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Abstract
The present research investigated the relationship between sleep ang meyanger
and older adults. Previous research has demonstrated that during the deep &€eep stag
(i.e., slow wave sleep), recently learned memories are reactivated antidaied in
younger adults. However, little research has examined whether memooyidatnen
occurs during deep sleep in older adults. Younger adults and older adults encoded word
pairs (e.g., channel — result) in the morning or evening and then returned 12 hours or 24
hours later for a final test (three groups: 12-hr wake, 12-hr sleep, 24-hr PNe&M. s
Sleep stage scoring was obtained by having participants use a home sleepnmgonit
system (Zeo, Inc.) between experimental sessions. In the youngerradplt memory
retention was greater in the 12-hr sleep condition than in the 12-hr wake condition (the
24-hr sleep condition produced results similar to, though nominally greater than, the 12-
hr wake group), and these younger adult participants demonstrated a positive@orrelat
between memory retention and amount of deep sleep. In contrast, in the older adult
group, no effect of delay condition was observed and deep sleep did not significantly
correlate with memory retention. Furthermore, for one measure of post-slegp dela
learning, the older adults but not the younger adults demonstrated a sigmiégative
correlation between deep sleep and memory performance. These findings thagjgbe
relationship between memory and deep sleep that is typically observed iniyaduolge,

is weakened or changed in older adults.
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Sleep, Memory, and Aging: Effects of Pre- and Post-Sleep Delays And Interence

on Memory in Younger and Older Adults

Humans spend approximately one-third of their lives sleeping but scientists have
yet to reach a consensus as to why sleep occurs. One likely explanation isethat, li
waking behavior, sleep serves multiple purposes ranging from tissue restokdtom &
Oswald, 1977) and energy conservation (Berger & Phillips, 1995) to maintaining
synaptic homeostasis (Tononi & Cirelli, 2003). In recent years sciehéigesdiscovered
an additional function of sleep: sleep benefits the consolidation of memories, (Karni
Tanne, Rubenstein, Askenasy, & Sagi, 1994; Wilson & McNaughton, 1994).

The history of sleep benefits to memory can be traced back to Ebbinghaus’s
(1885/1964) seminal study of memory. Though Ebbinghaus concluded that forgetting
was a function of time, the association between time and memory recall wateohpe
The primary discrepancy in his forgetting curve was the reduced forgettengetween
the delay of 8.8 and 24 hours, in which only 2.1% of information was forgotten, which
can be compared to the higher forgetting rates prior to sleep onset (8.4%bktavet
8.8 hours) and following the first night of sleep (6.1% between 24 and 48 hours).
Although the reduced forgetting occurred during a period that would include the first ful
night of sleep following learning, Ebbinghaus argued that the observed reductish “[wa
not credible” (p. 77).

Subsequent research revealed that Ebbinghaus’s (1885/1964) results were not
accidental. In a classic study, Jenkins and Dallenbach (1924) examined mezabry re

across sleep and wake delays of 1, 2, 4, or 8 hours. Memory was better overall following



sleep delays (59%) than wake delays (26%). Interestingly, in the wakei@ondit

memory consistently declined from the 1-hour delay to the 8-hour delay, whetbas i

sleep condition, there was a decline in recall from 1 to 2 hours, but additional sleep
delays showed no further decrease in recall. Even though this last patternsstiggest

there may be a complex relationship between sleep and memory, Jenkins and Dallenbach
concluded that sleep only benefits memory by (passively) protecting it fraiimday

interference.

Advances in Sleep Technology and in Understanding Sleep Physiology

Jenkins and Dallenbach’s (1924) theory that sleep-related memory bersefits re
entirely from the protection of memory traces from interference waslpabased upon
the assumption that sleep is a homogenous state in which the brain essentially “shuts
down.” With the development of polysomnography [including electroencephalography
(EEG)] in the 1950s and the subsequent study of neural activity during sleep, the
assumption of a “quiet” brain during sleep was falsified. Aserinsky and Kdeitm
(1953) discovery of rapid eye movement (REM) sleep demonstrated that the sleeping
brain is not a homogenous state, but instead cycles through qualitatively diffagest st
of activity. In following years, sleep researchers distinguished betRE# sleep and
Stages 1-4 of non-REM sleep. | elaborate on these stages below.

Humans cycle through five to six 90-minute-long non-REM/REM stages per
night, and the amount of time spent in each stage changes across time sgent asle
Humans first enter Stage 1 of non-REM sleep, which is considered to be adnahsiti

state between sleeping and waking. Stage 2 of non-REM is considered to be “epe” sle



(Matrtin, Shochat, & Ancoli-Israel, 2000), and is marked by slower EEG acteldtive

to waking rest periods. Because individuals are fairly easily awakened) &tages 1

and 2, these stages are often collectively referredlighdasleep Following Stage 2,
individuals enter into Stage 3 and then Stage 4 of non-REM sleep. Stages 3 and 4 are
characterized on the EEG by delta activity (1-4 Hz) and slow oscillagohdig). Slow
oscillations are generated in the neocortex (particularly frontedrreguch as the medial
prefrontal cortex), and are believed to orchestrate the firing of thalartioat neurons
(sleep spindles) and hippocampal-cortical neurons (sharp wave ripplesKB1298;
Diekelmann & Born, 2010). In contrast to the specific activity related to slow
oscillations, spindles, and sharp wave ripples, positron emission tomography (PET)
studies (Maquet, 1997) have shown that the brain is, in general, at its quietest during
Stages 3 and 4. Because Stages 3 and 4 are marked by very slow EEG activity and
individuals are not easily woken during these stages, researchers oftea tieése

stages as slow-wave sleepdeep sleegheretofore referred to as deep sleep).

Following deep sleep, the sleeping brain enters into REM sleep. EEyactiv
during REM sleep shows similar levels of activity to that observed during vaakieE&r
studies (Maquet, 1996) have revealed increased cerebral blood flow (relateept
sleep and wakeful states) in several regions (e.g., the amygdala). TR&EMsileep
stage is relatively short and then the cycle starts over. Humans spend thiy widjoe
first half of the night in deep sleep whereas the second half of the night is dominated by
REM sleep. When humans are deprived of deep sleep or REM sleep, on following nights,
younger adults will show less light sleep and a rebound (recovery) &ffinet stage(s)

for which they were deprived (i.e., REM and/or deep sleep; Kollar, Pasnau, Rubin,



Naitoh, Slater, & Kales, 1969). Older adults (>55 years of age) will show a relmund t
deep sleep (though more for Stage 3 than for Stage 4, whereas younger adults show the

reverse), but may not show a rebound effect for REM sleep (Bonnet & Arand, 1989).

The Relationship Between Deep Sleep and Episodic Memory

Following the developments in sleep technology and gaining a fuller
understanding of the different stages of sleep, Ekstrand and colleagueg @arret
Ekstrand, 1972; Ekstrand, 1967; Fowler, Sullivan, & Ekstrand, 1973; Yaroush, Sullivan,
& Ekstrand, 1971) conducted a series of experiments to test Jenkins and Dallenbach’s
(1924) original conclusion that simply being asleep preserves memoriesrigkatrd
colleagues were particularly interested in whether episodic memanyilark/ benefited
by deep sleep and REM sleep stages. In one study (Yaroush et al., 1971), participant
learned a paired-associate word list (e.g., Train — Black) and were 4elsteirs later.
There were three conditions: daytime awake, deep sleep, or REM sleep. laplstede
condition, participants learned word pairs in the evening (to a criterion of 10 out of 15
correct) and were woken after 4 hours of sleep for testing (first 4 hourgpfaske rich
in deep sleep); in the REM sleep condition, participants first slept for 4 hours, then were
woken to learn the word pairs to criterion, and then following 4 more hours of sleep (last
4 hours are rich in REM sleep) they were given a final test. Though this design is
confounded by whether participants have slept or not immediately prior tanlgaitris
worth noting that performance on the learning task did not differ between groups. On the
final test, Yaroush et al. observed better recall in the deep sleep condition than in the

REM condition, which was no better than a 4-hour daytime awake condition. The pattern



of better episodic memory following deep sleep than REM sleep has beeatesblic
several times (Barrett & Ekstrand, 1972; Fowler, Sullivan, & Ekstrand, 1973| &liha
Born, 1997) and suggests that Jenkins and Dallenbach’s early account of why sleep
benefits episodic memory may not be wholly correct.

Just as technological developments preceded Ekstrand and colleagues’ work in
the 1970s, developments in single cell recordings (often used in non-human animal
studies) and human neuroimaging (e.g., functional magnetic resonance inoadgMg|)
have recently led to a resurgence in interest in sleep-related benefithtmyme
(Stickgold, 2005; Wilson & McNaughton, 1994). One of the most intriguing scientific
discoveries of the last two decades has been that recent memoriestarateesand
“replayed” during sleep. In a seminal study, Wilson and McNaughton showed that the
same hippocampal neurons that fire while a rodent is learning a maagdirewhile the
rodent sleeps. This hippocampal ensemble replay (sharp wave ripples) hasieemet
been observed during REM sleep (Poe, Nitz, McNaughton, & Barnes, 2000). But, the
more consistent finding is that hippocampal replay occurs during deep sleep {30 W
2007; Lee & Wilson, 2002; Nadasdy, Hirase, Czurko, Csicsvari, & Buzsaki, 1999;
Skaggs & McNaughton 1996). In humans, sharp wave ripples have been observed during
deep sleep but not during REM sleep (Staba, Wilson, Fried, & Engel, 2002). The
hippocampus does not simply replay memories; single-cell recording studies have
demonstrated an orchestrated pattern of firing between hippocampal and ndocortica
cells—often referred to as the hippocampal-neocortical “dialogue” (Eusatsyrio, &
McNaughton, 2007; Wierzynski et al., 2009)—in which memories are theorized to be

reactivated and transferred from short-term hippocampal storage to longgecortical



storage (Buszaki, 1996; Marr, 1971; McClelland, McNaughton, & O'Reilly, 1995). This
transfer, or consolidation, process is hypothesized to promote long-termataolle

Though hippocampally-generated sharp wave ripples are suggestive of memory
reactivation and consolidation, stronger evidence for this claim would come from
research connecting the presumed memory reactivations to later menforgnpace. In
two recent animal studies (Ego-Stengel & Wilson, 2009; Girardeau, Benchenaney W
Buzsaki, & Zugaro, 2009), sharp wave ripples were experimentally suppressedusing a
electrical stimulation procedure following a spatial memory task. Theassgpn of
sharp wave ripples blocked memory consolidation, as demonstrated by worde spatia
memory performance in the suppression group relative to a no-suppression (normal
sleep) control group.

The importance of hippocampal reactivation to memory consolidation has also
been demonstrated in humans. Peigneux et al. (2004) had human participants learn routes
in a virtual town while undergoing PET scanning. After learning, the particigéet in
the PET scanner. Peigneux et al. reported that the hippocampus was activated both during
learning and during deep sleep. Importantly, the degree of hippocampal\atiact
during deep sleep correlated positively with route retrieval the followipg da

Marshall, Molle, Hallschmid, and Born (2004) attempted to experimentally
control memory reactivation during sleep. They had subjects learn word pairs and then
tested them 3 hours later after either a sleep delay (rich in deep sleepake delay.

The critical manipulation was whether participants were given a teamatdirect
current stimulation (tDCS) or placebo stimulation during the wake interval or diegyy

sleep. The tDCS technology can be employed to increase natural pattermsyaon fine



human brain. For example, Marshall et al. used the tDCS to experimentall\setinea
number of slow oscillations (which coincide with hippocampal sharp wave ripples)
observed during deep sleep. Final cued recall was better when tDCS wed dpphg
deep sleep (but not when applied during the wake interval) relative to the placebo
stimulation. Furthermore, the degree of memory benefit was significastbciated with
the degree of increase in slow oscillations. Thus, experimentally increasingural
activity that is theorized to underlie reactivation and consolidation benefigzd la
memory recall.

Rasch, Buschel, Gais, and Born (2007) further demonstrated the relationship
between reactivation during sleep and memory enhancement. Participared ka
object-location task (the game “Concentration”) that involved recalling thedoaat
card pairs following a sleep or wake interval. During learning, a rose (8ceant
odorless control) was repeatedly delivered and participants were (re)eéxpadkat scent
(or odorless control) during either deep sleep or REM sleep. Memory performance was
enhanced when the rose scent (relative to the odorless control group) was presented
during learning and during deep sleep. No memory enhancement was observed (relati
to the odorless control group) if the rose scent was presented during deep sleep but not
during learning, if the rose scent was presented during both learning and RgMsiée
the rose scent was presented at learning and again during a wake delpglli@grne
conclusion that the rose scent was reactivating the object-location pairs dieemg
sleep, Rasch et al. used fMRI to show greater hippocampal activation duringense-s
on periods than rose-scent-off periods in a sleep condition, relative to a wake condition.

Diekelmann, Buchel, Born, and Rasch (2011) recently replicated these findings.



Using a similar approach, Rudoy, Voss, Westerberg, and Paller (2009) paired
sounds (e.g., cat meow) with object-location pairs (e.g., picture of a caty deairning.

Then patrticipants slept and some of the sounds were (re)presented during the geep slee
stage. Memory performance was better for the cued items than for the mbitecue

thereby demonstrating selective consolidation of experimentally vatedimemories.

Thus, in addition to protecting against daytime interference (Jenkins & Dallenbach,
1924), sleep can benefit memory by reactivating and consolidating recsarthed
information.

In addition to studies demonstrating hippocampal reactivation of memories during
deep sleep, two studies (Gais et al., 2007; Takashima et al., 2006) have further suggested
that these reactivations are indicative of a transfer of memory re@esesto
neocortical regions (Buzsaki, 1996; Marr, 1971; McClelland et al., 1995). Takashima et
al. (2006) had participants memorize visual stimuli (e.g., photographs) and then gave
them recognition tests in the fMRI scanner for these items at four time poert a 3-
month span. The results demonstrated that, across the 3 months, memory retrieval was
progressively associated with less hippocampal activation and more ventrdl media
prefrontal cortex activation.

Gais et al. (2007) had participants learn word pairs, and then allowed the
participants to sleep or deprived them of nighttime sleep. The participantsecafter
48 hours and recalled the word pairs while undergoing fMRI scanning. Functional
connectivity analyses revealed greater connectivity between the hipposand the
medial prefrontal cortex in the normal sleep group than in the sleep deprivation group.

When tested again 6 months later, participants in the normal sleep group demonstrated



greater medial prefrontal cortex activation than those originally depoisleep. The
changes across time suggested that initial sleep is critical for atatguii new memories

into neocortical storage regions.

Sleep, Memory, and Aging

The recent surge of interest in deep sleep and memory consolidation has led some
researchers to theorize that sleep disturbances may account for somegecdgolines in
older adults (Buckley & Schatzberg, 2005; Hornung, Danker-Hopfe, & Heuser, 2005).
Cognitive declines, and especially episodic memory declines, are promineaiin ol
adults (e.g., Park et al., 2002). The root of age-related cognitive declines iseaour
debate, but probably involves influences related to general slowing of speed of
processing (Salthouse, 1996), inhibitory deficits (Hasher & Zacks, 1988), encoding
deficits (Naveh-Benjamin, 2000), controlled processing declines (Jennings &Jacob
1993), and cognitive control declines (Braver & Barch, 2002), each of which have also
been demonstrated to be symptoms of impaired sleep (Drummond, Meloy, Yanagi, Orff
& Brown, 2005; Killgore, 2010; Yoo, Hu, Guijar, Jolesz, & Walker, 2007). The neural
underpinnings of these age-related cognitive declines may include dopaminsdeplet
(Backman, Nyberg, Lindenberger, Li, & Farde, 2006), gray matter decRessick et
al., 2003), white matter abnormalities (Gunning-Dixon, & Raz, 2000), cortical thinning
(Salat et al., 2004), frontal lobe dysfunction (West, 1996), and decreased hippocampus—
prefrontal cortex connectivity (Grady, 2006).

Preceding, or at least paralleling, declines in cognitive functionindesiees in

sleep quality (Van Cauter, Leproult, & Plat, 2000). As can be seen in Figure 1, older



adults get more light sleep than younger adults, but there is a large age-deleine in
deep sleep (for a review, see Bliwise, 1993; for a meta-analysis, sgenQBarskadon,
Guilleminault, & Vitiello, 2004). Older adults get fewer deep sleep minutes, even w
accounting for total sleep time (i.e., examining percentage of deep sleephliNs

there nominally less deep sleep in older adults, but there is also a profound t&ge-rela
decrease in the amplitude of slow waves typically observed during deep <eeer(C
Monk, Buysse, & Kupfer, 1997; Martin et al. 2000). In addition to consistent age-related
changes in deep sleep and light sleep, older adults typically show decrealsslddpt
time, increased sleep latency (i.e., time in bed until person falls asleemceeased
waking after sleep onset (both in number of awakenings and minutes awake)at night
(Bliwise, 1993; Ohayon et al., 2004). Though there are large age-related clmanges i
objective sleep quality, older adults tend to under-estimate the severity ot tiaeges
(Hood, Bruck, & Kennedy, 2004; Vitiello, Larsen, & Moe, 2004).

Given the critical importance of deep sleep and slow waves to episodic memory
(Marshall et al., 2004; Rasch et al., 2007; Walker, 2009), the implication of studies
demonstrating changes in deep sleep across the lifespan is that some memory
impairments in older adults are due to not adequately consolidating memories during
sleep. Declines in sleep quality might have a direct influence on age-rebgtaitve
declines or may be a co-factor along with other known covariates of agel relateory
declines such as changes in hippocampal—neocortical functional connectiaithy(Gr
Mcintosh, & Craik, 2003; Grady, 2006).

Research on episodic memory consolidation during sleep in older adults is

minimal. Before elaborating on the episodic memory, sleep, and aging litgfatuch is

10



the most pertinent to the present research), | will first describe casagprocedural
memory consolidation in younger and older adults. The distinction between episodic
memory (explicit recollection of learned information) and procedural me(nuwtor
memory) is relevant because different neural networks support these diffesoki
memory (see Gabrieli, 1998, for a review) and sleep research has deradribtaat
different sleep physiology facilitates consolidation of episodic versusguoaenemory
(see Plihal & Born, 1997, for the classic paper, and Diekelmann & Born, 2010, for a
review). Whereas episodic memories are usually consolidated during dgefesiee
Rasch et al., 2007), procedural memory consolidation is linked to Stage 2 sleep (Fogel &
Smith, 2006; Nishida & Walker, 2007; Walker, Brakefield, Morgan, Hobson, &
Stickgold, 2002) and REM sleep (Fisher, Hallschmid, Elsner, & Born, 2002; Plihal &
Born, 1997). REM sleep shows relatively minimal declines with aging and Stéegp2 s
may actually increase with aging (see Figure 1); thereforieapdirectly contributes to
procedural memory consolidation in older adults then one would predict procedural
memory consolidation effects (across sleep) to be similar, if not bettdder adults
relative to younger adults.

Spencer, Gouw, and Ivry (2007) examined procedural memory consolidation
behaviorally (i.e., without concurrently measuring sleep physiology) in yoamgeolder
adults by having participants perform a 10-element sequence seriaindsge task
following wake versus sleep intervals. The younger adults demonstrated large
improvements (i.e., quicker responding, fewer errors) on this procedural memory task
following sleep versus wake intervals. The older adults showed an improvement when

sleep immediately followed initial learning, but similar improvementeveund

11



following a wake delay. Because the improvement in the older adults may ediémv
sleep-dependent (i.e., only reflected a practice effect), the authors cahitiatie
consolidation declines with increasing age. Siengsukon and Boyd (2009) later extended
Spencer et al.’s general finding of no sleep-dependent memory improvemelalsri

adults with a different procedural memory task (use a joy stick to traclsareuoving

in a sine wave through a sequence with 10 direction reversals).

Tucker, McKinley, and Stickgold (2011) most recently investigated whether
procedural memory consolidation can occur in older adults. They gave younger and older
participants a 5-element motor sequence task and tested them following séesp ve
wake delays. Following sleep (but not wake), the younger adults and the older adults
performed the procedural memory task faster than during training. Howeveeastiee
younger adults demonstrated improvement on the procedural memory task imiyediate
following sleep, the older adults only demonstrated such benefits following repeated
testing. That is, in an immediate test (trials 1-3) there was a strorgffagebut in the
last trials (trials 10-12) there was no age effect. These behavitaaduggested relative
preservation of procedural memory consolidation in the older adults. To account for the
discrepancy in their findings and previous work, these authors argued that the serial
reaction time task used by Spencer et al. (2007) was too challenging for thadoiltier
and that if a certain level of initial learning (motor skill proficiencygrgvnot reached
then consolidation would be unlikely to occur. While intriguing, this interpretation
appears to be inconsistent with the finding of a practice effect acrossielaks in

Spencer et al.’s study.
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In addition to their motor sequence test, Tucker et al. (2011) had the older adults
(but not the younger adults) undergo polysomnography recording the night between
training and testing. Whereas their behavioral data suggested that proceziuoalym
consolidation might be somewhat preserved in the older adults, the conclusion that a
sleepmechanism drove these effects was not strongly supported by polysomnography
data: older adults’ procedural memory improvements did not significantlylaterreith
percentage of Stage 2 sleep (r = -.15), REM sleep (r = .38, p = .14), deep sleep (r = -.15),
or any other sleep parameter.

The lack of a correlation between procedural memory and sleep parameters
older adults has been observed in other studies. Following motor skill learning, younger
adults often demonstrate an increase in spindle density during Stage 2 sleap (i.e., a
associate of procedural memory consolidation; Walker, 2009). Peters, Rdy, &rdit
Smith (2008) demonstrated a significant boost in spindle density following motor skill
learning in a younger adult group but not in an older adult group. Thus, procedural

memory might not be strongly linked to sleep processes in older adults.

Age-Related Changes in the Sleep—Cognition Link

Tucker et al. (2011) interpreted their (and Peters et al.’s, 2008) nonsignificant
sleep parameter—memory performance correlations to mean thairfigetified age-
related changes in the sleep-wake cycle may limit ability to obdeeveffiect of specific
sleep characteristics on motor skill enhancement” (p. 6). Their claim isuingigut
difficult to disprove (due to the vagueness of the proposed limitation), and a reasonable

alternative interpretation of the literature is that the relationshipdagisleepphysiology
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and cognition has broken, weakened, or otherwise changed in older age. This idea
dovetails with Spiegel, Koberle, and Allen’s (1986) idea that “[deep sleep] chasge
functional significance during ontogenesis...to a functionally meaninglessare in old

age” (p. 77). Three lines of research—rodent research, sleep and vigilseeehe and
sleep deprivation research—provide evidence that the link between sleep and cognition
diminishes with increasing age.

Two studies from the rodent literature suggested that the sleep—memory link
might weaken or change with increasing age. Gerrard, Burke, McNayghtbBarnes
(2008) found that the hippocampal memory reactivation (“replay”) normally observed i
rodent models (e.g., Wilson & McNaughton, 1994) is reduced or eliminated in older rats.
In addition, Buechel, Popovic, Searcy, Porter, Thibault, and Blalock (2011) examined
performance on the Morris Water Maze task in older rats (Fischer 344 ratohodel
aging). These older rats demonstrated either no significant correlatioeened@ep sleep
and memory performance or evenegativecorrelation whereby more deep sleep was
associated with worse memory performance. The Gerrard et al. and Beteglhstudies
demonstrated that the relationship between sleep and memory might differrbetwee
younger and older rodents.

Research on deep sleep and vigilance in humans provides further evidence for the
possible erosion of the sleep—cognition link in older adults. In younger adults, ingreas
amounts of deep sleep are related to reductions in daytime fatigue, asatidgstire
ability to sustain attention on vigilance tasks. For example, Jurado, Lunaagillagd
Buela-Casal (1989) observed that poorer performance (slower reaction times) on a

vigilance task was associated with less deep sleep the prior night. InrstoDteanshaw
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and Edinger (1999) reported no such correlation in a group of healthy older adults. These
findings recently led Pace-Schott and Spencer (2011) to theorize that “thensigti

between [deep sleep] and cognitive performance may weaken as the amount of [deep
sleep] diminishes with aging” (p. 82; cf. Spiegel et al., 1986).

The sleep deprivation and aging literature provides a third line of evidence that
the relationship between sleep and cognition might change with incregsinig #his
literature, younger and older adults are either partially or compleggisived of one or
more nights of sleep and then they take cognitive tests (usually the psychomotor
vigilance test) following various lengths of time spent awake. Whemagygr adults
are usually dramatically impaired by sleep deprivation, older adults it
effects of sleep deprivation or lesser effects than younger adults (Aday, Khatami,

& Landolt, 2006; Bonnet, 1989; Philip et al., 2004; Stenuit & Kerkhofs, 2005; Webb,
1985; Webb & Levey, 1982). One potential concern with this literature is that older
adults may already show large cognitive impairments and further impagnventd
therefore be impossible to observe due to floor effects. While this concern is valid for
some of the early sleep deprivation studies (e.g., Bonnet & Rosa, 1987), flow effect
not limit the results of other studies in which baseline performance is sbatlaeen age
groups and older adults end up performing better than their younger counterparts
following sleep deprivation (Duffy, Willson, Wang, & Czeisler, 2009; Stenuit &
Kerkhofs, 2005). These studies illustrate that sleep is closely related tbarogn

younger adults but less so in older adults.

15



Sleep and Episodic Memory Consolidation in Older Adults

The question of whether sleep is functionally related to episodic memory
consolidation in older adults has rarely been investigated. There are omypagers
examining sleep and episodic memory in an older adult population (Hornung, Regen,
Danker-Hopfe, Schredl, & Heuser, 2007; Mazzoni et al., 1999; Schredl, Weber, Leins, &
Heuser, 2001), and only three published studies comparing episodic memory between age
groups across sleep delays (Aly & Moscovitch, 2010; Backhaus et al., 2007; Rauchs et
al., 2008).

Early sleep, memory, and aging studies attempted to correlate sleegdq@ys
measures with word pair recalithin an older adult sample. These studies tended to find
no correlations between sleep parameters and memory recall. Though Mazkoni et a
(1999) reported a significant correlation between word recall and total number of
NREM/REM cycles (perhaps indicating preserved sleep architectoueg)did not
observe any significant correlations between memory recall and spéficstages
(e.q., deep sleep). Further, Schredl et al. (2001) used a pharmacological manipulati
augment REM sleep in older adults (n = 8) and observed that the degree of increase in
REM sleep was positively associated with later cued recall peafarey however,

Hornung et al. (2007) used a much larger sample size (n = 107) and found that
pharmacologically boosting or minimizing REM sleep had no effect on recall of word
pairs in an older adult group. Thus, sleep and memory might not be intimately interwoven
in older adults.

More recent studies have investigated sleep, memory, and aging associations

cross-sectionally. Backhaus et al. (2007) compared younger adults (18-26lgirarsd
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middleaged adults (48-55 years old) on cued recall of word pairs following slegfsdela

and they reported that cued recall performance and deep sleep declined wékinrcr

age. Importantly, the cued recall declines were mediated by deep sleepsisath that

time spent in deep sleep correlated positively with cued recall perforpearte

controlling for age-related changes in deep sleep eliminated the ageliiad recall

difference. In addition, middle-aged adults with high levels of deep sleep deatedstr

evidence for episodic memory consolidation. These results suggest that sleep-ymemor

processes might begin to decline in middle age but that the functional relationship

between deep sleep and episodic memory might still be presemeddieaged adults.
Rauchs et al. (2007) gave younger adults, healthy older adults, and Alzheimer’s

disease patients a very strong encoding task (semantic encoding sfratpggnt tests)

and a less-strong encoding task (single reading of a story). Encodingdcelkaphight

and participants were tested the next morning. They reported ceiling-lefcehpence

on the very strong encoding task for the younger and healthy older adults (100% versus

99%), but a reduction in performance for the Alzheimer’s disease patients (68%e Fo

less-strong encoding task, there was a significant differenceéetive younger adults

(72%), healthy older adults (59%), and Alzheimer’s disease patients (floor dévels

performance). Although the authors used EEG to collect sleep architecturbelatiidt

not report any correlations with the memory measures in the younger adhks or t

healthy older adults, citing ceiling effects as the reason. Rauchs eéslilts suggested

that sleep-dependent episodic memory consolidation might decline in heldigy

adults, at least for less-strong encoding memory tasks.
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Aly and Moscovitch (2010) compared recall in younger and older adults
following wake versus sleep delays. In the first session (morning or evening), the
experimenter read stories (WAIS Ill) to participants over the phone and gavathe
immediate test. Older adults who could not recall sufficient details ofahewsere read
the story again. After a sleep or wake delay, participants were askedlittheestories.
They found that there was a roughly equivalent sleep-related benefit toestaltyfor
both younger and older adults (i.e., there was no sleep/wake by age interaction, but note
that Cohen’sl for the sleep/wake comparison was numerically larger for the younger
adults—1.48—than for the older adults—1.14). The experimenters also assessed for
“personal memories” (e.g., Who was the last person you spoke to the previous night?
What was he/she wearing?). For this measure, the sleep-related besesigmigcantly
reduced in the older adults relative to the younger adults. Though Aly and Moscovitch’s
experiment was the first to compare episodic memory following sleep weakesdelays
in younger and older adults, the study was not conducted in a controlled environment and
measures of sleep physiology were not recorded. Thus, the quantity and quéigpof s

dependent memory consolidation in older adults is still unknown.

The Present Research

The most compelling sleep and memory consolidation studies have employed
experimental manipulations and collected measures of sleep physiology,deut the
procedures have not been used together in a sleep, aging, and episodic memory study. In
addition to manipulating sleep versus wake delays, one experimental procedure that

previous researchers (Ellenbogen, Hulbert, Stickgold, Dinges, & Thompson-Schill, 2006;
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Ellenbogen, Hulbert, Jiang, & Stickgold, 2009) have suggested would lend itself well to
behavioral detection of consolidation processes involves the chBsIAC list-

learning paradigm (Barnes & Underwood, 1959). In this paradigm, particigantsd

list of paired word associates (e.g., Train—Black) callecAiBést (or AB' list). Then,
participants may be required to learnf@ list (e.g., Train—Keyboard), which is
designed to interfere with memory of the previous word pairs. Note thatsyxabol

refers to pairs that are interferinr§@ ) or receiving specific interferencAl ). On a

final cued recall test (e.g, Train— _____ ?), participants typically shoategréorgetting

of AB' pairs which have been followed B pairs tharAB pairs which are not

followed by interfering material (for a review, see Crowder, 1976).

TheAB /AC paradigm has been employed by sleep researchers to illustrate that
sleep might promote memory consolidation (Drosopoulos, Schulze, Fischer, & Born,
2007; Ekstrand, 1967; Ellenbogen et al., 2006; Ellenbogen et al., 2009). For example,
Ellenbogen and colleagues (2006; 2009) had participants le#® alist or AB list (of
word pairs), and then following a sleep or wake delay, half of the participanmgdean
AC list whereas the other half did not learn the interfering list. Ellenbogénaegaed
that without consolidation th&C word pairs should greatly interfere with recall of the
AB' pairs. But, if theAB' pairs were consolidated, then recall of those words should be
similar to recall ofAB pairs (i.e., pairs which were not followed by interference learning).
As illustrated in Figure 2, Ellenbogen et al. found a pronounced sleep bena# for
words (i.e., in the condition that also learnedAl@® pairs). Furthermore, whereas the
wake group showed high levels®B forgetting followingAC' learning (relative to the

no-interference condition), such forgetting was minimal in the sleep group. Ellenétogen
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al. concluded that these results were consistent with the account that sleeggromot
memory consolidation.

One goal of the present research was to extend Ellenbogen et al.’s (2006)
paradigm to compare younger and older adult groups. Because this interferadagnpa
has previously produced large effect sizes, | expected there to be sufacigatfrom
which to detect possible age-related declines in consolidation. | modified thei
interference manipulation to be conducted within subjects so that data collection would
be more efficient. In addition, | extended their paradigm by employingraptiy (to
identify participants who napped excessively) and included a cued multiple-choice
recognition test following the cued recall test. Some research has®dyteat smaller
sleep benefits obtain when a recognition test, rather than a recall tegpjoyenh(for a
review, see Diekelmann, Wilhelm, & Born, 2009), but this pattern has not yet been
investigated in older adults. Most importantly, | collected measures of @hgsiology
by using the Zeo, Inc., home monitoring device, which distinguishes between wake, light
sleep, deep sleep, and REM sleep. The Zeo sleep-stage scoring was recently
demonstrated to agree highly (according to standard definitions; Landis& K&€7)
with polysomnography sleep scoring across an adult population that ranged in age from
19 to 60 (Shambroom, Fabregas, & Johnstone, in press). If there are age-related
differences in memory retention following sleep then the measures of slesplphy
might help pinpoint why there are age-related differences. Thus, | used both expalim
and correlational approaches to test whether age-related differences indatiwsoli

processes (during sleep) exist.
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One possible concern when comparing younger and older adults across sleep and
wake delays is age-related circadian rhythm differences. Though muahresearch on
age-related circadian rhythm changes has been done using animal modeisaempir
research with humans documents age-related changes in the circadhamsrbf/body
temperature, sleep—wake times, various hormones, as well as other changes (for
review, see Bliwise, 1993). Despite clear evidence for some physiolohmades in
circadian rhythms from younger to older adults, there are at leasethpgcal findings
that suggest that circadian influences (caused by morning versus night testitd)hot
be a critical moderator of human cognitive performance, or at least not disfmogietty
impair the older adults. First, morning versus evening testing typically pFeahac
significant differences in cognitive performance in younger adult stedges (e.g.,

Dumay & Gaskell, 2007; Ellenbogen et al., 2006; Payne, Stickgold, Swanberg, &
Kensinger, 2008; Scullin & McDaniel, 2010). Second, though early work (May, Hasher,
& Stolzfus, 1993) found that time-of-testing was important in determining whegker a
differences are observed in cognitive tests, follow-up work (including my own
unpublished data) has failed to replicate this finding (Brown, Goddard, Lahar, & Mosley,
1999). Third, forced circadian desynchrony studies (e.g., Silva, Wang, Ronda, Wyatt, &
Duffy, 2010) have found that shifting the timing of the wake-sleep cycle leads tergrea
cognitive impairments in younger adults than in older adults.

Though there is ample evidence that age-related circadian rhythm chhogles s
not undermine the present investigation of age-related changes in memory caasglidat
| took several approaches to examine/control for circadian influences inuhgercand

older adult participants. First, during recruitment, participants werelslgteto
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participate during their self-reported optimal time within a 7-10 AM/PiMyea Second,
participants completed the Morningness-Eveningness Questionnaire (HQsthé&rg,
1976) so that | could assess the relationship between optimal time of day and
performance on learning and memory recall. Third, | compared learning phas
performance between the morning learning sessions and the evening leagsimigsse

In the current experiment, in addition to the 12-hr wake and 12-hr sleep groups, |
used a 24-hour, PM-to-PM group as utilized by Ellenbogen et al. (2006). Ellenbogen et
al. hypothesized that because the 24-hour retention interval contained sleeplthefres
the 24-hour group should be similar to those in the 12-hour sleep group if the observed
memory benefits reflected consolidation processes. In contrast, ctassierence theory
(Jenkins & Dallenbach, 1924) anticipates memory performance to be worse hr a 24-
sleep group than a 12-hr wake group because the 24-hr group has spent more time awake
(i.e., been subjected to greater daytime interference). Ellenbogenceinal . dimilar
levels ofAC' recall between the 24-hr sleep (71%) and 12-hr sleep (76%) groups.
Consistent with this finding, | predicted that performance in the 24-hr gleep would
fall in between the 12-hr sleep and 12-hr wake levels, but that performaalsevieuld
be closer to the sleep group. Furthermore, because the 24-hour and 12-hour sleep groups
both contained nighttime sleep, these conditions may be collapsed to increaseopower f
detecting significant correlations between sleep measures and menforgnpace.

Based upon literatures suggesting a relationship between deep sleesadit epi
memory retention (for reviews see Diekelmann & Born, 2010; Walker, 2009), aagswell
age-related declines in deep sleep, | predicted that older adults would detadessra

evidence for memory consolidation than the younger adults, and that this would be
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observed in levels of memory retention across delay conditions. If deep slakp is st
functionally related to memory in older adults then there should be a positive aomrelat
between deep sleep and memory retention (e.g., Buckley & Schatzberg, 2O@5); i
sleep—memory relationship is weakened or changed in older adults then deep sleep and
memory should not be related (e.g., Spiegel et al., 1986; Pace-Schott & Spencer, 2011).
Method

Participants

| recruited fifty-seven younger adultdl{qe = 19.73;SD= 1.09;Range: 18-22;
55.4% females) and forty-one older adulkg. = 70.66;SD = 5.41;Range: 60-84;
70.7% females), which is comparable to, if not larger than, the typical sample size
employed in most sleep, memory, and aging studies (cf. Peters et al., 2008; Ralichs e
2008; Tucker et al., 2011). The sample size across conditions can be viewed in Table 1.
Younger adults were Washington University undergraduates and older adults were
community-dwelling individuals who are part of the Psychology Departmerdiar Ol
Adult Participant Pool. Participants were pre-screened for age (18-30 foreyadhdts,
60-85 for older adults), history of taking medications that are known to affect sleep
architecture (benzodiazepines, melatonin, antidepressants, antipsychotitse nand
any sleep medication; Conn & Madan, 2006), and history of diagnosed sleep disorders
(e.q., restless legs syndrome), neurodegenerative disorders (e.gimBizhédisease;
Rauchs et al., 2008), or mental health disorders (e.g., depression or anxiety; Wolkove,
Elkholy, Baltzan, & Palayew, 2007). Three younger adults did not complete the second
experimental session (e.g., due to a winter ice storm and campus closure)eggan(S

1) data will not be included in any analyses.
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Recruitment

The younger adults were recruited using an online study advertisement
(Washington University’s Psychology Department’'s Experimetrix.ccmeduling
system). The pre-screening (age, medications, disorders/diseases) vamdonail.
Younger adults who met the above inclusion criteria (i.e., they do not have any of the
above histories) were randomly assigned to the 12-hr wake, 12-hr sleep, oré&phr sl
conditions and the experimenter scheduled them to participate at the corresporgling tim

Approximately half of the older adult participants in the present studg flut a
paper pre-screening form (age, medications, disorder/disease histeryoafpleting a
different study in the laboratory. If they met inclusion criteria therexperimenter
called to recruit them. The remaining older adult participants were detstto be
eligible and recruited by “cold calling” them. Prior to calling eacteo&tiult the
experimenter randomly determined the condition for which the individual would be
recruited (12-hr wake, 12-hr sleep, 24-hr sleep). In a few circumst@ap@®ximately
3-5), the older adult had a schedule conflict such that they could not participant in the
randomly assigned condition. These individuals were still scheduled for a tithe (a
condition) for which they could patrticipate.

Consistent with common recruitment methodology in the sleep literature,
participants were instructed not to consume alcohol or to take naps during the interval i

which they were participating in the experiment.

Design
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Younger and older adults were recruited and then, with few exceptions (see
above), they were randomly assigned to one of three groups: 12-hour wake, 12-hour
sleep, and 24-hour (PM-PM) sleep groups. | manipulated word pair type in the paired
associative learning task&B pairs,AB pairs,AC pairs,DE pairs) within subjects.
Materials

TheAB /AC learning paradigm is a classic paradigm in psychology (Barnes &
Underwood, 1959). Word lists were generated from a lexicon database (e.g., Ballota et
2007; and also the MRC Psycholinguistic Database: Coltheart, 1981; Wilson, 1988)
according to specifications described by Ellenbogen et al. (2006). Two-syllable nouns
were drawn from the lexicon database and randomly assigned to word sets, with the
exception that the sets had to be similar (i.e., not statistically differeaterage word
length, imageability, frequency, and concreteness. Words were paired togattamly,
with the exception that obvious semantic association between the paired words was
avoided; the goal was to have unrelated word pairs. Each word pair set contaftid 10
pairs (i.e., Session 1 pairs that weatfollowed byAC pairs in Session 2), 188
pairs (i.e., Session 1 pairs that were followed\y pairs in Session 2), 18C pairs
(Session 2 pairs that used&word from Session 1), and TE pairs (Session 2 pairs
that were unrelated to other pairs). | created 8 different word pair ggts (e.
counterbalancing which word servedfagersusB versusC across participants) so that
any observed results could be generalized beyond a particular set of words.

The influence of optimal time of day and typical sleep habits was examined by
administering the Morningness-Eveningness Questionnaire (Horne & Qstb&f) and

the Pittsburg Sleep Quality Index (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989),
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respectively. The Pittsburg Sleep Quality Index was considered to béinsefu
establishing that the experimental groups did not differ in their sleep habits ie¢ke w
preceding the experiment.
Sleep measurement
To measure sleep architecture | used a wireless home sleep-stag®iny
device (Zeo, Inc.). This system includes a clock base station and a headbahd¢inat i
on the forehead (at approximately the Fp1-Fp2 locations). The size of the headband is
adjusted to each individual so that it is tight but not uncomfortable. The headband
includes sensors that collect electrophysiological data from a singleaethpre-process
the data (amplify signal and filter noise), and transmit the data wiretesig clock
base station. A microprocessor in the base station then uses the signal ttecsieeya
stages in real time, in accordance with standard Rechtschaffen and KR&@s (1
polysomnography scoring norms. It produces four possible stages: lightSlageq 1
and 2 combined), deep sleep (Stages 3 and 4 combined), REM sleep, and wakefulness.
For full details of this device, see Shambroom, Fabregas, and Johnstone (in press).
Polysomnography (PSG) is considered the gold standard for distinguishing sleep
stages but it is not always cost-effective and its use requires partidipafgsp in the
laboratory rather than at home, which can alter sleep efficiency (Brughal., in press).
In contrast, the Zeo is inexpensive, can be used easily at home, and a recdrdrvalida
study that used adults ranging in age from 19-60 demonstrated high agreemeanbet
Zeo and PSG in sleep stage scoring (light sleep, deep sleep, and REM sleep)
(Shambroom et al., in press). This study included author affiliates of Zeo, Inc., but

preliminary results from an independent lab also suggest that Zeo is a goatbmalic
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sleep stages, especially deep sleep (Dr. Bryce Mandler, personalinaation, August
24, 2010).

| also employed actigraphy (Actiwatch 2, Philips Respironics, Inc.),hwkic
regularly used in sleep studies. Actiwatches use accelerometer techtoolcgpk motor
activity and they also detect amount and duration of ambient white light luminange so a
to measure light-on/light-off periods. These motor and light measuresfalioaliable
discrimination of sleep versus wake states (Littner et al., 2002; Van de Walteedl &
Hurley, in press). The advantage of actiwatches is that they can be wbenenst
continuously throughout the day and are therefore convenient measures of napping, tota
sleep time, sleep latency, and wake after sleep onset. Participants who ndgpsidety
(determineda priori to be naps lasting greater than 1 hour) were excluded from the study.
Two younger adult participants (no older adults) in the 24-hr sleep condition met this
exclusion criterion. Actigraphy data also suggested that short (<1 hour) napsaacurre
six younger adultsngo-nr wake= 2, Noa-r sieep= 4) and one older adult (wake condition) but
these naps did not meet the exclusion criterion established during the researcH.proposa
Procedure

The first experimental session took place in the morning (7am-10am) or in the
evening (7pm-10pm). The morning/evening ranges were larger than normal tazainim
the influence of circadian rhythm changes: older adults typically walearlier and go
to bed earlier than younger adults (Ancoli-Israel, 2005; Bliwise, 1993). During
recruitment, participants were asked to come in at their most optimalftolag within

the 7-10 am/pm range.
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Following reading and signing an informed consent sheet, participants wene giv
the actiwatches and asked to wear them until they returned for the second exta¢rim
session. Then participants were asked to fill out two questionnaires: the Morningness
Eveningness Questionnaire which asks 19 questions regarding optimal time afjday (e
“At what time of the day do you think that you reach your “feeling best” peaki?l'the
Pittsburg Sleep Quality Index which includes 10 questions that pertain to typejal s
habits (e.g., “During the past month, what time have you usually gone to bed aX night?

The experimenter next loaded an E-Prime 2.0 program on the computer to
administer thédAB/ AB learning procedure. Participants were instructed that they would
see pairs of words on the computer screen and that they should try to remember them for
a later test. They were also instructed that they would sometimes have tsisqlie
math problems. After reading these instructions the participant began the stugly phas
During the study phase, participants saw word pairs on the computer screeraone-at
time for 7 seconds per pair (presentation was randomized each cycle). Afyargalt
20 pairs—10AB pairs and 1B pairs—the participants were asked to solve simple
math problems (Is 7 X 3 = 23? Press Y for yes and N for no). The math phase lasted tw
minutes and was included to act as a delay between study and test phases (i.e., so that
participants would have to recall the pairs from secondary memory rather tieansiag
the pairs in short-term memory).

Following the math phase, participants were given a cued recall test in which they
were provided with thé word and had to type in the associaBg®’ ) word (e.g.,

Channel = ?). If the participant recalled less than 80% of the pairs (i.e., 15 or fewer)

then the program returned to the study phase. The study-math-recall pgeltedeuntil
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the participant recalled at least 80% of the pairs correctly in a gbeall phase. If 30
minutes of the learning procedure elapsed without the participant reaching the 80%
learning criterion then the experimenter terminated the program onceotidyded the
current cycle (i.e., to avoid exceeding time limits approved by the InstidtReview
Board). Because | aimed to assetentionof learned word pairs and such a measure
was still possible in these participants (i.e., examine final recall of wanslgiter

controlling for number of pairs initially learned), these participants wetaded in the
analyses. After the learning phase, participants in the 12-hr wake condit®exeeised
whereas those in the sleep conditions were given the Zeo device and instructed how to
use it. The experimenter fit the Zeo headband size to participants and provided tthem wi
a printed instruction sheet in case they forgot any of the verbal instructions.

The second experimental session occurred 12 or 24 hours later. When participants
returned they were seated at the same computer station as before and theyntinderwe
another learning phase that was identical in structure to the Session 1 |phaseg
However, in the Session 2 learning phase, the word pairs consistedGf Jtnirs and
10 DE pairs. After completing the Session 2 learning phase, participants were dequire
take a 5-minute break during which they could use the restroom, drink water, rest, etc.
Then, participants were given a final cued recall test (see Appendix A for amplex
that followed Barnes and Underwood’s (1959) modified modified free recall (MMFR
procedure. Thé& words and words were provided to the participants who were given
space to write whichever word or words were previously associated @atiie cue
word). This final test was provided on paper and was untimed (see Tucker et al., 2011,

for evidence that sleep effects may not be observed in older adults immediRietgll
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of Session 2 pairs was considered to be an additional measure of learning, thoagh ceili
effects might limit such analyses because participants were expedttadet just learned
these lists to an 80% criterion.

Following the cued recall test, participants were given a cued multipleechoi
recognition test of the Session 1 pairs (see Appendix B for one exampld&).widrds
were paired on the left side of a sheet of paper and participants were asked to ¢
which of four words appearing to the right of the cue word was originally paitledtw
TheB (or B’ ) word appeared amongst 3 new lure words which were semantically related
to theB (or B’ ) word. Semantically related lures were included to attempt to get
performance off of ceiling.

Results

An alpha of .05 was satpriori for all statistical analyses. P values between .05
and .10 were considered marginally significant and would be treated with aatac
Treatment of Missing Zeo Data

Thirteen participants (nine younger adults, four older adults) had full behavioral
datasets but missing Zeo sleep stage data. The primary reason for agaings that if
the headband is not placed in the Zeo station dock before unplugging the clock device
then no data is saved. This bug was discovered to be the source of missing data
approximately ¥4 of the way through data collection after doing troubleshooting eo,
Inc. staff. Afterward, | emphasized to participants to make sure to dock the headband
device in the morning and | also taped a highlighted reminder on the Zeo clock base
station. Though the rate of missing data decreased, it was not eliminated, andi@as unc

(to Zeo, Inc., staff) why additional data are missing; potential reasonslénalpoor
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wireless connection between the headband and base station, SD card malfunction, and
battery failure. Given the presence of missing data, and the interest img élatiavioral

data to sleep stage data, when reporting the behavioral data | sgparatkicted

inclusive (i.e., all participants) and exclusive (i.e., those who have completaésetd)

analyses.

Questionnaire Data

Table 1 lists descriptive data for the Pittsburg Sleep Quality Index, Morsgsigne
Eveningness Questionnaire, and chronological age across age groups and conditions.
Chronological age did not significantly differ across conditiithin the older adult
group regardless of whether all subjects were included in the an&y&is4Al) = 2.17,
MSE= 27.67) or the sample was restricted to those with Zeo B&®a 87) = 2.14MSE
= 26.25). Likewise, there was no condition effect on chronological age within the
younger adult samplegg < 1).

For the sleep quality score (higher scores denote worse habitual slegp quodli
morningness-eveningness score (higher scores denote morning preferermcel)ctec
separate 2 x 3 analyses of variance (ANOVASs) that included the betweensubject
variables of age group (younger, older) and condition (12-hr wake, 12-hr sleep, 24-hr
sleep). When considering all subjects (i.e., regardless of whether they had @&sing
data), there were no significant main effects or interactions for sleepyqodbx scores
(largestF (1, 93) = 3.42MSE= 9.20,p = .068 for age main effect); when restricting the
sample to only those with complete (Zeo) data, the older adults demonstrated

significantly worse subjective sleep quality than the younger aéiffs,81) = 4.06,
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MSE= 8.90,p = .048 (next largedt (2, 81) = 1.37MSE= 8.90, for the interaction). The
lack of a condition main effect or age group by condition interaction suggests that
participants (i.e., across delay conditions) maintained similar levelsepf glality in the
weeks prior to the experiment.

For the Morningness-Eveningness Questionnaire, both yourgerd@.33) and
older adults’ M = 56.27) overall means fell within the “neutral” range (42-58), though
the higher scores in the older adult group suggested a greater tendency toward morning
preferences. The age group difference was statistically sigmifiegardless of whether
all subjects were include#, (1, 93) = 50.23MSE= 87.21,p < .001, or if participants
who had missing Zeo data were excludedl, 81) = 42.78MSE= 90.06,p < .001.
Neither the condition main effect nor the condition by age group interaction was

significant (largesF (2, 93) = 2.11).

Sleep Parameters

Table 2 presents Zeo and actigraphy means and inferential statistiosifigey
adults and older adults (collapsed across 12-hr and 24-hr sleep conditions). The results
were consistent with several general findings in the sleep and agiraguie (Bliwise,
1993; Ohayon et al., 2004): older adults spent a greater proportion of their sleep in light
sleep than younger adults, but there was a substantial age-related reduitiep sleep.
Other expected outcomes included an age-related increase in the number of @sakenin
from sleep as well as greater time spent awake during normal sleepisd Talle 2;

also see Bliwise, 1993, for review). No significant age differences werevedder
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REM sleep. As noted by Bliwise (1993), there is considerable variability inEie R
sleep and aging literature, with many studies finding no age differenc&MrsRep.

Table 3 separates the Zeo and actigraphy data for 12-hr and 24-hr sidijon®
and across younger adults and older adults. These results were highly congrudr with t
collapsed data (above), with only a few minor discrepancies which | willigingtiere.
First, whereas percent of time spent in light sleep showed a significarelatgsl
increase in the 12-hr condition, this increase was not significant in the 24-hia@anidit
addition, though REM sleep showed no declines in the collapsed analysis above or in the
24-hr condition, there was a significant age-related decline in the 12-hr group (see
Bliwise, 1993, for discussion of age-related variability in REM sleep). The thi
discrepancy was that a significant age-related decrease in tofatisieevas observed in
the 12-hr condition but not in the 24-hr condition. The final discrepancy was that every
measure of waking time at night was significant except that the gutigimeasured
wake after sleep onset measure did not reach statistical significaheez#-hr group.
Importantly, there were no discrepancies in the age-related impairmeefpirsidep.

Another potentially interesting question was whether sleep differed between the
12-hr and 24-hr conditions. One plausible prediction is that individuals in the 24-hr
condition may have slept longer because they did not have to wake up to come to the
laboratory in the morning. The only significant differences between the 12-hr dd 24-
conditions (collapsed across age groups) were for percentage of sleepmgpenir
awaket (52) = 2.44, and for actigraphy-measured total sleep ti(68) = 2.32
(marginally significant effects for Zeo-measured total sleep, tirfft2) = 1.78p = .081,

REM minutest (52) = 1.86p = .068, and wake after sleep on$€g2) = 1.92p = .060).
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Participants in the 24-hr group slept longdr i sieep= 383.71 min) and spent a lower
proportion of their nighttime hours awakd\(ake %= .04) than participants in the 12-hr
group Mrotal sieep= 325.47 minMwake %= .13) Though total sleep time differed between
the groups, most critically, the 12-hr and 24-hr sleep groups were similar in pe&rcent

deep sleep (botlls = .21t < 1).

AB /AC Interference Manipulation Check

TheAB /AC interference paradigm typically produces robust effects (Barnes &
Underwood, 1959). The hypothesis posed in the introduction section, which followed
from Ellenbogen et al.’s (2006; 2009) work, was that final cued recABofpairs (i.e.,
pairs for whichAC' pairs weresubsequently learned) would be worse trearall ofAB
pairs (i.e., no subsequesgecificinterference), and that such effects would be
particularly potent in the 12-hr wake condition. Table 4 presents the recall meass ac
word type and condition. Surprisingly, when conducting th&E AB' ) x 2 (younger,
older) x 3 (12-hr wake, 12-hr sleep, 24-hr sleep) ANOVA with all subjechsded,
word pair type failed to reach conventional levels of significakdéd ,(87) = 3.01MSE
= 2.39,p=.087) and word pair type did not interact significantly with the other variables
(largestF = 1.80 for the word pair type by condition interaction).

Because the theoretical interest was not in general ability to recaith, fieténtion
of words learned during Session 1, a more theoretically precise (and setssiveds to
run the above analysis after controlling for the numb&B&ndAB pairs learned (i.e.,
the number of pairs correctly recalled during the final Session 1 learrche).cyet, this

analysis of covariance (ANCOVA) demonstrated that the word pair type nieat whs
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still not significantF < 1 (see Table 4). The above analyses produced similar, but even
more dampened, results when they were restricted to the younger adult grouadolde
group, or to only participants who had full Zeo (and behavioral) datasets.

Because Ellenbogen et al. (2006) demonstrated the largest retroactiveanterfe
effects in their 12-hr wake group, | next restricted the analyses to thewigkar
condition and conducted an ANOVA and an ANCOVA (controlling for Session 1 final
learning cycle recall) that included the within subjects variable of wordygpsarAB,

AB' ) and the between subjects variable of age group (younger, older). Both analyses
failed to produce a significant main effect of word pair type or interactitmage group
(all Fs < 1).

Another idea is that retroactive interference might be evidenced by aeegat
correlation between final recall 68 andAB' items or a negative correlation between
final recall ofAB' andAC' items (i.e., if retroactive interference is dependent on how
well the interfering information was learned; e.g., see Crowder, 1976; Ro&ma
Underwood, 1973). But, both correlations wpositiveand significant in the younger
adults ¢ as—ag (52) =.428p =.002;r oz—ac =.284,p=.04) and in the older adults (
as—ag (41) =.578p < .001;r ag—ac (41) =.428p =.005). The above correlations
were also conducted after restricting the analysis to only participahtfull (Zeo +
behavioral) data sets, and the correlations remained positive and signifiqeadt @nly
marginally significant for thé\B— AC correlation in the younger adults).

The one remaining effect that tA8 /AC manipulation may have had was to
produceproactiveinterference—originally learningB’ pairs might subsequently impair

the ability to learn and recall tHeC'  pairs (relative tdE words). But, learning phase
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performance was similar f&&C pairs andE pairs (i.e., no significant word-pair-type
differences in final learning cycl&,< 1) and final cued recall of th&C pairs also did
not significantly differ from final recall dDE pairs £ < 1). These collective results
converge on the conclusion that th& /AC manipulation was not effective in the
present research. Though surprising, the advantage moving forward is that besrause
pair type is not an informative variable it can be collapsed to provide a poteniaély m

sensitive measure (twice the number of test items) of associativentgamnd recall.

Learning Phases

During both sessions, all younger adults were able to reach the learrenigrerit
of 80% or more word pairs correctly recalled. However, the learning task proved
challenging for older adult participants and nearly 1/2 of them failed to readbarning
criterion in Session IN{o-hr wake= 9, M2-hr sleep™ 5, N2a-hr sieeg= 6) and approximately 1/3 of
them failed to reach the learning criterion in Sessiam 2n{wake= 5, N12-hr sleep™ 4, Noa-hr
sleep= 6). The learning procedure was terminated for these participants after
approximately 30 minutes.

Encoding performance on the list learning procedures during Sessions 1 and 2
(see Table 5) was assessed as the number of learning cycle (studyaak}h-re
repetitions—which is unfortunately a flawed measure because many patsSanexer
reached the 80% learning criterion—as well as the number of pairs coresctied
during the final learning cycle. For each variable | conducted a 2 x 3 ANOVA thwhi
age group (younger, older) and condition (12-hr wake, 12-hr sleep, 24-hr sleep) varied

between subjects.
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| first examined the Session 1 learning phase in all subjects (i.e., regafles
whether they had Zeo data). As anticipated by the encoding deficit hypathesis
cognitive aging (e.g., Naveh-Benjamin, 2000), the older adults had to repeattingglear
cycles a significantly greater number of times than the younger delts87) = 41.47,
MSE = 1.19,p < .001, and they also recalled significantly fewer word pairs on the final
learning cycleF (1, 87) = 44.42MSE= 9.91,p < .001 (see Table 5). Whereas there was
no condition main effect for the number of word pairs recaklfed 1), there was a
significant condition effect on the number of cycles compldig@, 87) = 3.51p = .034.
But, follow-up tests demonstrated no condition main effect in the younger deldltE) (
or in the older adultdH(2, 38) = 2.48p = .10). Importantly, this result was in the
opposite direction of the age-related circadian rhythm change predicteomngbke 5);
learning appeared to be slightly easier for the older adults in the evening tha
morning. Moreover, the lack of a significant age group by condition interaction for eithe
measure of Session 1 learning (bBth< 1) was inconsistent with the idea that age-
related circadian shifts would impact cognitive performance. The aboveiatist
maintained when restricting the sample to those who have Zeo data.

| next examined Session 2 learning-phase performance (all participdatieoic
The results were highly similar to the Session 1 learning results and theandans
standard deviations are presented in Table 5. For the dependent variable of number of
pairs correctly recalled during the last Session 2 learning cycle, thsra main effect of
age groupF (1, 87) = 30.77MSE= 10.48,p < .001 (all otheFs < 1). For the dependent
variable of Session 2 learning cycles completed, there was a signifieagitcagp main

effect,F (1, 87) = 47.38MSE= 1.10,p < .001, and a significant condition main effdet,
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(2, 87) = 3.78p = .027, but no interactior-(< 1). However, the condition main effect
was not significant when the analysis was restricted to the younger ext(g (2, 49)
=1.48,MSE = 0.77), the older adult group (2, 38) = 2.33MSE= 1.53,p=.11), or
when excluding participants who did not have full Zeo dataBg{3, (/5) = 2.78MSE=
1.18,p = .068). Further, because differences across conditions were not observed for
number of pairs correctly recalled during the final learning cycle,hbeeaeffect should
probably be treated with some caution.

One possible prediction is that sleep could facilitate encoding of word pairs
during the Session 2 learning phase (e.g., restoring learning efficienuynii® Cirelli,
2003). To examine whether sleep facilitated learning during Session 2 beyond what
would be expected of baseline learning ability, | conducted a 2 (younger, older) x 3 (12-
hr wake, 12-hr, sleep, 24-hr sleep) ANCOVA for the dependent measure of Session 2
cycles completed, after controlling for Session 1 cycles completed. Thezew
significant effects (large$t (2, 86) = 1.73MSE = 0.73,p = .18, for the condition main
effect). In addition, | repeated the above ANCOVA but substituted the dependent
measure of number of pairs correctly recalled in the final Session 2 payule (and
controlled for the corresponding Session 1 variable). Neither the condition main(effe
(2, 86) = 1.01MSE = 4.61) or the condition by age group interactiér (1) were
significant. These analyses produced similar results when resttisérsample to only

those participants with Zeo data.

Final Cued Recall and Cued Recognition Tests
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Table 6 and Table 7 present the means (proportion correct) for final cued
recognition and final cued recall, respectively, for Session 1 and Session 2 wsrd pair
The analyses in this section were consistent regardless of whetheirandbta from all
subjects or just those who had Zeo data (with one exception for Session 2 recall, noted
below), and so to be more fluent with the next section on sleep—memory correlations |
will just present the statistics for those with both behavioral and Zeo sleep data

Despite using semantically related lures in the cued recognition test;nparice
approached ceiling levels in the younger adits=(.98), and therefore statistical
analyses across conditions were uninterpretable in this group (see Table 6)eHowe
performance was off of ceiling in the older adult= .82), and this age difference in
recognition test performance was captured by a significant main effage groupk (2,

81) = 16.09MSE= .040,p < .001. Interestingly, the condition main effect was not
significant in the older adult group K 1), suggesting that sleep might not benefit
memory in older adults.

| next examined final cued recall, and those means can be viewed in Table 7.
Session 1 word pair retention was assessed by conducting a 2 x 3 ANCOVA that
included the between subjects variables of age group (younger, older) and condition (12-
hr wake, 12-hr sleep, 24-hr sleep) while controlling for initial learning oktitess
(i.e., number correctly recalled during final Session 1 learning cydieyeTwas a
significant age group main effeét,(1, 81) = 11.61MSE= .022,p = .001, such that the
younger adults retained more word pairs than the older adults. There was also a
significant main effect of conditioff, (2, 81) = 4.42MSE= .022,p = .015, and the

follow-up tests showed that cued recall was greater in the 12-hr sleep @o(diijusted
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= .48) than the 12-hr wake conditiov {justes= -37),F (1, 58) = 7.10MSE= .025,p =
.01, and the 24-hr sleep conditidVisfjusted= -39),F (1, 63) = 6.16MSE= .029,p =.016
(the latter two conditions did not differ statisticalfy< 1). The condition by age
interaction was not significank (2, 81) = 2.10MSE= .022,p = .13).

Because a primary focus of this research was to examine whetherfagendds
emerged in memory retention across sleep delays, | next tested for thi@nandin
effect (by repeating the above ANCOVA) in the younger adult and older adult groups
separately. The younger adults demonstrated a significant condition mainre(ts 44)
=6.17,MSE = .023,p = .005, with the effect largely being driven by greater retention of
word pairs in the 12-hr sleep conditidiGjustes= .66) relative to the 24-hr sleep
condition Magjustes= -50),F (1, 30) = 8.112MSE= .025,p = .008, and the 12-hr wake
condition Magjustes= -48),F (1, 29) = 9.516MSE= .023,p = .005 (the latter two did not
differ, F < 1). In the older adult group, no significant delay condition differences emerged
(Fs< 1 for main effect and each individual contrast; adjusted m&ansy sieep= .29,
M24-hr sleep= -27,M12.nr wake= .24). This pattern suggests that delay (quality and/or
guantity) may not moderate memory retention as strongly in older adults as ireyoung
adults.

To assess final cued recall of Session 2 pairs, | conducted a 2 (younger, older) x 3
(12-hr wake, 12-hr sleep, 24-hr sleep) ANCOVA that controlled for levelscafir
during the final Session 2 learning cycle. Because these pairs had beeth dedyraefew
minutes earlier, ceiling effects were expected to limit thisstteai analysis, at least in
the younger adult group (Ellenbogen et al., 2006). Indeed, there were no significant

effects (largesF (2, 81) = 2.32MSE= .007,p = .11; see Table 7 for means and standard
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deviations).To be consistent with the Session 1 final cued recall analysis, | furthel teste
for the condition main effect in the younger and older adults separately. Theee wa
marginally significant condition main effect in the younger adult sttisample (i.e.,
those with full Zeo and behavioral datase&s(2, 44) = 2.96MSE = .008,p = .06

(adjusted meandflio.nr sieep= -94,Mo4-nr sieep= -89, M12.nr wake= .85), and this main effect
was significant when the analysis was inclusive of all younger adultiparits F (2,

52) = 3.35MSE=.007,p = .043. The condition effect obtained because Session 2 word
retention was greater in the 12-hr sleep grddgj(sied= -93) than the 12-hr wake group
(Madjustea= -86),F (1, 34) = 5.33MSE= .009,p = .028, and the 24-hr sleep group
(Magjusted= .88),F (1, 38) = 6.26MSE= .003,p =.017 (the latter two did not significantly
differ, F < 1). In contrast, the condition main effect was not significant for the older
adults, regardless of whether those with Zeo data were included or excludelds(koih
adjusted mean$dl1o.nr sieep= - 73, M24-hr sieep= - 74,M12-nr wake= . 75). These findings

suggest that a sleep delay may have provided some, albeit weak, benefits to subsequent
learning in the younger adults but not in the older adults (e.g., via synaptic domgnscal

which promotes efficiency of new learning; Tononi & Cirelli, 2003).

Sleep—Behavior Correlations

A primary interest of this research regarded whether deep sleep edneditmory
consolidation in both younger and older adults. The results thus far have demonstrated
age differences in amount of deep sleep as well as evidence that slesmdelags
likely to benefit memory retention in older adults than in younger adults. The rteodlcri

guestion is whether the association between deep sleep and memory retention isiupheld i
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both younger and older adults. Scatterplots are presented in Figure 3 tdellinstra
relationship between deep sleep and memory retention (Session 1 pairs) for younger
versus older adults. | conducted a partial correlation between percent egeansidinal
cued recall of Session 1 word pairs, after controlling for delay condition (12€p, 24-
hr sleep) and number of word pairs learned during Session 1 learning. This correlation
was strong and statistically significant in the younger adu{5) = .500p = .007, but
not significant and near zero in the older aduliQ) = .016p = .926). A Fisher r-to-z
transformation test demonstrated that the magnitude of the correlatioedlifietween
younger and older adultg,= 1.83,p = .033 (one-tailed test; two tailed test yields
marginally significanp = .067). The magnitude of these correlations was generally stable
when separately examining the 12-hr sleep condition (Youn¢&2) = .476p = .085;
Older:r (9) = -.018) and the 24-hr sleep condition (Youngét2) = .627p = .016;
Older:r (9) = .072), though doing so reduced power for detecting statistical signéican
(to marginal levels) in the 12-hr sleep group.

As can be seen in Table 8, Session 1 word pair retention significantly correlated
with two other sleep variables in the younger adults (none in the older adults)hEnest, t
was a negative correlation with percent of time spent in light sleep in the yahges.
This correlation probably arose because there is an inverse correlatiorrbdtep
sleep percent and light sleep percent in the younger ad(B@) = -.784. One reason to
favor the memory retention correlation with deep sleep over that with ligiptislé&at
number oiminutesspent in deep sleep significantly correlated with retention of Session 1

word pairs (in the younger adults), whereas light sleep minutes did not (se@)[able
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Another potentially interesting question is whether sleep variables cedeléh
learning phase performance (word pairs correctly recalled) aaldrécall of Session 2
word pairs (see Table 8). The only significant partial correlation (contrddimdelay
condition) between sleep variables and Session 1 learning phase performaace was
negative correlation with total sleep time in the older adult gno(#1) = -.43p = .04,
suggesting that older participants who learn well also sleep less. Thistonrdid not
reach statistical significance for Session 2 learning phase perforifng@2¢¢ = -.325p =
.13). There were also some significant correlations between sleep vaaathlegtention
of Session 2 word pairs in the older adults (but not the younger adults; see Table 8).
Surprisingly, within the older adult group, there was a signifinagativecorrelation
between minutes in deep sleep and Session 2 word pair retention (the corresponding
partial correlation with percent deep sleep was marginally significeimg finding was
unexpected but it converges with Buechel et al.’s (2011) recent finding of aveegati
correlation between deep sleep and Morris Water Maze performance incoldets: In
addition to the correlation with deep sleep, percent light sleep correlataaedpsitith
retention of Session 2 items, though this correlation might need to be treated more
cautiously because number of light sleeputesdid not significantly correlate with
Session 2 word pair retention.

Table 9 presents the partial correlations between retention of Session 1 and
Session 2 word pairs and the following measures: Pittsburg Sleep Quality Index
Morningness-Eveningness Questionnaire, and chronological age. None of these
correlations was significant in the younger or older adults, thereby ingplyat memory

retention, at least within the present research, was not significargtyeadfby age
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differences in variables such as optimal test time, which is presumablyad ipditation

of age differences in circadian rhythms.

Sleep Fragmentation

One possibility is that sleep fragmentation, which is evident to a much greater
degree in older adults than in younger adults throughout the literature (e.gseBliwi
1993) as well as in the present study (Table 2), could impair memory consolidation. T
investigate this question | examined whether measures of wake affeoskst (total
awakenings and minutes awake after sleep onset) and sleep efficienpg(cent of
night spent asleep) correlated with Session 1 or Session 2 memory retention. As can be
seen in Table 8, there were no significant correlations in the younger adultestilie r
were slightly more mixed in the older adults. There was a marginallyisamtihegative
correlation between Zeo-measured total awakenings and Session 2 word panretent
suggesting that greater nighttime awakenings leads to learning<ieficlder adults.
While tantalizing, the same correlation was not significant when utilizingraphy-
measured (rather than Zeo-measured) awakenings. Furthermore pagtigr@asured
sleep efficiency demonstrated a marginally significant negativelation with Session 1
memory retention (i.e., better sleep efficiency associated with wogsgory
consolidation), which also does not converge with the idea that sleep fragmentation is
causing memory deficits in the older adults in the present study.

An additional, intriguing idea is that fragmentation of a particular stagkeep
could be associated with memory consolidation or learning deficits. To answer this

guestion | examined number of awakenings that occurred during deep sleep, dight sle
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and REM sleep. This data was available for a subset of participagigd = 20, Noider =
21) due to additional Zeo device glitches in which minutes spent in each sleep stage,
rather than the full polysomnogram, were available. There were no sign{jicatial)
correlations with Session 1 memory retention in the younger or older adults,tsugges
that sleep fragmentation might not be impairing memory consolidation in the present
study. For Session 2 memory retention, there were no significant correlatities i
younger adults; however, as illustrated in Figure 4, within the older adult groepatasr
a significant negative correlation between number of deep sleep awakeningssiod Se
2 memory retentiorr, (17) = -.586p = .008. This exciting finding suggests that an
inability to sustain deep sleep might lead to next-day learning impairnmeoiteir adults
(Van Der Werf et al., 2009); but, it is important to note that the Zeo provides a lglative
insensitive measure of sleep arousals (averaged across 5 min intervalspdhdtahere

was very little variability in number of deep sleep awakenings (see Hgure

Top Learners

Tucker et al. (2011) argued that memory consolidation might not occur in older
adults if the learning test is too challenging. In the present study vasreariability in
how difficult the learning task was for older adults; nearly 50% of older adultiparite
did not reach the learning criterion in Session 1. To investigate whether sleefslienefi
memory retention were observed in a group that was successful on the intialgear
task, | restricted the sample to only those older adults who reached tlua S3dssrning
criterion. An ANCOVA that included the between subjects variable of condition (12-hr

wake, 12-hr sleep, 24-hr sleep) and controlled for number of items recalled ttharing
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final Session 1 learning cycle, revealed a significant main effect ofteamdk (2, 21) =
4.76,MSE= .019 (adjusted mean8tis.nr sieep= -498,M24-nr sieep= -311,M12.hr wake=
.307). This behavioral finding was consistent with Tucker et al.’s claim thi ini
proficiency on a memory task is important for older adults to demonstrate dSlatejlre
memory benefits. However, when | further restricted the analysis to onky thos
participants who had Zeo data, the condition main effect was no longer signfi¢ant
18) = 2.42MSE=.018,p = .126). Moreover, partial correlations between Session 1 word
retention and deep sleep percentlQ) = -.020) or minutes (10) = .137) were not
significant. Furthermore, and consistent with the overall sample, thergilhvas s
marginally significant negative correlation between deep sleep mimdeSession 2
word pair retention (i.e., remembering items that were just leamngd)) = -.560p =
.058.

One possibility is that the sleep—memory relationship age-group difference
between might be explained by age-related differences in memory encodindp Teshe
this possibility, | examined mean final recall of weakly encoded itentgeigdunger
adults, which | operationally defined as word pairs that were correctijec:caly once
during the Session 1 learning phase. A between-subjects ANOVA that included condition
(12-hr wake, 12-hr, sleep, 24-hr sleep) revealed a significant main wfiether all
younger participants were includdd(2, 49) = 4.23MSE= .059,p = .020, or younger
participants without Zeo data were excluded2, 41) = 3.70MSE= .055,p = .033.

Final recall of weakly encoded word pairs was greater in the 12-hr sleep §reu»9)
than in the 12-hr wake group (= .35),t (32) = 2.91p = .007. Performance in the 24-hr

sleep groupN! = .47) did not differ significantly from either group (bgit > .13). These
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patterns were stable when conducting ANCOVAs that controlled for the number of
Session 1 learning cycles (i.e., how many times the younger adult attemptealltthee
pair). In addition, despite the reduction in statistical power due to examiningemky
that were weakly encoded, there was a marginally significant pastralation
(controlling for condition) between final recall of weakly encoded paidsdaep sleep
percenty (27) = .35p = .06 ¢ = .33 for correlation with deep sleep minutes). Similar
marginally significant results obtained when also controlling for number sid®es
learning cycles. Thus, when comparing performance on weakly encoded items in the
younger adults to performance in older adults who were highly proficient ketatimeng
task, there was less evidence for a positive relationship between deep sleeoamng m
in the older adult group than in the younger adult group.
Discussion

Overview of Findings

The overarching goal of the present research was to determine whetpeaskt
deep sleep in particular, benefits memory in older adults, as it has been denttwstrate
do so in younger adults (for a review, see Stickgold, 2005). To this end, | employed both
correlational and experimental (delay type and word pair type manipulatietisyas. In
the younger adults, sleep benefits were observed as levels of memory retengion bei
greater following an equal-length delay that included sleep versus wakéh@ 12-hr
conditions) as well as a strong positive association between amounts of deepdleep a
retention of Session 1 word pairs. In contrast, the older adults tended not to demonstrate
these patterns (significantly), and even showed a significant negatreéation between

deep sleep and Session 2 word retention. The present findings suggested thai-the slee
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memory link may weaken or change with increasing age, but before diving deeper into
the interpretation of the younger and older adult sleep—memory results, itstidttend

to the unexpected finding of AB/AB /AC interference effect.

AB /AC Interference

The present research used A2 /AC’ interference procedure (Barnes &
Underwood, 1959) because Ellenbogen et al. (2006) utilized this procedure to
demonstrate memory consolidation across sleep intervals. A surprisimgfofdhe
present study was that tA&/AB /AC manipulation, which was expected to produce
retroactive interference (at least in the wake condition), was inete&elow | describe
how the current study’s procedure differed from that used by Ellenbogen ahahevi
aim of identifying whyAB' /AC' interference did not occur.

During theAB' learning phase, Ellenbogen et al. (2006) had participants first
study the full list of pairs (i.e., view each pair for 7 seconds), and then immgdiatel
afterward, participants began a retrieval—feedback phase (similar tdtitipadion-
plus-study procedure used by Bower, Thompson-Schill, & Tulving, 1994). In this second
phase, participants saw the cue word, typed in the associated word, and thed receive
immediate feedback regarding the correct answer. There were no additiahaphases
(other than the feedback screens) and participants were repeatedlypteateword
pairs until each pair was correctly recalled three tirA€s. learning was conducted
between subjects (i.e., some participants leaA@dpairs after théAB' pairs whereas

other participants only learned tA8 pairs).
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There were three potentially relevant differences between thenprese
methodology and Ellenbogen et al.’s (2006) methodology. First, whereas Ellenbogen e
al. (2006) manipulateAC learning between subjects, | manipulated word pair type
(AB' /AC ) within subjects. Though this design change constitutes a large difference
between the two studies, it is unlikely to explain the present study’s null neterée
effects because other research has found significant interfereaces ef$ing within-
subjects manipulations of word pair type (Delprato, 1971; Kuhl, Shah, DuBrow, &
Wagner, 2010). A second difference between the two studies was that Elleebafjen
(2006) providedspecificfeedback during the learning phase (“Correct answeris ")
whereas the present study only provided participantsgeitieralfeedback during
learning (“You recalled less than 80% of items correct”). There do not seemny be a
published studies that have assessed the effects of specific versus gedb@tk on
retroactive interference, but not AIB' /AC interference studies have used specific
feedback (e.g., Barnes & Underwood, 1959). Therefore, this methodological diffésen
also unlikely to explain the lack &8 /AC interference in the present study.

A third methodological difference between the present study and Ellenbogen et
al.’s study (as well as oth&B' /AC studies) was that the present study employed a
filler-task delay (two minutes of math problems) between study-testptaseag
learning whereas similar studies have not included a filler-task deiayprésent study
used a filler-task delay with the intention that participants would have to tleealiord
pairs from secondary (long-term) memory rather than just maintainingréhgarsing)
the words in primary (short-term) memory. Not only does a filler-task/ detaease the

difficulty of the learning phase, it might also have affected the manndriahwhe word
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pairs were encoded (e.g., hippocampal and other medial temporal lobe struetures ar
more typically used to support long term versus short term memory).

There are a few reasons why including a filler-task delay and fppeéirticipants
to repeatedly recall word pairdB, AB , AC ) from secondary memory might reduce or
eliminate retroactive interference effects. One idea is that initgpand attempting to
retrieve anAC' pair the participant might be reminded of the previdBs pair. This
idea follows from Walheim’s (2011) recent work on remindings in a proactive
interference paradigm and receives support from the finding that reéddl chndAC
pairs correlated positively. Moreover, using neuroimaging (fMRI), Kuhl.€R010)
found evidence that the hippocampus reactivat®d memories during the learning of
AC word pairs. They also found that greater levels of hippocampal reactivation were
associated with diminished forgetting of thB'" word pairs. If participants in the present
study were relying more on hippocampal systems to encode and recall wortigrairs t
that may have led to greater remindings during Sessi8iC2)(learning, thereby

eliminating the classi&B /AC interference effect.

Effect of Delay on Memory in Younger Adults

Though theAB' /AC manipulation was ineffective in the present study (cf.
Ellenbogen et al., 2006), | was still able to examine the relationship betweeraags
memory, delay type, and sleep measures. The results demonstrated that word pair
retention (as measured on the final cued recall test) was better follavi2dnr sleep
delay than a 12-hr wake delay. Though consistent with a memory consolidation account,

the observation of better memory following sleep than wake delays is cohsigte
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other accounts such as protection against daytime interference (Jenkilisdb&eh,

1924). In designing this experiment, | used the 24-hr sleep group, which includes greate
daytime interference (~18 hours) than the 12-hr wake group but also a period of
nighttime sleep, in part to try to distinguish between interference and consolidati
interpretations. The consolidation account predicts that because both the 12-hndleep a
24-hr sleep conditions received nighttime sleep, memory retention in the 2ér sl
condition should approximate that of the 12-hr sleep condition. In contrast, the
interference account predicts that performance in the 24-hr sleep grbbp wibrse

than performance in the 12-hr sleep group. The Session 1 memory retention results
demonstrated a significant decrease from the 12-hr sleep condition to the Zphr sle
condition, which was predicted by interference theory.

Whereas the contrast between the 12-hr sleep condition and the 24-hr sleep
condition for the measure of Session 1 memory retention within the younger adult group
supported the interference account (Jenkins & Dallenbach, 1924), other analyses were
less consistent with interference theory. For example, interferencg thredicts that
greater daytime interference leads to worse memory performanceedsinrsl memory
retention was statistically similar between the 12-hr wake group and thesiepr
group (performance was nominally greater in the 24-hr sleep group). troaddased
upon the cognitive aging literature that has shown that older adults are met subj
interfering material than younger adults (e.g., Hasher & Zacks, 1988)ebyterference
theory, one would expect to find even larger effects of delay condition in the older adults

than in the younger adults, but the reverse pattern was observed in the present study. On
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tentative possibility is that both interference and consolidation contributed tottenpa

of memory retention observed in the present study.

Total Sleep Time and Memory in the Younger Adults

Poor sleep the night before the final cued recall test might help explaithevhy
sleep benefits to memory retention, especially in the 24-hr sleep conditionyaader
in this younger adult sample relative to other studies (e.g., Ellenbogen et al., 12Ei@b)
sleep time was well below optimal (<6 hours on average) in the younger athd{s. S
deprivation impairs the functioning of the prefrontal cortex (Harrison, Horne, &
Rothwell, 2000) and hippocampus (Yoo et al., 2007), as well as functional connectivity
between these two regions (Gais et al., 2007); therefore, even if memoridsebave
consolidated (deep sleep occurs early in the night and therefore was likely tatibelyel
preserved in the present study), these effects might be partially magkefitohtal
cortex and hippocampal impairments are causing disruptions in memoryaiettienay
also be important to point out that the partial sleep deprivation might disproportyonatel
disadvantage the 24-hr sleep condition: Doran, Van Dongen, and Dinges (2001)
demonstrated that the effects of total sleep deprivation accumulate inghgagth time
remaining awake (see also Van Dongen & Belenky, 2009) and similatsreauk been
observed in partial sleep deprivation studies (Belenky et al., 2003).

There are at least two reasons why total sleep time was reducegautiger
adult sample. First, undergraduate students generally sleep poorly due tanliving
dormitories, studying, stress, social events, and morning classes. One study found tha

only 11% of college undergraduates in the United States have good sleep quality
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(Buboltz, Brown, & Soper, 2001). In addition, research at Washington University
demonstrated that total sleep time declines in undergraduate students acrosssher se
(Kathy Wildman, personal communication), and the majority of the younger adulhdata i
the present study was collected during the latter half of the springtseifmesnths
March and April). Despite clear evidence that total sleep time is not optiroallege
students, most sleep and memory studies have demonstrated effects using college
samples, and there is no reason to expect that impaired sleep due to being in college
would affect the sleep and wake groups differently (Pittsburg Sleep Whnaléx scores
did not differ between groups). Therefore, there are likely additional fabtatrs
contribute to the low total sleep time (and weaker sleep-related memofitdtram
might be expected) in the present study.

Another potential influence to the low level of total sleep time was thatngeari
the Zeo headband might have perturbed sleep. Though | did not record participants’
subjective accounts systematically, there were some participants wheeotedrthat
getting used to wearing the headband had some effect on their sleep (though others
claimed that the headband did not interfere with their sleep). Sleep laboratheg st
often include an adaptation night prior to the experiment in which participants gebused t
sleeping while connected to polysomnography equipment so as to decrease the
probability of abnormal sleep during the experiment. An adaptation night was not
included in the present study due to resource constraints and also because the Zeo
headband was not considered to be as irksome as full-scale polysomnographygecordin
It is possible though that wearing the Zeo headband disturbed sleep enough to impair

prefrontal cortex and hippocampal functioning and subsequently disadvantage the sleep
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groups (especially the 24-hr sleep group; Doran et al., 2001), relative to thgnaake
on the final cued recall test. Thus, future studies that use the Zeo device npight am
adaptation night to decrease concerns that getting used to the Zeo headbarsdsiegyact

guantity and quality.

Relationship Between Deep Sleep and Memory in Younger Adults

Despite finding low levels of total sleep time, because deep sleep occurs earl
during nighttime sleep (i.e., it is presumably relatively preserved), agia still expect
to find a relationship between amount of deep sleep and memory retention. Consistent
with the hypothesis that deep sleep facilitates episodic memory consaliolayounger
adults (e.g., Plihal & Born, 1997; Yaroush et al., 1971), the results revealed a strong
correlation between time spent in deep sleep (both in percentage and total miuites) a
retention of word pairs learned before sleeping (see Figure 3). Thesewesalts
consistent with a large literature that has connected deep sleep physotogmory
reactivation and subsequent episodic memory behavioral benefits (for a reagew, s
Diekelmann & Born, 2010). Whereas the consolidation prediction is that memory
retention should correlate with deep sleep, the classic protection-agaitisteday
interference account of sleep-related memory benefits (e.g., Jenkinkeliaah, 1924)
anticipates that total sleep time moderates how well memories aredetget, there was
not a significant partial correlation between Session 1 memory retention alnsléep
time as measured by the Zeo (r = .072) or by actigraphy.(70). Thus, the
correlations between memory retention and sleep parameters tended to favor the

consolidation account of sleep-related memory benefits in younger adults.
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Sleep and Aging

The discussion thus far has focused on how sleep relates to memory in younger
adults but the more novel question of the present research regards how sleep and memory
may change with increasing age. The literature on sleep and agingdfoe\a, rsee
Bliwise, 1993) suggests that older adults may demonstrate severe sleep distudnahc
that aging is also associated with increased risk for many sleep dissudkeras
obstructive sleep apnea, restless legs syndrome, and REM-sleep behavior.dSacter
of these sleep disorders has been associated with later onset of neurotiegenera
disorders (e.g., REM-sleep behavior disorder predicts onset of Parkinson’s dizéfise
years; Postuma, Gagnon, & Montplaisir, 2008) as well as cognitive impairreemts (
Bliwise, 1993; Bliwise, 2002; Bliwise, 2004).

Because the present study was concerned with how age-related slepgscran
associated with age-related cognitive declines in normal aging, the pessarich
included screening for history of disorders and medications that affect stbépciure.
In healthyaging, one expects to find age-related increases in amounts of light sleep, but
also age-related impairments in deep sleep, time until sleep onset, awakéeirgjeep
onset, and total sleep time (see Figure 1). Consistent with the literaturental aging
and sleep, | found evidence for age-related increases in light sleep, bugeatsetated
impairments in time to fall asleep and nighttime awakenings. Some, but not aélsstudi
have found age-related declines in REM sleep (Bliwise, 1993), but the present study did
not demonstrate consistent age group differences in REM. Critically, | odserve
consistent and sizeable decline in deep sleep in the older adult group (relative to the

younger adult group).
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Sleep and Memory Retention in Older Adults

If deep sleep is critical to memory consolidation, and older adults show declines
in deep sleep, then one expectation is that increasing deep sleep in older adults
(pharmacologically or via other methods) will augment their cognitive perfarena
However, this hypothesis is based on the assumption that deep sleep—though lesser in
guantity in older age—is still functionally related to cognition in older adults. An
alternative account (e.g., Spiegel et al., 1986) that receives support froorynem
research in older rodents (Gerrard et al., 2008; Buechel et al., 2011) as \esdpas s
deprivation studies in older adult humans (e.g., Bonnet, 1989), is that the sleep—
cognition link is functionally weakened or otherwise changed in the elderly.

Sleep did not benefit episodic memory in older adults in the present study (cf. Aly
& Moscovitch, 2010). Older adults failed to demonstrate a main effect of delayioandit
memory retention was not statistically greater following a 12-hpsdetay than a 12-hr
wake delay. This finding, which could not be explained by age-related changes in
circadian rhythms (e.g., optimal time of testing), was consistent vaéareh on sleep
and procedural memory consolidation in older adults (e.g., Spencer et al., 2007;
Siengsukon & Boyd, 2008; but see Tucker et al., 2011, for more mixed findings).
However, the present study’s results were inconsistent with Aly and Mosce\€H0)
finding of a sleep (relative to wake) benefit in older adults for story ré&dad
discrepancy between the present study and Aly and Moscovitch’s study mighttoe due
the difference in study environment (controlled laboratory versus over the phone), the

ease of the memory task (encoding was nominally higher for the older adults than
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younger adults in Aly & Moscovitch’s study), or the use of sleep physiologgunes
(Zeo sleep stage scoring versus self-report questionnaires).

The lack of a delay condition main effect on memory retention in the older adult
group in the present study suggested an age-related decline in memory ctosolida
during sleep. But, this finding does not legislate between whether sleep is stil
functionally related to memory in older adults. Because deep sleep was reducet but
eliminated in the older adults, it was possible that older adults who had relaiylely
levels of deep sleep would still demonstrate evidence for memory consolidation.
However, in contrast to the younger adult finding of a strong association betwgen dee
sleep and memory consolidation, within the older adult group there was no evidence of a
relationship between deep sleep and retention of word pairs learned prior to sleép. Thi
an important finding, because though some sleep, memory, and aging studies have
examined sleep—memory correlations and failed to find them in older adults (e.g
Tucker et al., 2011), reporting divergent correlations in younger and older adblts wi
the same study is a much more powerful demonstration of an age-relatechtlmsgci.

Peters et al., 2008). This sleep—memory dissociation in older adults is inconsigtent
the claim that cognitive deficits in the elderly are directly linked ta teeser quantities
of deep sleep, but dovetails with the theory that the sleep—cognition link is weakened, or

otherwise changed, in older adults (Spiegel et al., 1986; Pace-Schott & Spencer, 2011).

Synaptic Downscaling, Deep Sleep, and Subsequent Learning

The major theorizing regarding the relationship between deep sleep and memory
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has focused so far on memory reactivation and consolidation. Tonini and Cirelli (2003;
2006) proposed the synaptic downscaling theory, which has received increasingmattenti
as a complementary theory to consolidation (e.g., Axmacher, Draguhn, Eldt, & Fe
2009; Walker, 2009). The synaptic downscaling theory argues that during waking hours
an organism learns and encodes various experiences, which causes a netimcrease
synaptic weights. However, a continuous net increase in synaptic weights wogitdya
matter space, be energetically unsustainable (e.g., maintaining Adtleptors), and
eventually lead to saturation of the synaptic networks (i.e., new learning would eo long
be possible). In addition to noting that daytime experience should increase synaptic
weights, Tononi and Cirelli also observed that the physiology of deep sleep could be
conducive to decreasing synaptic weights. Specifically, they suggestektiséaw
oscillations (<1 Hz on the EEG), which are a hallmark of deep sleep, support long term
depression and depotentiation of synaptic transmission (e.g., internalization ét AMP
receptors). Consistent with synaptic downscaling theory, studies conduEtemsophila
(fruit flies)(Donlea, Ramanan, & Shaw, 2009; Gilestro, Tononi, & Cirelli, 2009) have
demonstrated that markers of synaptic weights show increases with@ayperience

and decreases with sleep.

Of particular interest to the present research focus on deep sleep and memory
synaptic downscaling theory claims that sleep-dependent mematisefight be a
consequence of the proportional downscaling of synaptic weights. By Tononi and
Cirelli’'s (2003; 2006) account, downscaling synaptic weights leads to an improved
signal-to-noise ratio for strongly potentiated synapses leading toeteement and

sharpening of previously acquired memories”, especially those that haadyabeen
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reactivated during sleep (Axmacher et al., 2009, p. 2293). Thus, the results of the present
study were consistent with synaptic downscaling theory in addition to consolidation
theory (as well as hybrid reactivation—downscaling theories).

Another prediction of synaptic downscaling theory for cognitive functioning, which
is the more often cited prediction, is that synaptic downscaling should setgbdasta
learning the next day. Consistent with this claim, Van Der Werf et al. (20089 that
specifically perturbing deep sleep (with total sleep time preserve@dinsnsubsequent
learning. In the present study, | did not find any correlations between deg@stee
next-day learning in the younger adults. Interestingly, in the older adulp giftere was
anegativecorrelation between deep sleep and recall of Session 2 word pairs. Though
unexpected, the negative correlation with deep sleep in older adults is aatnalstent
with Buechel et al.’s (2011) recent finding that older rats sometimes deatedst
negative correlations between deep sleep and performance on the Morris Wager Ma
task. Moreover, though the negative correlation seems to contradict synapticaownsc
theory, another possible explanation of this finding is that, in older adults, synaptic
downscaling is increasgaoportionallyrelative to younger adults (e.g., similar levels of
downscaling despite less daytime encoding in older adults) and that thesagéd-rel
proportional increase in downscaling eventually becomes detrimental to eegniti
functioning. Though only a preliminary hypothesis, this idea of “overactive dowmgtal
dovetails with Chang et al.’s (2006) finding that experimentally downscalhigA\
receptors in a rodent model contributed to Alzheimer’s disease pathologgdaadibat

is prevalent in older adult humans).
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Possible Mechanisms Driving Sleep—Cognition Weakening with Age

Presently, it is unclear at what point and why the sleep—cognition link should
weaken. Research on deep sleep and memory consolidation in middle-aged adults
(Backhaus et al. 2007) showed that memory consolidation was weaker in middle-aged
adults than younger adults but also that middle-aged adults with high amounts of deep
sleep still demonstrated memory retention effects similar to yowniydts. Therefore, it
is unlikely that a single event causes a sleep—memory dissociation, butttaher
sleep—memory link may gradually weaken with increasing age.

One possibility is that declines in sleep across the lifespan indireag ea
weakening of the sleep—cognition link. For example, research conducted in rodents
(Kang et al., 2009) and now in humans (Huang et al., in press) has demonstrated that
amyloid beta levels (i.e., a biomarker strongly linked to Alzheimer’'s diseas.,
Rabinovici & Jagust, 2009) accumulate with wakefulness and sleep deprivation but
decrease with normal sleep. Increasing amyloid deposition might everdaiady
neurological impairments that interfere with sleep (for a review epslie dementia see
Bliwise, 1993) as well as cognitive processes occurring during sleep.

Another intriguing idea is that normal processes occurring during sleep,
paradoxically, gradually cause the sleep—cognition link to weaken. For exaimple, i
synaptic downscaling occurs at rates greater than it should in older adulisaheould
lead to decreased neural connectivity which might subsequently impair psoseskeas
memory consolidation. Consistent with this idea, fMRI research has demedshat
functional connectivity between the hippocampus and prefrontal cortex (i.e., system

supposedly involved in memory consolidation; e.g., Gais et al., 2007) weaken with
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increasing age (Grady, Mcintosh, & Craik, 2003; Grady, 2006). Other, non-sleep factors
such as neural atrophy (Raz et al., 2005; Resnick et al., 2003), white matter declines
(Gunning-Dixon, & Raz, 2000), or changes in the hypothalamo-pituitary-adrenal axis
(which might affect deep sleep quality; Buckley & Schatzberg, 2005), maedatto

this age-related change as well.

Implications for Sleep-Based Solutions to Cognitive Aging

The assumption most often expressed in sleep, memory, and aging papers is that
if older adults gained more deep sleep then age-related cognitive deficitslveoul
minimized (e.g., Buckley & Schatzberg, 2005). However, this hypothesis assumes tha
the sleep—cognition relationship that is prevalent in younger adults (e.g., Bba&@t
Walker, 2009) is relatively maintained in older adults. Though one analysis€Higur
suggested that awakenings from deep sleep are associated with worag tbarn
following day in older adults, most of the results failed to produce evidence for agositi
association between sleep stages and memory retention in older adults. Thieraetoye
not be surprising that pharmacological interventions that simply bolstemitena of a
particular stage of sleep have not been effective in improving memory in older adul
(e.g., Hornung et al., 2007). However, if future studies use polysomnographyéeo garn
more precision in estimating arousals during sleep and still replicatestbenpstudy’s
finding of an association between learning deficits and awakenings fromldepprs
older adults, then pharmacological interventions that decrease (deep) aigeerftation

may prove to be beneficial to cognitive functioning in older adults.
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Though the best sleep-based treatment for cognitive declines in aljkedyiso
be derived by better knowledge of the mechanism(s) driving the weakening of the
sleep—cognition link, one tentative possibility is to experimentally prime aldiglts to
reactivate memories during sleep. Rasch et al. (2007) and Rudoy et al. (2009) found tha
when they forged an association between a memory (e.g., card locations on a daid) and
cue stimulus (e.g., a sound, an odor), later re-presenting that cue stimulus during deep
sleep led to better (next-day) recall of the associated memory. This aorérol
consolidation might be employed repeatedly in older adults in an attempt to prime them
to consolidate memories during sleep. If effective, then that would suggesidiéra
adults maintain the neural and cognitive structures/abilities to consolidaterieg, and
the next question would concern why they do not normally consolidate memories during
sleep. In contrast, if a consolidation “training” procedure weiteffective in older
adults then that would suggest that they lack the ability to consolidate memayiges (e.
due to functional connectivity changes; Grady, 2006). Pinpointing why the sleep—
cognition link begins to weaken in older age and how such changes might be reversed

could be one of the next great research questions for science.
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Table 1

Means and standard deviations (in parentheses) for the PSQI, MEQ, and chronological
age across age groups and conditions, separated by participants who do and do not have
complete datasets (i.e., with Zeo data). PSQI: Pittsburgh Sleep Quality IndegdRtiys

al., 1989); MEQ: Morningness-Eveningness Questionnaire (Horne & Ostberg, 1976).

Subjects with Behavioral Data

N PSQI MEQ Age
Younger: 12-hr Wake 14 4.57 (1.74) 43.50 (9.87) 19.86 (1.10)
Younger: 12-hr Sleep 20 5.38 (2.97) 40.50 (8.82) 19.80 (1.20)
Younger: 24-hr Sleep 18 5.06 (2.07) 43.44 (8.77) 19.56 (1.10)
Older: 12-hr Wake 13 7.46 (4.07) 60.85 (7.03) 73.15 (6.85)
Older: 12-hr Sleep 14 5.07 (2.92) 56.57 (9.45) 69.29 (4.03)
Older: 24-hr Sleep 14 6.00 (4.02) 51.71 (11.71) 69.71 (4.62)

Subjects with Complete Zeo and Behavioral Data

N PSQI MEQ Age
Younger: 12-hr Wake 14 4.57 (1.74) 43.50 (9.87) 19.86 (1.10)
Younger: 12-hr Sleep 15 4.87 (3.20) 41.40 (9.40) 19.67 (1.05)
Younger: 24-hr Sleep 15 5.00 (2.14) 44.13 (9.47) 19.67 (0.98)
Older: 12-hr Wake 13 7.46 (4.07) 60.85 (7.03)  73.15 (6.85)
Older: 12-hr Sleep 12 5.33 (2.90) 57.00 (9.88)  69.00 (3.74)
Older: 24-hr Sleep 12 5.67 (3.42)  52.75(10.99) 70.42 (3.99)
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Table 2

Zeo (n=54) and Actigraphy (n=65) data across younger and older adults for the sleep
conditions (12-hr and 24-hr groups collapsed). Standard deviations are in parentheses.

Younger Adults Older Adults __ t-test _p-value
Zeo Data Sample n=30 n=24
Light Sleep (%) 49 (.12) .61 (.15) 3.15 .003
Deep Sleep (%) .26 (.12) .15 (.09) 3.76 <.001
REM Sleep (%) .26 (.08) .25 (.12) <1l ns
Wake (%) .02 (.03) 17 (.19) 440 <.001
Light Sleep (min) 164.43 (75.25) 200.92 (75.49) 1.77 .083
Deep Sleep (min) 83.17 (33.14) 46.54 (28.20) 431 <.001
REM Sleep (min) 90.23 (40.47) 84.13 (50.27) <1 ns
WASO (min) 5.40 (7.82) 46.96 (45.27) 495 <.001
Sleep Latency (min) 19.73 (26.16) 17.38 (18.73) <lns
Total Sleep Time (min) 337.20 (112.61) 331.13 (97.10) <lns
Total Awakenings 1.43 (1.76) 4.88 (2.71) 5.64 <.001
Younger Adults Older Adults t-test p-value
Actigraphy Data Sample n=37 n=28
Sleep Latency (min) 14.11 (24.84) 17.32 (23.79) <lns
Sleep Efficiency (%) 84.87 (8.92) 73.11 (18.24) 343 .001
WASO (min) 45.97 (60.89) 98.79 (88.90) 2.84 .006
Awakenings 29.00 (16.14) 29.11 (12.08) <1 ns
Total Sleep Time (min) 375.33 (107.58) 326.14 (95.35) 192 .060
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Table 3

Zeo (n=54) and Actigraphy (n=65) data across younger adults (YA) and older adults
(OA) for the 12-hr and 24-hr sleep groups separately. Statistical discrepancies with

Table 2 are bolded.

12-hr Sleep Condition

24-hr Sleep Condition

Younger Older p-value  Younger Oldep-value
Zeo Data Sample  n=15 n=12 n=15 n=12
Light Sleep (%) 48 .65 <001 .50 57 ns
Deep Sleep (%) 27 14 .005 25 15 .038
REM Sleep (%) .26 21 ns .25 .28 ns
Wake (%) .02 27 <.001 .02 .07 .013
Light Sleep (min) 164.27 179.17 ns 164.60 222.67 ns
Deep Sleep (min) 85.20 37.08 <.001 81.13  56.00 .096
REM Sleep (min) 89.60 60.50 .036 90.87 107.75 ns
WASO (min) 5.40 67.58 <.001 5.40 26.33 .009
Sleep Latency (min) 28.27 17.83 ns 11.20 16.92 ns
Total Sleep (min) 338.33 276.17 .022 336.07 386.08 ns
Total Awakenings 1.13 5.47 <.001 1.73 4.08 .012
Younger Older p-value  Younger Oldep-value
Actigraphy Data Samplen=19 n=14 n=18 n=14
Sleep Latency (min) 16.97 7.07 ns 11.08 27.57 .057
Sleep Efficiency (%) 85.94 73.35 .009 83.76  72.88  .051
WASO (min) 29.21 100.91 .001 63.65 96.67 ns
Awakenings 24.84 28.21 ns 33.39 30.00 ns
Total Sleep Time (min) 338.05 308.40 ns 414.69 343.87 ns
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Table 4

Final recall means (10 possible) for AB and’ ABord pair types (standard errors in
parentheses). ABusted@nd AB agiusteddenote adjusted means (standard errors in
parentheses) following controlling for levels of recall during the final learning phase
study-test cycle. Data is for all subjects who have behavioral data.

Younger: 12-hr Wake
Younger: 12-hr Sleep
Younger: 24-hr Sleep
Older: 12-hr Wake
Older: 12-hr Sleep

Older: 24-hr Sleep

83

4.24 (.50)
5.31 (.42)
3.96 (.45)
2.97 (.55)

4.40 (.50)

N AB AB ABausied  AB' agjusted
14 479 (59)  4.71(55)  4.12 (.53)
20 6.55(50)  5.90(.46)  5.93 (.45)
18 5.56 (52)  4.50 (49)  4.74 (.48)
13 2.38(.62) 1.85(57)  3.72(.59)
14 3.00 (59) 3.79(55)  3.58 (.53)
14 3.21(59)  2.36(55)  4.00 (.54)

2.72 (.50)



Table 5
Number of pairs correctly recalled (20 possible) during the final learning phase cycle

and number of study-test learning phase cycles completed across sessions, age groups,
and conditions.

Subjects with Behavioral Data

Session 1 Session 2

Cycles Final Cycles Final

Younger: 12-hr Wake  2.64 (0.93)  17.86 (1.56) 2.57 (1.16)  18.50 (1.29)
Younger: 12-hr Sleep ~ 2.25(0.91)  17.80 (1.44)  2.05(0.69)  18.20 (1.24)

Younger: 24-hr Sleep  2.50 (0.86)  18.22 (1.11) 2.22(0.81)  18.17 (1.25)

Older: 12-hr Wake 454 (1.13) 12.31(4.44) 4.38(1.04)  13.77 (5.40)
Older: 12-hr Sleep 3.43 (1.02) 14.36 (4.40) 3.57(1.34)  15.50 (3.88)
Older: 24-hr Sleep 3.86 (1.66)  14.00 (4.66)  3.43(1.28)  14.29 (4.71)

Subjects with Complete Zeo and Behavioral Data

Session 1 Session 2

Cycles Final Cycles Final

Younger: 12-hr Wake  2.64 (0.93) 17.86 (1.56)  2.57 (1.16)  18.50 (1.29)
Younger: 12-hr Sleep ~ 2.13(0.92) 18.07 (1.39)  2.13(0.74)  18.33 (1.23)

Younger: 24-hr Sleep  2.40 (0.91)  18.00 (1.00)  2.20(0.86)  17.93 (1.22)

Older: 12-hr Wake 454 (1.13) 12.31(4.44)  4.38(1.04)  13.77 (5.40)
Older: 12-hr Sleep 3.42 (1.08) 14.00 (4.67)  3.67(1.37)  15.25 (4.14)
Older: 24-hr Sleep 4.08 (1.68) 14.17 (457)  3.50(1.31)  14.25 (4.75)
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Table 6

Final cued recognition test performance (proportion correct out of 20) with standard

deviations in parentheses.

Subjects with Behavioral Data

Subjects with Zeo Data

Younger: 12-hr Wake
Younger: 12-hr Sleep
Younger: 24-hr Sleep
Older: 12-hr Wake
Older: 12-hr Sleep

Older: 24-hr Sleep

982 (.037)

.988 (.028)

969 (.042)

787 (.248)
786 (.339)

877 (.246)
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Table 7

Percent correctly recalled (number recalled divided by 20) on the final cued restll t

Subjects with Behavioral Data

Session 1 Session 2
Younger: 12-hr Wake 475 (.176) .868 (.167)
Younger: 12-hr Sleep .623 (.187) .930 (.057)
Younger: 24-hr Sleep .503 (.158) .883 (.079)
Older: 12-hr Wake .208 (.108) 723 (.244)
Older: 12-hr Sleep .346 (.251) 782 (.211)
Older: 24-hr Sleep 279 (.187) 754 (.225)

Subjects with Complete Zeo and Behavioral Data

Session 1 Session 2
Younger: 12-hr Wake 475 (.176) .868 (.167)
Younger: 12-hr Sleep .663 (.179) .940 (.060)
Younger: 24-hr Sleep 497 (.145) .877 (.082)
Older: 12-hr Wake .208 (.108) 723 (.244)
Older: 12-hr Sleep .304 (.242) 771 (.226)
Older: 24-hr Sleep 292 (.195) .733 (.232)
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Table 8

Correlations between memory measures and sleep measures: ** indicates p < .01; *
indicates p < .05 indicates p < .10.

Session 1 Recall Session 2 Recall
Younger Older  Younger Older

Zeo Data
Light Sleep (%) - 484% .009 352 424%
Deep Sleep (%) 500%* 016 -.240 -h16
REM Sleep (%) -.015 -.027 -.129 -.230
Wake (%) .209 .200 .082 124
Light Sleep (min) -.274 157 159 A71
Deep Sleep (min) AB57* 116 -.191 -.507*
REM Sleep (min) -.143 021 -.054 -.326
WASO (min) 165 .356 147 -.002
Sleep Latency (min) -.096 143 132 135
Sleep Efficiency (%) -.209 -.187 -.086 -.094
Total Sleep Time (min) -.101 .206 .032 -.208
Total Awakenings -.041 .333 .087 -375
Actigraphy Data
Sleep Latency (min) -.144 171 129 -.068
Sleep Efficiency (%) -.073 -4b9  -214 116
WASO (min) 129 .284 .158 -.252
Awakenings -.190 173 .262 -.193
Total Sleep Time (min) -.087 -.259 213 -.058
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Table 9

Partial correlations of Session 1 and Session 2 correct word pair recall percent with the
Morningness-Eveningness Questionnaire (MEQ), the Pittsburg Sleep Quality Index
(PSQI), and chronological age (controlling for delay condition and corresponding
learning phase performance). All p values were greater than .10.

Session 1 Retention

Session 2 Retention

Younger Older
Questionnaire Data
MEQ .032 -.168
PSQI -.034 -.031
Chronological Age -.095 .136
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Younger Older
194 -.073
.027 211

.061 -.041



Figure 1

Age-related sleep changes across the lifespan. Sleep latency: time in bed until individual
falls asleep; WASO: wake after sleep onset (i.e., minutes spent awake at night afte
having initially fallen asleep and before rising for the day); REM: rapid eye movement
(sleep); SWS: slow wave sleep (deep sleep); Stages 1 and 2 denote light sleep.
(Carskadon & Rechtschaffen, 2005).

600

500

400

300

200

Stage 2

100

Staged

Age

89



Figure 2

Results from the Ellenbogen et al. (2006, on the left; 2009, on the right) experiments.

AC groups are represented by the two bars (labeled interference) on the right.
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Figure 3

Scatterplots demonstrating the relationship between deep sleep percent and Session 1
memory retention in younger adults (top) and older adults (bottstahdardized

residuals were derived from regression analyses using Session 1 final recall (dependent
variable) and number of items correctly recalled during the final Session 1 learning
cycle.The partial correlation was significant for the younger, but not the older, adults.
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Figure 4
Scatterplot demonstrating the relationship between Session 2 memory retention and
number of awakenings from deep sleep in the older adults.
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Appendix A:Example of the final cued recall test.
Paired Associate Word Recall (version 1A)

Instructions: Recall and write down the word(s) that was previously associated with the
word on the left side of the paper. The word(s) may have been learned in this
experimental session or in the previous (the first) experimental sessioordfthan one
word was associated with the word on the left then write down both words. Otherwise,
leave one of the spots blank.

CHANNEL

TENNIS

LOAFER

CIRCUIT

ABYSS

RECEIPT

PUDDING

DEGREE

FORFEIT

BUILDER

VALUE

QUIVER

WHISKER

GRAPHITE

WIZARD

JACKET

RAILROAD

LINEN

TAILOR
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SATIN

PAYMENT

SHADOW

MUSIC

ASPECT

TITLE

HERRING

ADVERB

PROGRAM

GARLIC

JOURNAL
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Appendix B:Example of the final cued recall recognition test.

Paired Associate WWrd Recognition Test (version 1A)

Instructions: For each of the below words, there will be four options on the right. Circle

the option that was previously learned to be associated with the word on the left.

1. CHANNEL: RESULT EFFECT CAUSE REACTION

2. TENNIS: STRAIGHT TALL UPRIGHT NARROW

3. CIRCUIT: KNOWLEDGE INSIGHT EXPERIENCE UNDERSTAND
4. ABYSS: FOOTBALL AUTUMN  CALENDAR  SEASON

5. RECEIPT: THIRST FOUNTAIN SPLASH WATER

6. FORFEIT: RESTRAINT PATIENCE TOLERANCE COMPOSURE
7. BUILDER: GRAVEL ROAD ROCKS STONES

8. QUIVER: CELERY REDUCE DIET WEIGHT

9. GRAPHITE: FUNCTION PURPOSE ROLE TASK

10. WIZARD: BABY CRADLE CRIB BASSINET

11. JACKET: REPAIR MAINTENANCE  UPKEEP SERVICE
12. RAILROAD: CREVICE CRACK CLEFT FISSURE

13. TAILOR: CLUB RACQUET GLOVE STICK

14. SATIN: BUTTON CLASP FASTEN HOOK

15. MUSIC: REGION DIVIDE SECTOR QUARTER

16. ASPECT: SUBSTITUTE SURROGATE PROXY DELEGATE
17. HERRING: LOBBY HALL ENTRANCE FOYER

18. ADVERB: INTELLIGENCE  SHREWD WISDOM LOGIC

19. PROGRAM: CHAIR SWING TABLE ROCKER

20. GARLIC: JOURNEY TRAVEL TOUR EXPLORE
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