurological orientation where axial slices show significant clusteastivation and

the sagital slice shows the level of axial slice in the z plane. I: inf&i@uperior.
Statistical parametric maps reflect the Cohen’s d effect sizexfbrwoxel within each
cluster.

Rehearsal Span Manipulation

Behaviorally for the rehearsal span manipulation, there was a significamt
effect across number of syllables for both accuracy and reaction time=(E6.85,p <
0.001, partiah® = 0.652; B15= 99.01,p < 0.001, partiah? = 0.917, respectively).
Follow-up contrasts using a Bonferroni correctiomef .025 to control Type | error
revealed 4 syllable nonwords were recalled less accurately and slower abtopzre
syllable nonwords (Fig= 25.60,p < 0.001, partiah® = 0.917; F15= 124.53p < 0.001,

partialn® = 0.868, respectively). Additionally, 3 syllable nonwords were recalled less
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accurately and slower compared to 2 syllable nonworgdg €716.48,p = 0.001, partial
n%=0.47; k1= 70.780p < 0.001, partiah® = 0.788, respectively).

In order to examine the neural correlates for the rehearsal span manipwiati
performed a one-way within-subjects ANOVA across activation assdcatie the
number of syllables in nonwords during the Learn and Rehearse events during the Norm
condition. Table 8 shows those significant clusters of activation found during the Learn
and Rehearse events. Overall for the Learn event, four patterns of acteate
found where brain regions either demonstrated a linear increase, quadratisancre
linear decrease, or quadratic decrease in activation as the number oésytighke
nonwords increased. The quadratic increase was characterized by nofobran?jéo
3 syllables and an increase from 3 to 4 syllables. The quadratic decrease was
characterized by a decrease from 2 to 3 syllables and no change from 3 to dssyllabl
In general, we found increased activation as number of syllables increasedghtthe r
visual cortex (V1, V2, and V3 areas), visual word recognition (left fusiform),
phonological processing (right supramarginal gyrus), visuospatial pnogdkst
precuneus), and right monitoring of information areas (anterior and dorsolateral
prefrontal cortex). In general, we found a decrease of activation as nunsyéalolies
increased in lingual association areas (bilateral angular gyrus)fantblatoring of
information areas (anterior and dorsolateral prefrontal cortex).

For the Rehearse event, we found three patterns of activation: a lineasencrea
linear decrease, or quadratic decrease in activation as number of sytldhkes
nonwords increased. The quadratic decrease was characterized by sedecne& to

3 syllables and no change from 3 to 4 syllables. Generally we found increased
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activation as the number of syllables increased in areas responsiblegbotisdogical
processing of words (bilateral supramarginal gyrus) and monitoring of iafam
areas (bilateral dorsolateral and anterior prefrontal cortex).naligely, we generally
found decreased activation as number of syllables increased in the secosuary vi
cortex (V2 and V3 areas), lingual association areas (bilateral angula),gyonitoring
of information areas (bilateral anterior prefrontal cortex), and episodic egcackas
(left hippocampus and bilateral middle temporal gyrus). Figure 3 illustreges t
statistical parametric maps associated with the significant dustspciated with the

Rehearse event.
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Table 8: Regions of significant brain activation for rehearsal span manipulation for
Norm Condition

Rehearsal Span Manipulation for Learn Event

Talairach
Coordinates Brodmann
s 1.2
X Y z Volume Brain Region area partialn

Positive Linear Weights

-32.3 68.5 25.6 378 mm’® R V3 Cortex 19 0.609

26.9 56.4 44.6 4131 mm’® L Precuneus 7 0.665

42.5 57.7 -6.7 918 mm® L Fusiform gyrus 37 0.523

-50.2 -4.8 26.1 2241 mm® R Dorsolateral Prefrontal C ortex 9 0.733

48.1 -0.9 32,5 7182 mm® L Pre-Motor C ortex 6 0.722

27.1 49 477 1755 mm® L Pre-Motor Cortex 6 0.728

-6.4 -7.3 48.8 27756 mm®> B Pre-Motor C ortex / Anterior Cingulate 6 /32 0.820
Positive Quadratic Weights

-10.4 70.7 6.5 4455 mm’® R V1 /V2 Cortex 17 /18 0.534

-36.1 51.3 42.3 6264 mm® R Supramarginal Gyrus 40 0.640

-0.5 30.3 28.2 783 mm’ B Posterior Cingulate 23 0.557

) ) 3 R Superior Frontal Gyrus / 0.662

34.8 36.7 32.5 6507 mm Dorsolateral Prefrontal C ortex 8/9

-39.3 -46.2 14.2 405 mm® R Anterior Prefronal C ortex 10 0.594

-1.5 -0.4 6.9 44604 mm®> B Insular Cortex / Thalmus /Caudate 13 /*/* 0.739
Negative Linear Weights

47.5 66.8 29.6 405 mm’® L Angular Gyrus 39 0.584

12.6 -30.0 54.0 1134 mm® L Pre-Motor C ortex 6 0.630
Negative Quadratic Weights

49.3 58.1 26.1 1134 mm® L Angular Gyrus 39 0.682

-45.0 59.5 31.1 837 mm® R Angular Gyrus 39 0.622

-21.3 -25.1 58.2 432 mm® R Pre-Motor C ortex 6 0.540

-11.3 -39.8 51.7 486 mm’® R Superior Frontal Gyrus 8 0.675

34.2 -17.8 44.5 1242 mm?® L S uperior Frontal Gyrus 8 0.646

16.0 -53.1 31.8 918 mm’ L Anterior Prefronal C ortex 10 0.591

37.5 -51.7 2.1 405 mm’ L Anterior Prefronal C ortex 10 0.650
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Table 8 continued: Regions of significant brain activation for rehearsal span
manipulation for Norm Condition

Rehearsal Span Manipulation for Rehearse Event

Talairach
Coordinates Brodmann
s 1.2
X Y z Volume Brain Region area partialn
Positive Linear Weights
33.8 51.5 38.7 7074 mm® L Supramarginal Gyrus 40 0.495
-36.6 48.4 40.7 5643 mm® R Supramarginal Gyrus 40 0.550
-0.3 -8.5 53.3 14877 mm’® B Pre-Motor C ortex 6 0.691
-35.2  -18.2 8.0 4320 mm® R Pars Opercularis /Insular C ortex 44 /13 0.591

L Dorsolateral Prefrontal Cortex /

_ 3
44.6 4.4 27.6 22545 mm Pars Opercularis / Wernike's Area

9/44 /22 0.613

-37.5 -32.9 31.9 4347 mm’® R Dorsolateral Prefrontal C ortex 9 0.654
-48.0 -8.8 25.0 351 mm’® R Dorsolateral Prefrontal C ortex 9 0.371
-32.8 -50.3 16.3 594 mm® R Anterior Prefronal C ortex 10 0.436
17.2 17.1 10.0 702 mm3 L Thalamus * 0.407
25.3 34.0 13.0 702 mm’® L Caudate * 0.537
Negative Linear Weights

-43.2 75.5 20.6 8532 mm’ R Angular Gyrus /V2 /V3 Cortex 39 /18 /19 0.525
43.7 67.1 24.8 4941 mm°® L Angular Gyrus 39 0.500
3.9 51.9 24.5 5913 mm® B Posterior Cingulate 31 0.452
58.1 435 -3.4 405 mm® L Middle Temporal Gyrus 21 0.502
-52.8 2.9 -17.5 1431 mm® R Middle Temporal Gyrus 21 0.538

B Superior Frontal Gyrus /Dorsolateral

_ 3
>3 48.2 353 30429 mm and Anterior P refrontal C ortex

8/9/10 0.583

-2.4 -57.3 -1.8 1539 mm® R Anterior Prefronal C ortex 10 0.530
Negative Quadratic Weights

59.5 21.4 -9.5 486 mm® L Middle Temporal Gyrus 21 0.442

26.0 22.5 -13.8 351 mm® L Hippocampus * 0.321

Each entry represents a significant cluster ofvatitn. L: left hemisphere; R: right hemisphere; B:
bilateral. Clusters for the rehearsal span manijsuiaare those found when performing a one-way
within-subjects ANOVA. The magnitude of activatiohevery voxel of each cluster was significant at a
minimumF-value of 5.214, degrees of freedom = 18. Positigghts indicate increased activation as
number of syllables increased. Negative weight&atd inhibition of activation as number of syllabl
increased.



Figure 3: Results from Rehearse event for the rehearsal span manipulation. MRI
images are in neurological orientation where axial slices show s@gmtifclusters of
activation and the sagital slice shows the level of axial slice in the z jlanferior; S:
superior. Statistical parametric maps reflect the Cohérfdct size for each voxel
within each cluster.
Aim 2 Results: Behavioral differences for each WM component following TSD

For the attention manipulation, we conducted a 2 (night: Norm, TSD) by 2
(degradation: degraded, non-degraded) within-subjects ANOVA to exdin@ne
interaction between sleep and task difficulty. For accuracy and reaotienve did not
find a significant interaction ¢fg= 3.61,p = 0.074, partiah? = 0.167; F15= 1.87,p =
0.188, partiah® = 0.094, respectively), nor a significant main effect for degradation

(F115= 0.04,p = 0.836, partiah® = 0.002; Ff 15= 0.10,p = 0.754, partiah® = 0.006,

respectively). However, we did find a significant main effect for nigidne accuracy
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decreased and reaction time increased following TSB:5.70,p = 0.028, partiah?

=0.241; £ 1= 11.19,p = 0.004, partiah? = 0.383, respectively; see figure 4).
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Figure 4: Accuracy and reaction time results from a Night-x-Degradation within-
subject ANOVA. Black represents degraded and grey represents non-degraded
nonwords. Bars represent standard error.

For the rehearsal span manipulation, we conducted a 2 (night: Norm, TSD) by 3
(syllable: 2 syllable, 3 syllable, 4 syllable) within-subjects ANOVA. &ccuracy we
did not find a significant interaction {f~ = 0.66,p = 0.530, partiah? = 0.072), nor a
significant main effect for night ¢fg= 2.40,p = 0.139, partiah’ = 0.118). However,
we did find a significant main effect for syllable,@7= 37.02,p < 0.001, partiah® =
0.813; see figure 5). To follow up the main effect of syllable we conducted twostontra
tests using a Bonferroni correctioncof .025 to control Type | error. This main effect
was characterized by a significant decrease in accuracy from 2 ayta®lsyllable
nonwords (k17=32.82p < 0.001) and a significant decrease from 3 syllable to 4
syllable nonwords (f57=55.12p < 0.001). For reaction time, we did observe a
significant interaction between night and syllablg.(= 3.86,p = 0.041, partiah® =

0.312; see figure 5). The interaction was characterized by a by a gneetase in
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reaction time as number of syllables increased for the Norm group compared &the T

group.
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Figure5: Accuracy and reaction time results from a Night-x-Syllable withibject
ANOVA. Black solid line represents Norm and grey dashed line represebts TS
conditions. Bars represent standard error.

Lastly, we conducted a cross task analysis on the conditions that were identical
for both tasks (with the exception of the presentation time of stimuli). Both the
attention and rehearsal span manipulation tasks present non-degraded 2 syllable
nonwords during both the Norm and TSD conditions. To examine if the level of
accuracy and reaction time was the same between tasks for thesevstirooiducted a
series of pared-samples t-tests. During the Norm condition, accuracyyltati?es
nonwords was identical between the attention and rehearsal span manipulatons (t
0.000,p = 1.000, Cohen’s d = 0). However, reaction time was significantly longer for
the rehearsal span manipulatiop & 4.788,p < 0.001, Cohen’s d = 1.070). We
observed the same pattern during the TSD condition. Accuracy for 2 syllable nonwords

was non-significantly different between the attention and rehearsahsgaipulations
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(tzs = 1.764p = 0.095, Cohen’s d = 0.405). However, reaction time was significantly

longer for the rehearsal span manipulatien=t5.441,p < 0.001, Cohen’s d = 1.248).

Aim 3 Results: Differencesin the BOLD signal for each WM component following TSD

Attention Manipulation

To examine the effect of 36 hours of TSD on the neural correlates during the
attentional manipulation we conducted a 2 (night: Norm, TSD) x 2 (degradation:
degraded, non-degraded) within-subjects ANOVA on the BOLD data during the Lear
and Rehearse events. Table 9 shows those significant clusters of actvation f
during the Learn and Rehearse events. During the Learn event, we foundasignifi
clusters of activation in visual and visuospatial processing areas includihg rig
fusiform gyrus, bilateral precuneus, left supramarginal gyrus, and thevisglal eye
field (right superior frontal gyrus). We also found clusters in the postcentred gpd
pre-motor cortex. Each significant interaction followed the same pattéere Was
greater activation when learning degraded nonwords compared to when learning non-
degraded nonwords during the Norm condition; whereas, during TSD there were no

differences in activation between degraded and non-degraded nonwordsuie6)fig
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Table 9: Regions of significant brain activation for attentional manipulation
demonstrating a Night-x-Degradation interaction

Attentional Manipulation for Learn Event

Talairach
Coordinates Brodmann

. 2

X Y z Volume Brain Region area partialn
-3.7 70.2 36.1 648 mm’> R Precuneus 7 0.427
-0.9 74.8 49.0 621 mm°> L Precuneus 7 0.473
-42.8 43.4 -15.3 351 mm® R Fusiform Gyrus 37 0.525
-25.0 31.1 50.7 810 mm® R Postcentral Gyrus 3 0.478
-32.0 -2.4 53.5 783 mm’® R Pre-Motor Cortex 6 0.506
23.9 38.1 42.3 486 mm’ L Supramarginal Gyrus 40 0.504
-3.7 -17.4 48.0 459 mm° R S uperior Frontal Gyrus 8 0.483

Attentional Manipulation for Rehearse Event
Talairach
Coordinates Brodmann

. 2

X Y z Volume Brain Region area partialn
41.0 58.9 38.4 405 mm® L Supramarginal Gyrus 40 0.482
37.8 -2.1 30.1 918 mm° L Pre-Motor C ortex 6 0.453
44.3 14.5 -1.7 756 mm’> L Insular Cortex 13 0.549
42.2 -6.0 -6.8 675 mm’ L Insular Cortex 13 0.597
26.1 -8.1 -1.7 810 mm° L Lentiform Nucleus * 0.407

Each entry represents a significant cluster ofvatitin. L: left hemisphere; R: right hemisphereustérs
for the attentional manipulation are those foun@&mperforming a 2x2 within-subjects ANOVA. The
magnitude of activation of every voxel of each tdusvas significant at a minimuFRvalue of 8.280,
degrees of freedom = 1,18.
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Figure 6: Left: Example of a significant cluster in the right fusiform gyrus feom
Night-x-Degradation ANOVA during the Learn event. MRI image is in neurcédgi
orientation in the coronal plane. P: posterior. Right: The pattern of the significant
interaction in the BOLD signal. Black represents degraded and gregeatg@&on-
degraded nonwords. Bars represent standard error. Asterisk represefitastgni
differences between conditions.
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During the Rehearse event, significant clusters of activation demomgtaati
interaction were found only in the left hemisphere and always showed an increase in
activation for degraded nonwords following TSD. For regions in the supramarginal
gyrus, pre-motor cortex, and insular cortex both degraded and non-degraded nonwords
showed no activation in the Norm condition whereas degraded nonwords showed an
increase in activation (relative to zero activation) following TSD. For titddem
nucleus both degraded and non-degraded nonwords showed negative activation in the
Norm condition whereas following TSD only non-degraded nonwords remained below
zero activation with an increase to zero activation for degraded nonwords. ,Rorally
another insular cortex cluster degraded nonwords show negative activation while non-
degraded nonwords demonstrated zero activation in the Norm condition. Following
TSD, both degraded and non-degraded nonwords showed no activation.

We next examined if there were areas in the brain showing significaatyegr
activation for degraded compared to non-degraded nonwords during the Learn event in
the TSD condition (i.e., main effect of degradation during TSD only). We found three
clusters of activation in bilateral primary visual cortex (V1) and the rightdrm gyrus
where there was greater activation for learning degraded compared tegradet
nonwords. Additionally, we found one cluster in the left secondary and associative
visual cortex (V2/V3) that showed greater activation for learning noradedr
compared to degraded nonwords. Figure 7 illustrates the statistical paranagis
associated with the significant clusters found in the Learn event from thysiandh
order to examine individual variability in performance and activation patterns under

TSD we ran two regressions. First, we regressed accuracy for n@ueeégronwords
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onto the BOLD signal for non-degraded nonwords during the Learn event. We found
several clusters of activation in the bilateral dorsolateral prefrontas gBA 9),

bilateral posterior cingulate gyrus (BA 31), left anterior cinguigteis (BA 32), and

right caudate. All significant clusters found followed the same patterrevihese
participants who were more accurate in recognizing non-degraded nonwords had more
activation in these areas when learning non-degraded nonwords. Next, weetkgress
accuracy for degraded nonwords onto the BOLD signal for degrade nonwords during
the Learn event. We found one significant cluster of activation in the left cauvidete

those participants who were more accurate in recognizing degraded nonwords had less

activation in this area when learning degraded nonwords.
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Figure 7: Results from Learn event for the attentional manipulation during TSD. MRI
images are in neurological orientation where axial slices show s@mtifclusters of
activation and the sagital slice shows the level of axial slice in the z jlanferior; S:
superior. Statistical parametric maps reflect the Cohen’s D effectaizach voxel
within each cluster.

Rehearsal Span Manipulation

In order to examine the effect of 36 hours of TSD on the neural correlates during
the rehearsal span manipulation we conducted a 2 (night: Norm, TSD) x 3 (syllable: 2,
3, 4 syllables) within-subjects ANOVA on the BOLD data during the Leadn a
Rehearse events. Table 10 shows those significant clusters of activation found during
the Learn and Rehearse events. For the Learn event, we found severalaiusters
activation that demonstrated several different interaction patterns. Theansistent

pattern observed was and increase in activation (relative to zero actiatbayllable
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nonwords during the Norm condition compared to zero activation across all syllable
lengths during TSD. This pattern was observed in the right associative vasgeal ¢
(V3), bilateral visuospatial processing areas (precuneus), bilategailaie gyrus, and
right superior frontal gyrus. Additionally, there was significant adbwafcompared to
zero activation) at every syllable length in both conditions for the bildtegaial gyrus

/ posterior cingulate. However, for 4 syllable nonwords there was gesditeaition
during the Norm condition compared to the TSD condition. Alternatively, there was
zero activity during the Norm condition and decrease activity during the TSDioondit
for the following syllable lengths: 2 syllable nonwords in the left anteriorqovel
cortex; 4 syllable nonwords in the left fusiform gyrus; and for 2 and 3 syllable
nonwords in the right angular and supramarginal gyri. In the right anterfoorpes
cortex we observed increased activation during the Norm condition and decrease
activation during the TSD condition for 2 syllable nonwords. Lastly, we found decrease
activity (relative to zero activation) across all syllable length®&oh conditions with a
greater decrease for the TSD condition for 2 syllable nonwords in the right angular
gyrus.

For the Rehearse event, we found several clusters of activation that
demonstrated several different interaction patterns (see figure 8 fraizuple). In
general there was greater activation during the TSD condition compared\orthe
condition, especially at easier difficulty levels (i.e., 2 syllable nonwoN&.observed
increased activation (relative to zero activation) across all syllatnié®mth conditions
with significantly more activation for 2 syllable nonwords during the TSD ciomdit

the right pre-motor cortex. We observed zero activation across all sylagtas
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during the Norm condition and increased activation during the TSD condition for the
following syllable lengths: 2 syllables in the right lingual gyrus; and®4syllables in
the left pre-motor cortex. Additionally, we observed increased activation for 2 and 4
syllable nonwords during the TSD condition with an increase for only 4 syllable
nonwords during the Norm condition in the right pre-motor cortex and lingual gyrus.
We observed no activation across all syllable lengths during the TSD condition and
decreased activity for 3 and 4 syllable nonwords during the Norm condition inhhbe rig
middle temporal gyrus. Lastly, we observed increased activity for 2 syflabigords

in the TSD condition with decreased activity for 2 syllable nonwords in the Norm

condition in the left perirhinal cortex.
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Table 10: Regions of significant brain activation for rehearsal span manipulation
demonstrating a Night-x-Syllable interaction

Rehearsal Span Manipulation for Learn Event

Talairach
Coordinates Brodmann
L2
X Y z Volume Brain R egion area partialn
-35.0 70.8 24.7 513 mm® R V3 cortex 19 0.576
-13.0 64.4 7.6 1296 mm® R Lingual Gyrus /Posterior Cingulate 19 /31 0.575
15.5 63.8 6.8 405 mm® L Lingual Gyrus /P osterior Cingulate 19 /31 0.415
-16.4  67.5 43.4 2700 mm> R Precuneus 7 0.508
19.4 59.7 51.7 378 mm® L Precuneus 7 0.549
-47.6 68.4 11.9 918 mm® R Angular Gyrus 39 0.448
-49.6 58.5 35.5 594 mm? R Angular Gyrus 39 0.608
571  56.8  -3.9 432 mm*® L Fusiform Gyrus 37 0.504
-54.5 37.7 36.8 459 mm® R Supramarginal Gyrus 40 0.615
-3.6 31.6 33.7 3996 mm® B Cingulate Gyrus 23/24 0.663
-65.2 30.8 -5.7 972 mm? R Middle Temopral Gyrus 21 0.556
-32.5 -35.0 41.0 486 mm® R Superior Frontal Gyrus 8 0.524
-24.1 -51.6 21.3 1134 mm’® R Anterior Prefrontal C ortex 10 0.580
40.5 -51.9 1.4 999 mm® L Anterior P refrontal C ortex 10 0.491
Rehearsal Span Manipulation for Rehearse Event
Talairach
Coordinates Brodmann
L2
X Y z Volume Brain R egion area partialn
-11.2 59.3 -8.4 1107 mm’ R Lingual Gyrus /V3 19 0.503
-28.0 60.7 6.8 378 mm® R Lingual Gyrus 19 0.536
24.6 35.4 5.5 378 mm® L Perirhinal C ortex 35 0.526
-54.1 6.5 -13.1 486 mm® R Middle Temopral Gyrus 21 0.493
9.2 13.3 54.6 405 mm® L Pre-Motor C ortex 6 0.457
-10.2 2.0 54.4 1215 mm?® R Pre-Motor Cortex 6 0.529
-39.8 3.9 46.0 675 mm® R Pre-Motor Cortex 6 0.467

Each entry represents a significant cluster ofvatitn. L: left hemisphere; R: right hemisphere; B:
bilateral. Clusters for the rehearsal span manijmuiare those found when performing a 2x3 within-
subjects ANOVA. The magnitude of activation of gveoxel of each cluster was significant at a
minimumF-value of 8.280, degrees of freedom = 1,17.
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Figure 8: Left: Example of two significant clusters in the right pre-motor cortemfa
Night-x-Syllable ANOVA during the Rehearse event. MRI image is in negrcdl
orientation in the coronal plane. P: posterior. Right: The pattern of the significant
interactions in the BOLD signal. Black solid line represents Norm and gséeddine
represents TSD conditions. Bars represent standard error. One aste@skntepr SD
condition significantly greater than both zero and the Norm Condition. Two asterisks
represent both conditions significant greater than zero.

To examine if any areas in the brain demonstrated any generalized
compensatory activity following TSD, we compared the differential actindtom the
Norm to the TSD conditions collapsing across syllable length (i.e., main effect of
Night). For the Learn event, we found several areas where there \ates guetivation

during the Norm condition (i.e., a decrease following TSD) in regions consistent with

the interaction analysis. However, we also found several areas whergevtisegreater
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activation during the TSD condition (i.e., an increase following TSD) in the lalater
anterior prefrontal cortex (BA 10), right angular gyrus (BA 39), and rigtidi®
temporal lobe (BA 21). For the Rehearse event, we found clusters where there was
greater activation in the TSD condition (i.e., an increase following TSD) ibiléteral
pre-motor cortex (BA 6), right lingual gyrus (BA 19), and left perirhinateoo
consistent with the interaction analysis. We next performed a one-way withattsubj
ANOVA across syllable length during only the TSD condition to examine thelneura
activation associated with the rehearsal span manipulation for both the Learn and
Rehearse events when participants were sleep deprived. For the Learmwevennd
less significant clusters consistent with the interaction and main effaght analyses.
However, those clusters demonstrating an effect following TSD were inrtfeetaak
relevant areas and demonstrated the same pattern of activation as theeadaisters
found in the Norm condition. These clusters included the bilateral pre-motor cortex,
monitoring of information areas (bilateral anterior and dorsolateraloptefrcortex),
lingual association areas (left angular gyrus), and bilateral cauéat the Rehearse
event, we found largely the same pattern of activation as in the analoguesdusieg
the Norm condition in the same directions including areas responsible for the
phonological processing of words (bilateral supramarginal gyrus), monitfring
information areas (bilateral dorsolateral and anterior prefrontal cothex$econdary
visual cortex (V2 and V3 areas), pre-motor cortices, and lingual associatsn are
(bilateral angular gyrus). Figure 9 illustrates the statigpaeametric maps associated
with the significant clusters found in the Rehearse event from this analysigevel,

we did not find any activation in either right or left middle temporal gyri or the le
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hippocampus during the TSD condition (see figure 10). These were the onlynareas i

the brain that did not replicate from the Norm to the TSD conditions.

Figure 9: Results from Rehearse event for the rehearsal span manipulation during TSD.
MRI images are in neurological orientation where axial slices showfisant clusters

of activation and the sagital slice shows the level of axial slice in the z plarferior;

S: superior. Statistical parametric maps reflect the Cohenfetct size for each voxel

within each cluster.
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TSD

Figure 10: Example of the statistical parametric maps from a one-way withinctsibje
ANOVA across number of syllables for the Rehearse event in the rehgzasal
manipulation. Top: example from the Norm condition, Bottom: example from the TSD
condition. MRI images are in neurological orientation in the coronal plane. A:anteri
P: posterior. Green lines indicate three regions of interest in the: rigtetemporal
gyrus (left images), left hippocampus (middle images), and left middiectetgyrus
(right images). Statistical parametric maps reflect the Coheaféetct size for each
voxel within each cluster.
CPAT computational model parameters and the BOLD signal

For each participant, a mathematical WM model was fit to the mean number of
correct responses at each lag in the CPAT administered outside the scadrprer|ts
each scan session (see preliminary data for description of CPAT; Brolwm2€0a).
Three parameters were estimated for each participant based upon the obgarved da
using the Powell method, which is a derivative-free, multidimensional, parameter

estimation technique (Press, Teukolsky, & Flannery, 1997). We also measured

goodness of fit for these parameters with the residual of minimum loss ¢higeveeof
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the maximum likelihood function). The estimated parameters reflecttédmngian,
displacement of information from WM, and episodic memory components of WM.
Theoretically, the attention component is thought to reflect the gating function of
attention. The displacement parameter is thought to reflect how much information is
displaced from the phonological loop (the inverse of which is the number of words
maintained in the phonological loop). The episodic memory component is thought to
reflect episodic encoding/retrieval into those memory processes involved inridet cor
recall of an item even though its memory representation is not activatediaigheis
tested (Turner, Brown, & Drummond, 2007). To examine the influence of TSD on the
model parameters we performed a series of paired-sample T-tesé€fioparameter
comparing the Norm condition to the TSD condition. For the attention and episodic
memory parameters there was no change from Norm to 1D @t903,p = 0.379,
Cohen’s d =0.20734= 1.657,p = 0.115, Cohen’s d = 0.380 respectively). For the
displacement parameter there was a significant decrease in the numbed f

displaced from WM following TSD {¢§ = 2.167p = 0.044, Cohen’s d = 0.497). Figure
11 shows the observed correct responses across lag along with the predicated corre

response based upon the mathematical WM model for the overall sample.



74

Mean Number Correct (Max = 8)

5 )
A
4,
3
0 1 2 3 4
LAG

Figure 11: CPAT performance for overall sample (n = 20). Mean number of predicted
and observed correct responses by lag and group. Observed values: £.prm =
TSD = # ; Predicted values: Norm—, TSD =—— . Predicted lag scores were
derived by fits to each individual within a group.

We next conducted a series of K cluster analyses aimed at determinitngmhe
groups of subjects showed differential changes in their performancegissadering
TSD, as revealed in the model parameters. We focused on a two cluster solution that
identified two clusters depending on the Norm and TSD parameter estimat value
Based on this analysis we found a 2-cluster solution only for the displacement
parameter where one group (n =12) remained stable from Norm to TSD and the other
group (n = 8) had an altered parameter. Figure 12 shows the results of thieK clus

analyses for each parameter estimate demonstrating two distinct groegsipas the

displacement parameter values. Wilcoxon signed ranks tests revealied that
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displacement parameter one group (n=12) did not significantly change following TS
(stable groupp = 0.814); whereas for the other group (n=8) the displacement parameter
decreased following TSD (altered grogps 0.025). Neither of the other two

components (i.e., attention and episodic memory) showed a significant change
following TSD for each of these two groups identifipd ¢ 0.05). Figure 13 shows the
observed correct responses across lag along with the predicated cepensesbased

upon the mathematical WM model for each of the two groups of participants (i.e., stable
and altered groups) demonstrating differential displacement parametenace.

We also calculated change scores for the parameter estimates bgtsigoir&D from

Norm parameter estimates. The relationship among these change eceaésira
significant correlation of 0.58% = .006) between the displacement and episodic
memory parameters in the overall sample. This correlation was adraedtby a shift

from an increased episodic memory parameter/increased displacemehVian the

Norm condition to a decreased episodic memory parameter/displacement from WM i
the TSD condition (see figure 14). This correlation was stronger in gredlgroup (r

=.709,p = .049) than the stable group (r = .5A8&; .085).
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Figure 12: Box plots from the results of the K cluster analyses. Each box plot is
separated into the stable (n = 12) and altered (n = 8) displacement egtongie

Grey: TSD condition, White: Norm condition. Top Left: displacement parameter, Top
Right: Attention parameter, Bottom Left: Episodic Memory Parameter.
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Figure 13: Top: CPAT performance for stable displacement estimate (n = 12pnBott
CPAT performance for altered displacement estimate (n = 8). Mean number of
predicted and observed correct responses by lag and group. Observed values: Norm =
& TSD = # ; Predicted values: Norm=—, TSD =—— . Predicted lag scores were
derived by fits to each individual within a group.
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Figure 14: Correlation between change in episodic memory parameter and change in
displacement parameter. Change scores were derived by subtractingtintides

from Norm estimates. Increased: an increase in the parameter folld®ing

Decreased: a decrease in the parameter following TSD.

To examine the correlation between the WM model parameters and the neural
activation from the in scanner WM task manipulations we regressed the attetion a
displacement parameters from the overall sample with the differenilisiin the event
of interest in each WM task during the Norm condition. For the attention component,
we regressed the CPAT attention parameter estimates onto the BOLDI@ignal
degraded and non-degraded activation for the Learn event from the attention

manipulation task. For degraded nonwords, we found clusters of activation that

demonstrated both positive and negative correlations. We found negative correlations
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where increased attention parameter estimates predicted decrdasggyd@cdegraded
nonwords in the left visual V3 cortex, fusiform gyrus (BA 37), lingual gyrus {BA
posterior cingulate (BA 30), and dorsolateral prefrontal gyrus (BA 46). \WWdalad
a negative correlation in bilateral pre-motor cortex (BA 6). We found positive
correlations where increased attention parameter estimates predacesased activity
in right superior frontal gyrus (BA 8) and anterior prefrontal gyrus (BA F@y non-
degraded nonwords, we found only negative correlations where increased attention
parameter estimates predicted decreased activity for non-degraded d®nwitie right
superior temporal gyrus (BA 22) and pre-motor cortex (BA 6). For the rehspasa
component, we regressed the CPAT displacement parameter estimatée G@d.D
signal for 2, 3, and 4 syllable nonwords for the Rehearse event from the rehearsal span
manipulation task. For 2 syllable nonwords, we found only positive correlations where
increased displacement parameter estimates predicted incretagiéglfac 2 syllable
nonwords in the left anterior prefrontal cortex (BA 10). For 3 syllable nonwords, we
found only positive correlations where increased displacement parasiateates
predicted increased activity for 3 syllable nonwords in the bilateral donsdlate
prefrontal cortex (BA 46) and bilateral pre-motor cortex (BA 6). For 4lsglla
nonwords, we again found only positive correlations where increased displacement
parameter estimates predicted increased activity for 4 syllable ndswothe right
supramarginal gyrus (BA 40) and pre-motor cortex (BA 6).

In order to examine the differences in neural activation between the two groups
of participants based upon the displacement parameter we conducted a series of 2

(night: Norm, TSD) by 2 (Group: stable parameter, altered parametex)l mifects



80

ANOVAs for the Rehearse event in the rehearsal span manipulation task for each
syllable length. Table 11 shows those significant clusters of activation fouratfor e
syllable length. For 2 syllable nonwords, we found significant clustergio@an in
mostly right frontal regions of the brain including the inferior, anterior, ansbtiieral
prefrontal cortex and superior frontal gyrus. We also found clusters of activattoa in t
right angular gyrus / supramarginal gyrus and right caudate. Eachcsighif

interaction followed the same pattern (see figure 15 for an examplede Whe an
increase in activation for the altered group parameter following TSD wgttifisantly
greater activation in the altered group compared to the stable group duringthe TS
condition. Alternatively, the stable parameter group either showed no activatiog dur
both the Norm and TSD conditions, or showed a decrease in activation from Norm to
TSD. We did not find any significant clusters that demonstrated a Night-x-Group
interaction for 3 syllable nonwords. For 4 syllable nonwords, we found one cluster of
activation in the right supramarginal group. This interaction was charactdy

greater activation for the altered group compared to the stable group duringitihe Nor

condition and the same activation level during the TSD condition.
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Table 11: Regions of significant brain activation for rehearsal span manipulation
demonstrating a Night-x-Group interaction

Rehearsal Span Manipulation for Rehearse Event for 2 Syllable Nonwords

Talairach
Coordinates Brodmann
X Y z Volume Brain R egion area partialn2
-46.9 57.5 37.6 999 mm3 R Angular Gyrus /Supramarginal Gyrus 39 /40 0.549
43.1 -18.0 21.0 1863 mm> L Dorsolateral Prefrontal C ortex 9 /45 0.636
42,0 21.0 233 2754 mm® R Dorsolateral Prefrontal C ortex / 9 /44 0.737

Pars Opercularis
-36.3 -26.5 7.2 378 mm’ R Dorsolateral Prefrontal C ortex 45 0.418
R Dorsolateral Prefrontal C ortex /

4.5 456 37.1 540 mm® X 9/8 0.404
S uperior Frontal Gyrus
-48.5 -13.1 38.4 972 mm® R Superior Frontal Gyrus 8 0.724
-4.8 -27.9 42.5 702 mm’® R Superior Frontal Gyrus 8 0.403
-39.9 -44.4 -7.2 432 mm® R Inferior Prefrontal Gyrus 47 0.632
-41.5 -50.5 2.3 378 mm’® R Anterior Prefrontal Gyrus 10 0.537
-11.7 -22.8 9.5 1026 mm’ R Caudate * 0.821
Rehearsal Span Manipulation for Rehearse Event for 4 Syllable Nonwords
Talairach
Coordinates Brodmann
s1.2

X Y z Volume Brain Region area partialn

-35.4 30.9 41.8 1053 mm’ R Supramarginal Gyrus 40 0.584

Each entry represents a significant cluster ofratitin. L: left hemisphere; R: right hemisphere; B:
bilateral. Clusters for the rehearsal span manijmuiare those found when performing a 2x2 mixed-
effects ANOVA for each syllable length. The magd#wof activation of every voxel of each cluster was
significant at a minimunf-value of 8.847, degrees of freedom = 1,17.

m Sable Group @Atermd Group

BOLD Sigral

MHorm TS0
Sleep Condtion

Figure 15: Left: Example of a significant cluster in the right dorsolateral predtont
gyrus from a Night-x-Group ANOVA during the Rehearse event. MRI imaige is
neurological orientation in the axial plane. S: superior. Right: The pattern of the
significant interaction in the BOLD signal. Black represents Stabempeter group and
grey represents Altered parameter group. Bars represent stanmdardsterisk
represents significant differences from zero.
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To follow up the 2 syllable condition where we saw BOLD interactions between
the stable and altered groups we correlated the change in the displacearaetgrar
with the BOLD signal during TSD. We found negative correlations where those
participants who had a decrease in their displacement estimates fromd\Nb&D had
greater activity during TSD in the bilateral V3 visual cortex (BA 19) aladeral

supramarginal gyrus (BA 40). No positive correlations were found.



DISCUSSION

Cognitive theorists have examined both the cognitive and neural processes of
WM since the construct was first introduced as a term by Miller, Galartd Pribram
(1965) in their classic bodRlans and the Sructure of Behavior. This body of literature
has given rise to a model of WM proposed by Baddeley and Hitch (1974) and later
revised by Baddeley (2000). The model integrates rehearsal loop, visuospatial
sketchpad, and episodic buffer components by way of the central executive (which
contains the supervisory attention system) to explain the complex processedimnvolve
WM. This model provides a cognitive theoretical foundation to test components of
WM using event-related fMRI, where unfortunately few neuroimaging sedirkctly
map onto component processes postulated by cognitive theories. The current study
aimed to use event-related fMRI to map the brain basis of two cognitive tbabret
components of WM. Isolating components was done by employing parametric
manipulations in verbal WM tasks that can be related to Baddeley’s notion of the
supervisory attention system (attention manipulation) and the rehearsal lo@rathe
span manipulation). It is important to note that the events between our WM tasks are
not completely identical andiffered in important ways. While we measured BOLD
signal for 600ms during the Learn event in our attention manipulation, we measured
BOLD signal for 3000ms during the Learn event in our rehearsal span manipulation.
The implication of this difference reflects the goal of each manipulation.g@ahifor
the attention manipulation was to capture only the gating function of selet¢éagaat
and therefore we reduced the presentation of the stimuli to a point where the nonwords

could only be subvocally articulated once (Baddeley, 1986). Thus, the rehearsal period

83
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for this task encompasses both encoding processes into verbal WM and the maintenance
of information within WM. Alternatively, the goal for the rehearsal span maatipal

was to capture the rehearsal processes in the phonological loop of WM and theeefore w
measured BOLD signal only during the maintenance of information for theafsehe

event. The rehearsal period then only encompassghdmelogical store and

articulatory rehearsal systemhthe phonological loop. The 3000ms during the Learn
event was theoretically enough time for individuals to subvocally articulate the

nonword multiple times, thereby engaging in the initial encoding processes into WM
(and possibly the initial part of the maintenance of information). These difEseare
important in drawing conclusions on the neural mechanisms employed in the events
from each WM taskLastly, sleep loss has provided equivocal findings in the

behavioral and neuroimaging findings with regard to WM. This may be in part due to
the component processes of WM emphasized within the “global” WM task used in
these studies and in part to individual differences in response to sleep loss. This study
additionally aimed to examine how the attention and rehearsal span components of

verbal WM change as a function of 36 hours of TSD.

Attention Component of Working Memory

Behaviorally, we hypothesized that our attention manipulation would produce
decreased accuracy and increased reaction time as task demandsdndiMéasid not
find such decrements in performance in relation to our task manipulations. It should be
noted however, that there was a medium effect size for the manipulation and that with

more participants there would likely by a significant difference in perfocema
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Nonetheless, while participants were able to maintain performance for dgggrade
nonwords, we observed significantly increased activation in the brain in response to
increased task demands during the presentation of the nonwords. We hypothesized
activation in the bilateral premotor cortices, left precuneus, and left fusifpms for
degraded nonwords during the Learn event. We not only found activation in these
areas, but also areas constituting the ventral visual ‘what’ stream fromrprmual
cortices through ventral areas including the fusiform gyri ending in theanfer
prefrontal cortices (Mishkin, Ungerleider, & Macko, 1983). Along with activation i
the ventral visual stream, we found activation in areas responsible for visuospatial
attention in the premotor cortex, precuneus, and thalamus; and activation in prefrontal
regions (inferior and dorsolateral) thought to be responsible for top-down control. We
further hypothesized no differences in activation between encoding and rehearsa
processes for degraded and non-degraded nonwords during the Rehearse event. Indeed,
we found activation differences in only one area in the premotor cortex likely due to
differences in sustaining visuospatial attention during the delay perioch(Q@@0).
This dissociation in activation between the Learn and Rehearse events deemtisita
our attention parametric manipulation was able to isolate visuospatial activeele
visual attention processes in identifying verbal nonwords. In other wordsjpzartsc
engaged more neural resources to identify visually degraded verbal information, and
once that information was identified participants engaged similar levels @l neur
resources to encode and maintain both types of data in WM until tested.

This manipulation can be conceptualized as dependent upon the supervisory

attentional system and suggests a set of brain regions responsible for viajospati
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selective visual attention, and executive control of attention within the supgrvisor
attentional system. Theoretically, the central executive component of WM waaitd e
control over the supervisory attentional system via top down influence. The
hypothetical neural basis for these processes could explain the set oeQrains r

found within in our analyses (e.g., prefrontal cortex, visuospatial areas, and ventral
visual stream). Activation within the prefrontal cortex would act upon both the
visuospatial areas and the ventral visual stream in a top-down manner resolving
competition between objects located within the same receptive field (which would be
especially important for degraded information). This is supported by thehveéalt
research that has shown the importance of the prefrontal cortex in top-down control in
selective attention (Desimone & Duncan, 1995; Hopfinger, Buonocore, & Mangun,
2000); and additional research that has specifically implicated the préfegitans
influence on selective attention within WM (McNab & Klingberg, 2008). While an
interpretation of our data as prefrontal regions exerting top-down control obtlee m
posterior components of the attention system is consistent with the laggeuhiée, our
analyses were only aimed at identifying specific regions within the braiorgsrating
modulation of activation in relation to task difficulty. These data cannot speak to the
connections among these regions within a functional network. Further functional
connectivity methodology needs to be employed to examine the relationships among

these regions within an overall network.
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Computational Modeling of Attention and BOLD

Both parametric manipulation tasks (i.e., attention and rehearsal span) were
based upon the CPAT and designed for the MRI environment to measure the same
components of WM as the parameter estimates from the CPAT. As such, paramete
estimates from the CPAT should be correlated with the BOLD signal from the
parametric manipulations. For the attention component we found several correlations
for degraded nonwords and only two correlations for the non-degraded nonwords. This
is not unexpected given that the increased difficulty of attending to degraded
information should be more associated with the attentional component from the CPAT.
Interestingly though, we found that individuals who had an increased attention
parameter estimates had less BOLD activation in the left visual and veoghigon
areas; as well as frontal regions implicated in top-down control processkgyfaded
nonwords. Additionally, those individuals with increased attention parameteatesgtim
had decreased activation in the right superior frontal and pre-motor gyri for non-
degraded nonwords. Thus, those individuals who have a increased attentional ability to
selectively attend and filter information reflected in the CPAT attenticampater do
not need to engage the supervisory attentional system as much as those who have less
selective attentional capabilities. There is evidence that inter-individtexedices in
attentional capacity and processing speed predict brain activation in bothepasd
negative directions (Rypma & Prabhakaran, 2009). Specifically, the authors hatind t
the prefrontal cortex exerted more influence over other brain regions for indsvidual

with slower processing speed compared to individuals with faster processidg spee
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Attention Component during TSD

We hypothesized 36 hours of TSD would lead to behavioral decrements in
performance such that degraded nonwords would show greater impairment than non-
degraded nonwords. We did not find this interaction in behavioral performance.
Rather, there was an overall decrease in accuracy and increase onreaei
following TSD regardless of the degradation of the verbal information. We further
hypothesized that degraded nonwords would show the greatest decrease in activation
following TSD in the Learn event. Overall, we found reduced general cortical
activation and reduced differences between degraded and non-degraded activation when
participants were attending to the information sleep deprived. Specificallpuwe f
the majority of those areas in the ventral visual processing stream arwh{aietortex
that demonstrated differences in activation between degraded and non-degraded
nonwords during the Norm condition for the Learn event were not differentially
activated during TSD. This would explain the reduction in performance following TSD
in part because participants were unable to successfully attend to and learbdhe ve
nonwords regardless of amount of degradation when sleep deprived. However, there
were some areas that continued to activate in response to increased tagksdema
including the bilateral primary visual cortex and right fusiform gyrus. Tuggests
that TSD leads to reduction and not elimination of visuospatial and selectiveoattenti
abilities within the supervisory attentional system. One possible mechanisine f
decreased performance and activation may be instability of the connectioesihbéte
central executive processes of the prefrontal cortex and visual word temognéas

within the ventral visual processing stream. We found those participants who had
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increased activation in the bilateral dorsolateral prefrontal cortex dubgwiere
more accurate in recognizing non-degraded nonwords and those participants who were
able to suppress activation within the anterior caudate during TSD were rooratac
in recognizing degraded nonwords. The anterior caudate has been shown to
functionally and structurally link frontal regions to inferotemporal visuasane WM
(Levy, Friedman, Davachi, & Goldman-Rakic, 1997). Inhibition of this area may aid in
a more direct functional flow of information and control from the prefrontal cortex to
the ventral visual stream, although this is purely speculative. Again, functional
connectivity methodology needs to be employed to further identify the nature of these
functional connections. Regardless, we had hypothesized that there would be a positive
correlation between individual changes in behavioral performance aftericSBGLD
signal in dorsal thalamus reflecting compensatory changes in selaitéagon.
However, it seems the neuronal top-down centers play a more important role in
compensatory activation. Thus, TSD may lead to not only a generalized decrigse i
visuospatial and selective attention brain regions responsible for succedsémitirey
to and filtering verbal information, but also instability in the ability of tloatal
regions to exert top-down influences upon the attentional system within verbal WM.
While the overall sample could not activate task-related regions leading ¢onegexdts
in behavioral performance, those participants who were able to modulate frgiiatre
while sleep deprived performed better.

Interestingly, in the presence of these decreases in overall activation and
hypothetical instability of fronto-temporal connections during TSD both degraded and

non-degraded nonwords were recognized at similar levels (albeit sagpifievorse
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than after a normal night of sleep). This suggests that that there may becoitatr
mechanisms which compensate for decreased activation within in the ventrhl visua
stream and frontal top-down processing areas to encode and maintain degraded
information into WM at the same level as non-degraded information during TSD. Such
a mechanism is probably not related to selective visual attention processderaomns

our findings within the attending period of our task. Rather, it may be related to neural
processes involved in encoding and maintaining information in the phonological store
and articulatory rehearsal system. While we did not find significant sotiva

differences between degraded and non-degraded nonwords during the rehaadsal per
when participants had a habitual night of sleep, we did find significant differences
during TSD. Specifically, we found increased activation relative to the Normticondi
only for degraded nonwords in brain areas implicated in rehearsal processesthach a
insula, supramarginal gyrus, and pre-motor cortex (LaBar, GitelmansiarMarsel
Mesulam, 1999). We also found increased activation in the lentiform nucleus for
degraded nonwords following TSD. Activation in this area has been shown to predict
the extent to which only relevant information is stored in WM (McNab & Klingper
2008). These findings suggest there are compensatory neural processgsagmplo
during TSD responsible for encoding and maintaining degraded information within WM
to later be recognized. These areas were not modulated following habitpadrsiee

likely represent an attempt to preserve WM processes when sleep depriveds Thi
partially accomplished in that degraded information is retained in WM aathe evel

as non-degraded information. However, both types of information are not attended to

as well due to the decreases in the selective visual attention during TSD.
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Rehearsal Span Component of Working Memory

Behaviorally, we hypothesized that our rehearsal span manipulation would
produce decreased accuracy and increased reaction time as task demaambdindhée
confirmed this hypothesis demonstrating that increasing the number of s/lkduls to
longer reaction times and decreased accuracy. These findings as¢ widhsclassic
research on word length demonstrating words with fewer syllables atkedemore
accurately than words with a greater number of syllables (Baddeley, ®hpé&s
Buchanan, 1975). The mechanism theoretically relies upon the phonological loop,
which is composed of an articulatory rehearsal system within phonologicjestor
where longer words are rehearsed slower thus leading to forgetting. Subvocal
articulation also seems to play a role when registering visual man¢oighe
phonological loop, which is the case with our WM task (Baddeley, Lewis, & Vallar,
1984; D. J. Murray, 1968). We hypothesized a set of brain regions that would be
modulated by increasing task difficulty during articulatory reredavghin
phonological storage including thedt lateral and inferior parietal cortex (i.e., angular
and supramarginal gyri) and leforsolateral prefrontal corteduring the Rehearse
event of our WM task. During the rehearsal period we found a wide range of brain
regions (including our hypothesized areas) with both increased and decreasdidact
in response to increasing the number of syllables. All areas demonstrateaset
activation in our study have been implicated in rehearsal processes dubagW
in other studies, as well (e.g., Awh et al., 1996; Paulesu, Frith, & Frackowiak, 1993; M.
Petrides, 1996; E. E. Smith & Jonides, 1998). Specifically, increased activation in the

dorsolateral prefrontal cortex has been implicated in many cognitivadogetithin
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WM processes. Considering our task design, the area is likely involved in maintaining
and monitoring verbal information within WM (e.g., Champod & Petrides, 2010) along
with other cortical regions such as Broca’s area (i.e., pars operculamsa’Barea is
thought to subserve rehearsal through subvocal articulation in verbal WM (J. D. Cohen
et al., 1997; Paulesu, Frith, & Frackowiak, 1993). Activation within the anterior
prefrontal cortex (also called rostral frontal cortex and frontal polehéeas associated

with coordination and transfer of information processing between multiple ¢ortica
operations (Ramnani & Owen, 2004). In order to coordinate and transfer information
between cortical regions one must sustain their attention during the relpesical

when a delay between presentation of information and testing is imposed, a process
involving the pre-motor cortex (Owen, 2000). Our findings are also consistent with a
recent study of the functional disassociation within the inferior parietalRénazza,
Delgado, Chein, Becker, & Fiez, 2004). The authors concluded that the supramarginal
gyri are associated with phonological encoding and recoding processesadf ve

material and reactivating sources of information from neural tracesealsed

activation within these areas for the Rehearse event in our WM task is aansitte

an increased demand to encode and recode a greater number of syllables within the
temporary phonological storage system. Alternatively, Ravizza et al. cod¢hatehe
angular gyri are involved in more basic speech processes that are suppréssed wi
increased WM load. Other authors have also found suppressed activation in the angular
gyri with increased rehearsal demands (Greicius, Krasnow, Reissp&nyi2003).

We found negative activation within the angular gyrus as number of syllableseutrea

consistent with these studies. We also observed negative activation as number of
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syllables increased in the left hippocampus and bilateral middle temporal gyrus.
Interestingly, this was characterized by positive activation in thailgfiocampus and

left middle temporal gyrus for 2 syllable nonwords and suppression of activation at
longer nonword lengths. The hippocampus plays an important role in encoding
information into episodic long term memory (for reviews, see Squire & Zoladhor
1991; N. J. Cohen et al., 1999); whereas the middle temporal lobes are involved in
semantic memory storage (Martin & Chao, 2001). Therefore, it seems paaihsibl

when participants were presented with shorter nonwords some chose to engage in more
episodic memory encoding strategies relying on medial and middle temporal lobe
activation. This process then either was rejected or could not be maintaindoingéer
nonwords leading to a shift in strategies relying more on the phonological loop of WM
and less on episodic encoding into long term memory. Indeed, there is evidence that
individuals adopt other strategies that avoid the use of the phonological loop while
maintaining high levels of performance during verbal WM (Logie, Della,Sal

Laiacona, Chalmers, & Wynn, 1996). If multiple strategies are employadsubset of
participants the resulting aggregate data from the sample could producelgistinc
different activation patterns, with the additional unintended strategiesdrasiults.

Logie et al. (2003) had participant’s practice subvadatulatory rehearsalutside the
scanner until the authors were confident this strategy was adopted by d¢mubapaat

all difficulty levels during delay periods in a serial recall WM task. Thewntified

areas in the left hemisphere including the inferior parietal lobe andoinéerd middle
frontal gyri which they attributed to the subvocal rehearsal strategy.e Tindsgs

suggest that the regions found in our study in the prefrontal and inferior pariéal cor
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reflect an overt strategy of subvoeaticulatory rehearsal within the phonological loop.
Contrary, activation in the medial and middle temporal lobes for 2 syllable nonwords
would hypothetically reflect an episodic encoding strategy that does nofp@iy\WM.
Such a strategy cannot be employed when the WM system is taxed as there is not
enough time and/or neural resources to encode the longer nonwords into
episodic/semantic stores.

For the Learn event, we hypothesized that there would be no differences in
BOLD signal across number of syllables from our rehearsal span manipulation.
However, we found a multitude of brain regions in both positive and negative directions
in response to increasing number of syllables. In retrospect, this is not atogeth
surprising considering the cognitive processes hypothesized to be employediuiring
3000ms of stimuli presentation. We observed positive activation in responses to
increasing number of syllables in areas within the ventral visual stredwisaiospatial
areas related to selective attention. These areas were the sams deggussed in our
attention manipulation and represent an unintended modulation upon the selective
visual attention system in our rehearsal span manipulation. Activation within the
anterior and dorsolateral prefrontal cortex may also relate to the top-dffwmence on
selective attention or to encoding and initial rehearsal processes. Our igakisles
unable to disassociate the function of these areas considering the multiple cognitive
operations relying upon the prefrontal cortex during the Learn event, although as
discussed above, this was an intentional trade-off to allow the Rehearse event to be
more specifically controlled. We additionally found positive activation in aedated

to rehearsal processing in the bilateral insula and right supramargioal(ggBar,



95

Gitelman, Parrish, & Marsel Mesulam, 1999; Ravizza, Delgado, Chein, Beckerz & Fie
2004) indicating that participants engaged in rehearsal of the nonwords duringriihe Lea
event. Interestingly, we also observed increased activation in response to more
syllables in the posterior cingulate. Among the multitude of functions related to
assessing the environment and in memory, the posterior cingulate has beeatéahpli

in vision and monitoring of eye movements (Vogt, Finch, & Olson, 1992). Considering
the visual differences and saccadic eye movements required to readnongerds
activation in this region is consistent with the literature. With regards toethetive

BOLD signal, we observed negative activation as number of syllables iadreahe
angular gyri, which have been shown to be suppressed in response to increased
requirements to rehearse information (Greicius, Krasnow, Reiss, & Menon, 2003). We
also found negative activation in the superior frontal gyri and other frontal resgiohs

as the anterior prefrontal cortex. There is evidence that the superiat femobns play

a role in exerting high-order control on visual behavior (M. Petrides, 1987; Schall,
1991). However, it is unclear why such a process would suppress activity for longer
nonwords. The 2 and 3 syllable stimuli had a series of X’s at the end of the nonwords
in an attempt to control eye movements by having each stimuli be the same lemgth. |
possible that this had an unintended influence on the visual behavior of our participants.
It is important to note that the bilateral superior frontal regions we found imalysé

were more anterior to and do not constitute the frontal eye fields (regions tdso wi

BA 8). The function of the left anterior prefrontal cortex in our WM task is also unclea
considering we found both positive and negative activation patterns. It may be possible

that the multi-modal role of the structure in information coordination and transfer ma
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require both suppression and activation of neuron clusters constituting the anterior
prefrontal cortex.

Overall we were able to isolate rehearsal processes related to the ghaaholo
loop and found activation consistent with verbal rehearsal during the Rehearse event of
our WM task. These activation patterns can be related to the notion of the phonological
loop and suggest neural mechanisms for this component of verbal WM. Interestingly,
we found evidence for the possibility of secondary strategies being esdpogasier
difficulty levels (e.g., 2 syllable nonwords) relying on neural regionsimepisodic
and semantic memory centers of the temporal lobe. For the Learn event, we were
unable to successfully control for visuospatial and selective attention pecddse
more syllables in nonwords activated visual attention and visual processing center

the brain in response to reading longer stimuli.

Computational Modeling of Rehearsal Span and BOLD

In order to examine the relationship between the CPAT and the rehearsal span
manipulation we correlated displacement parameter estimates from Affevith
activation in the rehearsal period of this WM task. If there is a relatiobshigeen the
parameter estimates from the CPAT and the rehearsal processes fronamatipar
manipulation then one would expect a correlation such that those who consistently
engage the phonological loop would have lower displacement estimatesifrgflect
greater rehearsal spans) and lower activation (reflecting betteatidan of the neural
substrates). Indeed, we only found positive correlations where those individuals who

had a greater displacement component (thus a smaller rehearsal apetmefiCPAT
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had increased activation in brain regions subserving the phonological loop when
maintain 2, 3, and 4 syllable nonwords in WM. We specifically found correlations in
the left anterior prefrontal cortex, bilateral dorsolateral prefrontééx@nd pre-motor
cortex, and right supramarginal gyrus. These data are consistent witartbaséound

by Logie et al. (2003) in their study sfibvocalarticulatory rehearsal and can

differentiate the strategies employed by participants following audsight of sleep

in that those who focused more on using the phonological loop (c.f., episodic encoding)
engaged the rehearsal areas in the brain moreso than those who used othes stoateg

relying on the phonological loop.

Rehearsal Span Component during TSD

We hypothesized that 36 hours of TSD would lead to behavioral decrements in
performance such that the harder conditions (i.e., increased number of syllahlles) w
show greater impairment than the easier conditions. We did not find these interactions
within our data. For accuracy, we observed only a main effect of syllables where
increasing the number of syllables led to decreased accuracy. Fayrrématd we did
observe an interaction where following TSD participants had increasednrettte for
each syllable length, but had the greatest increase in reaction timeyfiabis
nonwords. Thus it seems that while participants were slower to make a respamge duri
TSD they were just as accurate as when they had a habitual night of siéepnd of
neural activation, we hypothesized an interaction such that, following TSD, harder
versions of the task would show greater decreases in BOLD signal during thesRehea

event in regions hypothesized for the Norm condition. Contrary to this hypothesis we
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found compensatory activation following TSD both at the same level and beyond that
observed following a habitual night of sleep. Specifically, the same braonsetipat

were modulated in response to increased task demands following a habitual night of
sleep were modulated in the same directions following TSD when maintaining
nonwords in verbal WM. The only exception to this was in the bilateral middle
temporal gyri and left hippocampus where, following TSD, we did not observe any
activation related to our rehearsal span manipulation (this pattern was aamgmight

by syllable interaction within the right middle temporal gyrus). Additionally found
several interactions where brain regions demonstrated increased activatgni@D
greater than that observed during the Norm condition for 2 syllable nonwords. These
regions included the bilateral pre-motor cortices responsible for sustain#datte
(Owen, 2000), bilateral lingual gyri, and the left perirhinal cortex. The lingyral

have been shown to activate when individuals engage in mental imagery (D'Esposito et
al., 1997; Farah, 1989; Mellet, Tzourio, Denis, & Mazoyer, 1998). Alternately, the
perirhinal cortex, among other functions such as recognition memory and object
identification/discrimination, has been shown to associate objects with othesaydct
abstract concepts (Liu & Richmond, 2000; E. A. Murray & Richmond, 2001). Thus,
increased activation in both the lingual gyri and left perirhinal corteaatefl
compensatory recruitment of new neural regions during TSD not activated follawing
habitual night of sleep. This was only true when task demands were low and suggests
the use of additional resources to maintain 2 syllable nonwords in WM in novel ways
not employed following a night of habitual sleep. However, it is unclear i thes

additional neural structures are the underpinnings of strategies unreltted to
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phonological loop or strategies enhancing the phonological loop system. Though, it
does seems that as the verbal WM system is taxed with increased numitlablessy

these additional strategies are either rejected or the brain is unableiibthese

additional neural structures in face of increased demands upon the neural mechanisms
underlyingsubvocalarticulatory rehearsal and phonological storage in the phonological
loop.

Examining the influence of TSD on activation during the Learn event is difficult
considering the various cognitive operations employed during this event including
visual selective attention, encoding into WM, and the initial part of maintenance of
information. In general we found overall decreased activation following TSD in
regions implicated in visual selective attention including both the ventral viseairst
and frontal top-down control regions. These findings are consistent with ourasttenti
manipulation. However, we also found some brain regions showing increased
activation only during TSD in the anterior prefrontal cortex and the bilatenalate.
Therefore, based upon these activation patterns it seems that whilevse#etition is
impaired following TSD increasing presentation time of stimuli (e.g., 600nn&in t
attention manipulation and 3000ms in the rehearsal span) allows enough time to attend

to the stimuli and encoded the nonwords into working memory.

Rehearsal Strategies and Effect of TSD
Results from the CPAT were able to add interpretive power in identifying
changes in the use of rehearsal strategies relying on the phonological loop. We

identified 2 subgroups within our sample based upon the change in individual's
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displacement parameter estimates during TSD. We identified one growpragda

stable displacement parameter who maintained about 3.5 words in the WM following a
night of habitual sleep and during TSD. We identified a second group as having an
altered displacement parameter maintaining only 1.2 words in WM following aafight
habitual sleep, increasing to 2.6 words during TSD. At first glance this may endicat
that the altered group has a deficit in overall WM abilities. However, this ibe@ot t

case for several reasons: 1) The altered group was able to increasshttegisal span
following TSD, 2) both groups had similar behavioral performances for the hardest WM
conditions in the CPAT (i.e., 3 and 4 lags), and 3) we found a significant correlation
between the displacement and the episodic memory parameters. The oarrelati
indicated changes in strategies to learn/maintain the nonwords until testecitiase

upon the rehearsal loop or episodic encoding/retrieval into long term memory. For the
entire sample, those individuals who had reductions in their episodic memory paramete
following TSD also had decreases in their displacement parameter (tmeseased
rehearsal span). This correlation was stronger for the altered displageanameter

group. These data suggest that a subset of participants did not strongly engage the
phonological loop (i.e., increased displacement estimate) after a habitual retgef
choosing to use more an episodic memory approach (i.e., increased episodic memory
parameter). This is consistent with the overall group analyses in the Norrticmondi
where we observed activation of brain regions thought to be related to the phonological
loop in the prefrontal cortex and inferior parietal lobe and activation in brain regions
thought to subserve episodic memory in the hippocampus and semantic memory in the

middle temporal lobes. These data also suggest that participants, speaifittaly
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altered parameter group, adapted to TSD by relying more on the phonological loop.
Indeed, when comparing the activation patterns for each subgroup following alhabitua
night of sleep and during TSD we found differences between the groups during the
Rehearse event. These differences were almost exclusively fialdesyponwords and
followed the same pattern in regions shown to subseiveocalrticulatory rehearsal
and phonological storage in the phonological loop. Specially, we found increased
activation during TSD for 2 syllable nonwords in the altered group compared to the
stable group in the right inferior, right anterior, bilateral dorsolateral ptefroortex,

right supramarginal gyrus, and right caudate. The supramarginal gyrigsggcularly
sensitive to changes in the displacement estimate. We found that the change in the
displacement parameter during TSD predicted activation within the supraaiaygii

such that those who had a decreased in their displacement parameter during TSD
(relative to the Norm night) had greater activation during TSD. Thus, the
supramarginal gyri seem particularly related to the rehearsal spgrooent of WM

and may be directly related to how many items an individual can maintain in
phonological storage of the phonological loop. These data may also explain why we
did not observe hippocampus and middle temporal gyri activation during TSD in our
overall sample. If part of our sample did shift to engage the phonological loop more
during TSD then one would expect a loss of activation in areas implicated in episodic

encoding.



102

Summary

Our results elucidate the neural structures underlying the supervisorjoatént
system and phonological loop in the multi-component WM model of Baddeley. Other
models of WM and the relationship to long term memory have been proposed that differ
from that of Baddeley’s view. For example, Baddeley’'s model differs froiwirig’'s
concept of episodic memory in postulating a structure concerned with temporary
storage (i.e., the episodic buffer; Tulving, 1983); albeit one that is intimatelyciaoh
to episodic long term memory. Baddeley’'s model also differs from Cowan’sofiew
working memory as not multi-components, but as the subset of information within long
term memory processes that is the focus of attentional resources (Cowan, 1988, 1999).
If WM is a unitary construct (as Cowan postulates) then the neural system where
memory storage occurs should be the in the very same brain circuitry that supports the
perceptual representation of information. However, our results support the view of
multiple cognitive components of verbal WM identifying distinct neural strastur
responsible for different components of WM from attending to and filtering stimuli in
the outside environment to subvocal articulatory rehearsal and temporary phaiologic
storage all interacting together in a complex neural system. Furthermsee, the
components with the neural system seem to be influenced and controlled by the
prefrontal cortex.

When combining the results from both task manipulations we found evidence
for the following theoretical verbal WM neural system process. First, tirempia
cortex exerts top-down control upon the ventral visual stream and visuospatial areas

when visually attending to verbal nonwords with the goal of getting relevant
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information from the outside world into WM. Once information is in WM, the
dorsolateral prefrontal cortex maintains information in the system andtir@oa
prefrontal cortex monitors information transfer within the phonological loop and other
cognitive systems. Broca’s area aids in subvocal articulatory rehedusadas the
supramarginal gyri encompass the temporary phonological storage. Wheysthms

is taxed areas within the angular gyri and episodic encoding centers of fuedkm
lobes are suppressed to provide additional neural resources for phonological loop
processing. However, when the system is not taxed alternative strategedgingtan

the phonological loop can be employed. Such strategies are up to individual
participants in how they approach the task of remembering verbal information for a
later test of that information. One such strategy was episodic encoding interiong t
memory storage relying on the medial and middle temporal lobes and seemed to be used
by some participants. This strategy also seemed to work as well@soth@ogical

loop in remembering shorter nonwords (i.e., 2 syllable nonwords).

When examining the WM system during 36 hours TSD we found a specific
result such that the supervisory attentional system is impaired, whereas thegicahol
loop compensates and maintains performance at a level comparable to that following
habitual sleep. It seems that when the presentation time of the stimulitensior
(600ms in our case) individuals have difficulty attending to both degraded and non-
degraded information with the goal of encoding that information into the WM system.
If information is not selectively attended to and encoded in WM storage then that
information is lost to future recognition and recall. The neural mechanisns sede

in the frontal influence on the posterior attentional brain areas such that those
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participants who are able to modulate the frontal areas have a more intact sepervis
attentional system (albeit still impaired compared to when they ardyestewever,
even in the face of an impaired supervisory attentional system, we observed
compensatory activation in those brain regions needed for encoding and rehearsal
processing for degraded nonwords. Therefore, it is likely that sleep deprived asopl
slower to attend to stimuli in their environment, but once they are able to engage the
selective attention system, compensatory mechanisms are used to maintain
performance. For example, when we extended the time participants had toca#edd t
filter information (e.g., 3000ms in our rehearsal span manipulation) we still found
evidence for impairments in the supervisory attentional system during T6®@ewdr,
the increased presentation time of stimuli allowed individuals more time tiheis
impaired attentional system to encoded information into the phonological loop. Once
information was in the phonological loop we saw compensatory activation at the same
level and greater than what we observed following habitual sleep. Imghgstie
found evidence that more participants engaged in the phonological loop when sleep
deprived and abandoned episodic encoding strategies even when the WM system is not
taxed (i.e., 2 syllables). Perhaps the phonological loop is able to compensate ia the fac
of TSD and therefore is the preferred method to retain information. However, the exac
explanation is unclear since we did not overtly ask participants about thagssat

This differential effect upon the WM system during TSD may be the reason why
there are discrepant findings within the TSD and WM literature. It may béhtss
studies that taxed the supervisory attentional system found decreases in Behavior

performance and activation not because the rehearsal processes aedirbpéai
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because information never entered the WM system to begin with. Alternathadg, t
studies that found compensatory activation may have task designs emphasizing the
phonological loop and did not tax selective attention enough to find decreased
performance. This idea is consistent with research our lab has done with verbal
learning. We have found compensatory activation when encoding verbal material int
long term memory storage (Drummond et al., 2000). In order to encode information
into long term memory, information must first pass though the temporary storage
processes of WM. It may be that those neural processes responsible fongncodi
information into long term memory and in maintaining information within the
phonological loop are able to compensate to sleep loss to aid individuals in learning and
remembering information when they are sleep deprived. The caveat is that you mus
allow enough time for a sleepy person to attend to relevant information and filter
irrelevant information within selective attentional processes befoneethal stimuli

can be successfully worked with.

Limitations and Future Directions

We designed our tasks to isolate both attentional and rehearsal processes of
verbal WM. While we are able to successfully isolate these components &e wer
unable to completely remove the influence of visual and attentional processes during th
Learn event in our rehearsal span manipulation. This does not affect the results from
the Rehearse event in this task, but future studies should employ other strat&gies bas
in cognitive theory to control for visual and attention processing during the @e&sent

of stimuli. Furthermore, while not a goal of this study, we did not isolate encoding
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mechanisms needed to place information into WM. We hypothesized the neural
substrates for these processes based upon the current literature. However, direc
manipulations of this cognitive process would elucidate the exact neural mechanism of
encoding into WM and future studies should examine this sub-process within the WM
system. More of a concern was the presumed differential strategies ethpiogur
participants. The results from previous research, our WM task BOLD activation
patterns, and the computational model from the CPAT provided evidence that different
strategies not relying on the phonological loop were use by a subset of our gatdicip
However, we did not ask participants what strategy they used during the task. More
research should be conducted that systematically examines stratéfigsand the
resulting changes in neural activation. This work would shed light into the individual
differences in WM abilities and the effect of TSD on those abilities.

In addition, research has been conducted examining aging and changes in the
WM. This research demonstrates that when WM is not taxed older adults show
increased activation in the dorsolateral prefrontal cortex compared to y@ehudes:
However, when the WM system is taxed with increased task demands older adults show
less activation compared to younger adults (Cappell, Gmeindl, & Reutan, @@10;
Mattay et al., 2006). These findings suggest compensatory neural mechanishes in ol
adults that cannot be maintained in the face of increased demands. Studies of TSD have
made similarities between a sleep deprived younger adult’s brain and a rdsted ol
adult’s brain (Harrison, Horne, & Rothwell, 2000). Using TSD and aging as a model
would further test the assumption of compensatory activation and provided insight into

sleep and aging. To this end, future studies should also examine different levels of TS
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and the effects of partial sleep deprivation, which would provide more exterraatyvali
to the sleep results.

Lastly and most prudent is the use of functional connectivity methodology to
examine the overall network involved in WM. Our study made advances toward this
goal by using a fast event-related fMRI design and a validated computatiodel of
WM outside the scanner. However, future studies should move from examining distinct
neural regions in the brain to model connections among regions. This is especially
important considering that neural structures do not work in isolation to guide behavior.
Rather neural networks underlie behavior and impaired cognition can be result from
impairment to one cognitive structure or from the connections between stsuctiMes
feel that the current findings can provide a solid base for these future studies in
examining the cognitive components of verbal WM and the neural substrates of the

WM system.
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