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Sleep spectral power correlates of prospective

memory maintenance

Tony J. Cunningham,'-%3> Ryan Bottary,?*> Dan Denis,* and Jessica D. Payne®

7Depcrrtment of Psychiatry, Beth Israel Deaconess Medical Center, Boston, Massachusetts 02215, USA; ?Division of Sleep Medicine,
Harvard Medical School, Boston, Massachusetts 02115, USA; 3 Department of Psychology and Neuroscience, Boston College, Chestnut
Hill, Massachusetts 02467, USA; 4Department of Psychology, University of Notre Dame, Notre Dame, Indiana 46556, USA

Prospective memory involves setting an intention to act that is maintained over time and executed when appropriate. Slow
wave sleep (SWS) has been implicated in maintaining prospective memories, although which SWS oscillations most benefit
this memory type remains unclear. Here, we investigated SWS spectral power correlates of prospective memory. Healthy
young adult participants completed three ongoing tasks in the morning or evening. They were then given the prospective
memory instruction to remember to press “Q” when viewing the words “horse” or “table” when repeating the ongoing task
after a 12-h delay including overnight, polysomnographically recorded sleep or continued daytime wakefulness. Spectral
power analysis was performed on recorded sleep EEG. Two additional groups were tested in the morning or evening
only, serving as time-of-day controls. Participants who slept demonstrated superior prospective memory compared with
those who remained awake, an effect not attributable to time-of-day of testing. Contrary to prior work, prospective
memory was negatively associated with SWS. Furthermore, significant increases in spectral power in the delta-theta frequen-
cy range (1.56 Hz-6.84 Hz) during SWS was observed in participants who failed to execute the prospective memory instruc-
tions. Although sleep benefits prospective memory maintenance, this benefit may be compromised if SWS is enriched with

delta-theta activity.

[Supplemental material is available for this article.]

Prospective memory refers to the maintenance, retrieval, and exe-
cution of a previously formed intention (Einstein and McDaniel
1990). Successful prospective memory is essential for a large num-
ber of tasks in daily life, such as remembering to attend a doctor’s
appointment, to pick up a prescribed medication after that ap-
pointment, and to also pick up other needed items (e.g., groceries)
while at the drugstore. The above described hypothetical sequence
of events integrates previously studied prospective memory vari-
ants including time-based (i.e., maintaining a memory to complete
an intention at a prespecified time; e.g., Esposito et al. 2015;
Occhionero et al. 2017), activity-based (i.e., maintaining a memory
to perform an intention before or after a particular activity; e.g.,
Occhionero et al. 2020), and cue-based (i.e., relying on external
cues to prompt a maintained memory for a set intention; e.g.,
Scullin and McDaniel 2010; Leong et al. 2019b; Scullin et al. 2019).

When it is required that memories be maintained across lon-
ger periods of time, prospective memory may become less reliable
unless sleep occurs (Scullin and McDaniel 2010; Diekelmann et al.
2013a,b; Grundgeiger et al. 2014; Leong et al. 2019a,b; Scullin et al.
2019). Sleep appears to most strongly aid spontaneous retrieval of
cue-based prospective memories (Leong et al. 2019a). Several re-
ports have found that slow wave sleep (SWS) supports spontaneous
retrieval of cue-based prospective memory intentions (e.g.,
Diekelmann et al. 2013a; Leong et al. 2019b), although at least
one study found an association with rapid eye movement (REM)
sleep instead (Scullin et al. 2019). Cue-based prospective memory
is hypothesized to be a type of associative memory that binds pro-
spective components (the prospective memory cue) and retrospec-
tive components (maintenance of the memory for the prospective
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memory intention when presented with the cue; Diekelmann et al.
2013b; Leong et al. 2019a).

Rodent and human literature, implementing a variety of inva-
sive and noninvasive brain imaging techniques, show that cortical
slow oscillations (SOs; <1 Hz) and fast thalamocortical sleep
spindles during SWS facilitate associative memory retention
(Niknazar et al. 2015; Latchoumane et al. 2017; Helfrich et al.
2018; Mikutta et al. 2019; Muehlroth et al. 2019), whereas faster os-
cillations, such as those in the theta frequency band (~4-7 Hz),
may inhibit declarative associative memory (Marshall et al.
2011). We therefore hypothesize that prospective memory perfor-
mance, like other studied associative memory variants, should
benefit from oscillations during SWS (Klinzing et al. 2019).
However, it remains unknown which SWS microarchitectural fea-
tures may facilitate or inhibit prospective memory performance.

Here, we aimed to first replicate prior findings that prospective
memories are better maintained across a 12-h interval including
sleep compared with an equivalent interval of wakefulness (e.g.,
Scullin and McDaniel 2010). We next explored whether
sleep-associated memory maintenance might be linked to SWS
microarchitectural features. To our knowledge, this is the first ex-
periment to examine whether SWS oscillations differentiate suc-
cessful from unsuccessful prospective memory performance.
Given the role of hippocampal engagement in both associative
memory binding (e.g., Yonelinas et al. 2019) and oscillatory cou-
pling during SWS that supports associative memory (Niknazar
et al. 2015; Latchoumane et al. 2017; Helfrich et al. 2018;
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Figure 1. Schematic of study timeline for each experimental condition.

Mikutta et al. 2019; Muehlroth et al. 2019), we hypothesized that
prospective memory performance would be supported by SWS and
specifically SOs and sleep spindle activity.

Results

A schematic of the study timeline is presented in Figure 1.
Ninety-five participants (age range 18-30, mean=19.9+1.9, 61 fe-
male) (see Table 1 for demographic characteristics) completed the
study protocol. Briefly, participants arrived at the lab at 9:00 a.m.
(Wake condition; n=33) or 9:00 p.m. (Sleep condition, n=30)
and completed a psychomotor vigilance task (PVT) (Doran et al.
2001) and a battery of assessments, including the Positive and
Negative Affect Schedule (PANAS) (Watson et al. 1988), Beck
Anxiety Inventory (BAI) (Beck et al. 1988), Beck Depression
Inventory (BDI-II) (Beck et al. 1996), Pittsburgh Sleep Quality
Index (PSQI) (Buysse et al. 1989), and the State-Trait Anxiety
Inventory (state version; STAI) (Spielberger 1983). See the
Materials and Methods for additional details.

Participants then completed Session 1 of the prospective
memory paradigm involving three computer-based ongoing tasks
in the following order: (1) Living/Nonliving Decision, (2) Lexical
Decision, and (3) Semantic Categorization. After the final ongoing
task, participants were given the prospective memory instruction
to press the letter “Q” any time the words “horse” or “table”
were presented during the second session (see the Materials and
Methods for more details). Participants then completed a second
battery of assessments to prevent rehearsal, which included the
Morningness-Eveningness Questionnaire (MEQ) (Horne and
Ostberg 1976), the Iowa Sleep Disturbance Inventory—Expanded
Version (ISDI-E) (Koffel 2011), and reassessment of the PANAS
and STAI Overnight sleep was monitored in the Sleep Condition
with polysomnography (PSG) (see the Materials and Methods for
more details).

For Session 2, participants returned to the lab 12 h later at 9:00
p-m. (Wake condition) or 9:00 a.m. (Sleep condition). After a sec-
ond PVT, participants then completed the same three ongoing
tasks with the prospective memory cues (“horse” and “table”) pre-
sented twice per task and were tested on their memory to press the
letter “Q” in response to these prompts (without a reminder). To
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control for time-of-day effects on task performance, 32 additional
participants were tested with only a 20-min delay of questionnaire
completion between Sessions 1 and 2 at 9:00 a.m. (Morning con-
trol, n=16) or 9:00 p.m. (Evening control, n=16). Participants
were identified as being “Successful” on the prospective memory
task if they remembered to respond correctly to a prospective mem-
ory cue at least once during Session 2. We chose this as a binary
threshold to determine those who had (1) some or complete ability
to retrieve the prospective memory intention compared with (2)
those who did not have this ability. Given our interest in memory
consolidation, we felt this was a straightforward way to categorize
those who consolidated the prospective memory intention versus
those who did not. We see this >1 cutoff as a conservative, bare-
minimum cutoff for successful memory retention. Participants
who did not meet this threshold were classified as “Unsuccessful.”
Additionally, the proportion of successful prospective memory in-
tention executions was calculated for each participant as the num-
ber of times the participant successfully responded to the
prospective memory prompt divided by the total number of pro-
spective memory prompts during the ongoing tasks at Session 2.

Participant demographics, self-report questionnaires,
and PVT performance

Participant demographics

x? tests revealed no significant differences between conditions in
terms of biological sex, race, and ethnicity, but there was a signifi-
cant difference on the one-way ANOVA analysis of age (see Table
1). Follow up t-tests revealed that this was due to the evening con-
trol condition being slightly, yet significantly, older than the other
conditions (Sleep condition comparison: fy44=3.5, P=0.001;
Wake condition comparison: f44),= 3.2, P=0.003; Morning control
comparison: t;9)=2.3, P=0.03). There were no differences in age
between the other conditions (most notably no difference between
the Sleep and Wake conditions).

Self-report questionnaires

One-way ANOVAs revealed that conditions did not differ on self-
report questionnaires including the MEQ, BAI, BDI, global PSQI,
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Table 1. Participant demographics
Evenin
Total sample  Sleep condition =~ Wake condition? Morning control controls Effect
(N=95) (n=30) (n=33) (n=16) (n=16) F 7 P size

Age 19.9 (1.9) 19.3 (1.6) 19.7 (1.1) 21.6 (2.9) 19.6 (1.6) 6.42 0.001 0.18
Biological sex

Females 61 20 17 11 13 811 0.23 0.17

Males 30 10 13 5 2

Missing 4 0 3 0 1
Ethnicity

Hispanic 10 5 3 2 0 4.73 0.58 0.12

Not Hispanic 75 22 25 13 15

Unknown/not 10 3 5 1 1

reported
Race

Asian 13 2 3 5 3 17.97 0.12 0.25

Black 2 2 0 0 0

White 63 21 22 8 12

Multiracial 1 0 0 1 0

Unknown/not 12 5 8 2 1

reported

Values reported as mean (standard deviation). Age comparisons were performed using a one-way ANOVA with 1 effect sizes reported. Categorical variables ana-

lyzed using z? with Cramer’s V affect sizes reported.
“Three wake participants were missing information for biological sex and age.
POne evening control participant was missing information for biological sex.

and global ISDI-E scores (all Ps>0.45) (see Table 2). Furthermore,
there were no condition effects on any ISDI-E subscale, PSQI com-
ponent score, PSQI-reported sleep duration, or PSQI-reported ha-
bitual sleep efficiency (all Ps>0.08). There was also no difference
in either the initial or reassessment of positive affect, negative af-
fect, or state anxiety as measured by the PANAS and STAI-state
measures (all Ps>0.05) (see the Materials and Methods for ques-
tionnaire details).

PVT performance

On the PVT, using Kruskal-Wallis H comparisons for nonparamet-
ric testing, the four conditions did not differ in median or average
reaction time at Session 1 (see Table 3). There was, however, a sig-
nificant difference in lapse rate at Session 1. Follow-up Mann-
Whitney U comparisons for nonparametric testing revealed that
the Wake condition had a significantly higher lapse rate (4.9%)
than the Sleep condition (2.2%, U=289.0 P=0.007) and the
Morning control condition (1.7%, U=69.5, P=0.015), but not
the Evening control condition. There were no other lapse rate dif-
ferences between the conditions at Session 1. At Session 2, Mann—
Whitney U comparisons between the Sleep and Wake conditions
revealed no differences in lapse rates, average reaction time, or me-
dian reaction time.

Prospective memory performance

We first conducted a 3 (Ongoing Task) x 2 (Delay) x 2 (Encoding
Time-of-Day) mixed analysis of variance (ANOVA) including a
within-subjects factor Task (living/nonliving decision, lexical deci-
sion, or semantic categorization) and between subject factors of
Delay (20 min or 12 h) and Encoding Time-of-Day (morning or
evening). We observed a significant main effect of Delay (20 min
>12 h), Fq,01)=12.29, P=0.001, np2=0.12, and a significant
Delay x Encoding Time-of-Day interaction, F(; 91y=4.85, P=0.03,
npz =0.05. Results remained significant when controlling for PVT
lapse rates (Delay: F( 79,=12.35, P=0.001, ngz=0.14; Delay x
Encoding Time-of-Day: F;,79,=4.50, P=0.03, n,”"=0.054). We ob-
served no main effects or interactions with Task (all Ps>0.15),
nor a main effect of Encoding Time-of-Day, F( 91y=.07, P=0.79,
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np2= 0.001, which remained nonsignificant when controlling for
PVT. Post-hoc t-tests revealed that the 12-h delay group that encod-
ed in the evening (i.e., the Sleep condition) demonstrated a higher
proportion of successful prospective memory intention executions
compared with the 12-h delay group that encoded in the morning
(i.e., the Wake condition), f1)=2.038, P=0.046, d=0.513 (see Fig.
2). Seventeen out of 30 (65.4%) Sleep condition participants suc-
cessfully completed the prospective memory intention at least
once, whereas only nine out of 33 (34.6%) did so in the wake
condition. y* analysis between the sleep and wake conditions re-
vealed a significant difference in the number of prospective
memory Successful/Unsuccessful participants within each condi-
tion, ;52 (1, N=63)=5.6, P=0.018. Importantly, no statistically sig-
nificant differences were observed between the 20-min delay
conditions (i.e., Time-of-Day Control Conditions), f30y=1.32, P=
0.20,d=0.47, * (1, N=32)=0.24, P=0.63 (see Fig. 2). These find-
ings suggest that sleep facilitates the retrieval of prospective mem-
ory intentions to a greater extent than continued wakefulness and
that these effects likely are not driven by time-of-day effects.

Correlation between prospective memory performance
and sleep physiology

Based on our a priori hypothesis, we were primarily interested in
whether SWS sleep was associated with the proportion of success-
fully executed prospective memory intentions. Contrary to our hy-
pothesis, we observed a significant negative correlation between
SWS% and proportion of successfully executed prospective memo-
ry intentions (p=-0.38, P=0.039). No other sleep stage correla-
tions were significant. Exploratory analyses in other sleep metrics
did not reach statistical significance (all Ps>0.26) (see
Supplemental Table S1 in the Supplemental Material).

Sleep and prospective memory performance success

We next determined whether consolidation night sleep character-
istics differentiated sleep participants who were successful at com-
pleting the prospective memory intention at least once
(“Successful”) compared with those who never completed the pro-
spective memory intention (“Unsuccessful”). We first compared
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Table 2. Participant self-report questionnaire scores

Sleep Wake Morning Evenin
Total sample condition condition? controls controls Effect
(N=95) (n=30) (n=33) (n=16) (n=16) F P size (%)

Trait measures

Beck anxiety inventory (BAI) 9.2 (7.3) 10.2 (6.7) 7.9 (6.9) 8.7 (5.7) 10.5 (10.3) 0.67 0.57 0.02

Beck depression inventory (BDI) 5.8 (6.6) 5.8 (5.1) 5.3 (6.8) 4.4 (4.6) 8.1 (9.8) 0.88 0.45 0.03

Morningness-eveningness 45.7 (8.6) 44.3 (6.5) 45.6 (8.9) 47.4 (9.7) 46.7 (10.5) 0.57 0.64 0.02

questionnaire (MEQ)

PSQI-global score 4.7 (2.4) 4.6 (1.5) 4.6 (2.7) 5.1(2.7) 4.9 (3.0) 0.23 0.87 0.01

PSQI-sleep duration (h) 6.98 (1.0) 6.87 (0.71) 7.12 (1.24) 7.13 (0.62) 6.77 (1.13) 0.69 0.56 0.02

PSQI-habitual sleep efficiency (%) 92.1 (7.5) 90.9 (7.7) 93.0 (7.0) 91.24 (8.08) 93.33(8.04) 0.58 0.63 0.02

ISDI-E-global score 30.3 (14.3) 30.9 (10.7) 28.7 (16.5) 32.6 (17.3) 29.9 (13.0) 0.29 0.84 0.01
Presession 1

PANAS-negative affect 13.8 (5.0) 14.3 (4.3) 13.8 (6.1) 12.3 (2.5) 14.5 (5.7) 0.74 0.53 0.03

PANAS-positive affect 22.2(7.4) 23.0(7.8) 21.5(7.2) 23.6 (7.5) 20.4 (7.5) 0.68 0.57 0.02

STAl-state 39.1 (9.0) 39.8 (8.9) 38.7 (9.1) 36.9 (7.8) 40.7 (10.4) 0.54 0.66 0.02
Postprospective memory instruction

PANAS-negative affect 12.0 (2.6) 12.2 (2.5) 11.8 (3.2) 11.4(1.8) 12.7 (2.5) 0.73 0.54 0.02

PANAS-positive affect 19.0 (6.5) 18.7 (6.4) 18.5(5.9) 22.3(6.7) 17.3 (7.0) 1.84 0.5 0.06

STAl-state 38.7 (6.6) 39.3(6.8) 38.4 (6.9) 36.7 (5.3) 40.5 (7.0) 0.97 0.41 0.03

Values reported as mean (standard deviation). Group comparisons done via one-way ANOVAs with n? effect sizes reported. Although not all of the subscales are
reported, of the 10 scores produced in the PSQI (seven component scores, global score, and reported sleep duration and habitual sleep efficiency) and 14 scores
produced in the ISI (global score and 13 subscales), no ANOVA comparisons reached significance (all Ps>0.08).

(PANAS) Positive and Negative Affect Schedule, (STAI) State-Trait Anxiety Inventory, (PSQI) Pittsburgh Sleep Quality Index, (ISDI-E) lowa Sleep Disturbance

Inventory—extended version.

“Three wake participants were missing BAI, BDI, PSQI, and presession 1 PANAS and STAI scores.
One evening control participant was missing BAI, BDI, PSQI, and presession 1 PANAS and STAI scores.

the power spectral density of SWS in Successful and Unsuccessful
participants. A cluster-based permutation test revealed a significant
cluster between 1.56Hz and 6.84Hz (cluster ty,,,=75.85, P=0.025,
d=1.10), suggesting significantly higher spectral power in
Unsuccesstul participants relative to Successful participants, in a
band encompassing delta and theta activity in SWS (see Fig. 3).
Given prior work that activity in the delta-theta range increases
as a function of prior sleep loss (Cajochen et al. 1999; Akerstedt
et al. 2009), we compared Successful and Unsuccessful partici-
pants’ habitual sleep in the month prior to the study with the
PSQI. No statistically significant differences were observed, tg,=
1.40, P=0.17, d=0.51. Finally, Successtul and Unsuccessful sleep
participants showed no significant differences in sleep macroarch-
itecture nor SWS slow oscillation or spindle characteristics (see
Table 4; Supplemental Table S2 in the Supplemental Material).
Further comparison of sleep Successful and Unsuccessful partici-
pant demographics, psychometrics, PVT, and ongoing task analy-
ses are presented in the Supplemental Material.

Ongoing task performance

Changes in ongoing task performance from Session 1 to Session 2
may be indicative of prospective memory recall strategy. For exam-
ple, if participants remember to look for the prospective memory
cues before the ongoing tasks begin at Session 2 (i.e., “strategic
monitoring”), ongoing task performance may show immediate
slowing compared with Session 1 (e.g., Scullin McDaniel and
Shelton 2013). Conversely, participants may only remember to ex-
ecute the prospective memory intention upon seeing the cue (i.e.,
“spontaneous retrieval”), resulting in a delayed or targeted slow-
ing. Prior work suggests that sleep may most benefit spontaneous
retrieval because of strengthening of cue-intention associative
memory (e.g., Diekelmann et al. 2013a; Leong et al. 2019a). To ex-
plore this possibility, we analyzed session and condition differenc-
es for ongoing task success (i.e., percent correct) and decision
reaction times (see the Supplemental Material for a full description
of these analyses and expanded results). Most relevant to the pre-
sent investigation, we found a significant main effect of ongoing
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task for both percent correct and reaction time (Ps<0.001), repli-
cating results from Scullin McDaniel and Shelton (2013).
Intriguingly, we found that participants who successfully respond-
ed to at least one prospective memory prompt (i.e., Successful)
demonstrated significantly greater accuracy (i.e., greater percent
correct) to the ongoing tasks across both sessions, f9g)=2.36, P=
0.02, but also showed significant slowing in response times from
Session 1 to Session 2, f9g)=7.40, P<0.001, compared with partic-
ipants that never successfully responded to a prospective memory
prompt (i.e., Unsuccessful). This slowing of response time to the
ongoing tasks could suggest that participants were utilizing a stra-
tegic monitoring technique to respond to the prospective memory
prompts (see the Supplemental Material for additional exploratory
analysis). However, we did not explicitly aim to answer this ques-
tion with the current task design, and thus our conclusion remains
only speculative. Last, we observed no Condition x Prospection
Success interactions, suggesting that sleep did not alter the strategy
used during prospective memory retrieval.

Discussion

Here, we replicated prior work by demonstrating that a 12-h interval
including sleep results in superior prospective memory performance
compared with an equivalent interval of daytime wakefulness.
Importantly, we confirmed that this sleep-dependent effect was
not simply the result of time-of-day effects and did not seem to
determine prospective memory performance strategy. Contrary to
Scullin and McDaniel (2010), prospective memory performance
was similar across all ongoing tasks, rather than limited to
Semantic Categorization. Furthermore, our findings support a dele-
terious, rather than beneficial, role of SWS on prospective memory
performance. When we investigated SWS oscillatory correlates of
prospective memory performance, we observed that delta/theta
spectral power was elevated in participants who were unsuccessful
at maintaining memory for the prospective memory intention
across the 12-h, sleep-filled delay. Although it is not immediately
clear why such an association between delta/theta spectral power
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Table 3. Participant psychomotor vigilance (PVT) performance

Sleep Wake Evenin
Total sample condition condition? Effect Morning controls Effect
(N=84) (n=29) (n=33) U P size (A) control (n=9) (n=13) H P size ()
Session 1 PVT?
Lapses (%) 4.4% (10.9) 2.24% (2.34) 4.89% (4.95) 1.70% (1.89) 10.03% (26.27) 10.62 0.01 0.023

Avg reaction 361.0 (150.5) 329.46 (40.26) 391.65 (191.31)
time (msec)
Median
reaction
time (msec)
Session 2 PVT®
Lapses (%) 1.9% (3.3)
Avg reaction 320.4 (30.9)
time (msec)
Median
reaction
time (msec)

319.5 (73.1)  309.67 (21.25) 319.15 (32.02)

1.81% (3.37)  2.05% (3.35)
320.16 (31.75) 320.68 (30.64)

309.5 (27.7) 307.29 (28.16) 311.49 (27.70)

312.26 (87.83) 387.28 (217.88) 7.42 0.09 0.013

298.11 (104.56) 357.00 (175.37) 4.33 0.23 0.004

465.00 0.83 0.51
470.00 0.91 0.51

437.00 0.56 0.54

Values reported as mean (standard deviation). Values were non-normally distributed; thus, comparisons were performed using Kruskal-Wallis H tests with n?
effect sizes reported for the Session 1 PVT test including all four conditions, and Mann-Whitney U-tests with areas under the curve effect sizes reported for the

Session 2 PVT test just between Sleep and Wake.

APVT data was missing for one Sleep participant, seven Morning controls, and three Evening controls.
PPVT data was only collected once for the Morning/Evening controls because they completed the entire protocol in one extended session.

was associated with poorer prospective memory performance, evi-
dence in rodents suggests that slow EEG activity may be dissociable,
with SOs facilitating and delta activity inhibiting memory (e.g., Kim
et al. 2019). The presence of uncharacteristic rhythms during SWS
(e.g., theta activity) has also been associated with memory perfor-
mance impairments. For example, Zhang et al. (2020) demonstrated
that administration of zolpidem during the night following learning
improved associative memory in parallel with increases in sigma
and decreases in theta and delta power (though theta power was still
positively correlated with memory performance). Theta-frequency
transcranial direct current stimulation during NREM sleep produces
a global decrease in SO activity along with local reductions in frontal
slow EEG spindle power (8-12 Hz) and a decrement in declarative
memory consolidation (Marshall et al. 2011). Theta bursts during
NREM sleep also appear to precede the SO downstate (Gonzalez
et al. 2018). Although we did not specifically explore temporal dy-
namics of theta rhythm during NREM sleep, one possibility is that
increased theta power resulted in improperly timed theta bursts, im-
pairing the typical memory-promoting function of SOs, although
this remains highly speculative. Evidence in waking EEG suggests
that theta rhythms produce cognitive interference for episodic
memories (Hanslmayr et al. 2010; Staudigl et al. 2010). Memories
are theorized to be repeatedly reactivated in the hippocampus dur-
ing SWS and consolidation occurs by enhanced hippocampal-neo-
cortical dialog (Zhang et al. 2018; Klinzing et al. 2019). Aberrant
theta rhythms during sleep may thus increase memory interference
resulting in impaired prospective memory cue-intention consolida-
tion. This interpretation is only speculative at this point, but could
be tested through causal manipulation of sleep rhythms using tech-
niques such as acoustic stimulation (Ong et al. 2016; Choi et al.
2018; Simor et al. 2018) or noninvasive electrical brain stimulation
protocols (e.g., Marshall et al. 2011).

Last, both delta and theta rhythm activity increase during re-
covery sleep following sleep deprivation (Cajochen et al. 1999;
Akerstedt et al. 2009). Sleep is commonly curtailed in young,
college-aged samples, like the sample used here. Therefore, in-
creased broadband delta-theta activity may serve as a proxy for
those who slept more poorly in the nights leading up to the study.
However, our findings do not support this hypothesis as self-
reported habitual sleep quality prior to study participation was
similar between participants who were both successful and unsuc-
cessful at completing the prospective memory task. This outstand-
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ing question may be resolved in future studies by implementing
objective baseline assessments of sleep quality using, for example,
actigraphy or PSG.

Limitations

We recognize some limitations to the current study. As noted in
the Materials and Methods, following completion of the second
session we conducted a retrospective memory test for the prospec-
tive memory prompts (“horse” and “table”) and response key
(“Q”"). Unfortunately, a majority of these responses were lost dur-
ing a laboratory transition. Without this data, we are currently un-
able to determine whether prospective memory unsuccessful
participants forgot the correct cues or the intention they were re-
quired to execute. We did, however, ensure that participants cor-
rectly encoded the prospective memory intention and were clear
about what actions to perform when presented with the cue words
(see the Materials and Methods for more details). We further spec-
ulate that enhanced delta-theta activity observed here might ben-
efit other forms of cognition or memory not tested here, which
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Figure 2. Behavioral data. Proportion of successful prospective memory
intention executions (i.e., the number of times the participant successfully
responded to the prospective memory prompt divided by the total
number of prospective memory prompts) in each condition. Error bars in-
dicate the standard error. (*) P<0.05, (ns) nonsignificant.
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Figure 3. Spectral power analysis. (A) Hypnogram (top) and full night spectrogram (bottom) at elec-
trode C4 of a single participant who did successfully remember the prospective memory intention (left)
and a single participant who did not successfully remember the prospective memory intention (right).
(B) Group-level SWS power spectrum (averaged power across frontal and central electrodes). Power
spectral density (PSD) was normalized within each participant by dividing power at each frequency
bin by the average PSD in the 0-20 Hz range. The gray box highlights frequencies in which there
were significant differences between participants who remembered the prospective memory intention
(solid purple line) and participants who did not remember the prospective memory intention (dashed
orange line). Cluster statistic displayed above plot. Shaded areas indicate the standard error. (C) PSD av-
eraged across frequencies in the significant cluster (B) for successful and unsuccessful participants. Error

corrected-to-normal vision (see Table 1
for demographic characteristics) were re-
cruited from the University of Notre
Dame student population. Participants
reported no history of neurological, psy-
chiatric, major medical, or sleep disorders
or use of psychoactive or sleep-altering
medications. All participants were in-
structed to refrain from tobacco, caffeine,
alcohol, and recreational drugs for 24 h
prior to and during study participation.
All procedures were approved by the
University of Notre Dame Institutional
Review Board (IRB), and participants
were provided with written informed
consent prior to study participation.
Initial intake data (including demograph-
ic information) for four participants was
lost either because of technical difficulties
(3) or experimenter error (1).

Prospective memory task

The prospective memory task involved
two sessions. During Session 1, partici-
pants completed three computer-based
ongoing tasks in the following order:
Living/Nonliving Decision (deciding if a
word presented represented a living
[e.g., dog] or nonliving [e.g., kite] object),
lexical decision (deciding if a string of let-
ters formed a word [e.g., ship] or nonword
[e.g., ihsp]), and semantic categorization
(determine if a word presented in lower-
case belonged to the category represented
by a word simultaneously presented in
uppercase [e.g., couch FURNITURE]). In
an attempt to replicate findings from
Scullin and McDaniel (2010), the ongo-
ing task order was not counterbalanced.
After completing the tasks, the prospec-
tive memory instruction was introduced
by instructing participants that the
“next time you do these tasks, any time

bars indicate the standard error.

should be a focus of future work. Moreover, a greater number and
variety of prospective memory intentions, like those implemented
in Diekelmann et al. (2013b) and Leong et al. (2019b), may have
provided better resolution to explore the association between sleep
oscillatory correlates of prospective memory.

Conclusion

Sleep promotes cue-based prospective memory performance to a
greater extent than continued wake. However, and surprisingly,
we observed a deleterious effect of both the amount of SWS and
delta—theta band activity during SWS, on prospective memory per-
formance. We hypothesize that these middle frequencies may in-
trude on typical slow (i.e,, SOs) and fast (i.e., spindles) SWS
oscillatory rhythms, resulting in impaired prospective memory
cue-intention consolidation, although additional work is needed
to substantiate this interpretation.

Materials and Methods
Participants

Ninety-five English-speaking young adult participants (age range
18-30, mean=19.9+1.9, 61 female) with normal or
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you see the words ‘horse’ or ‘table,” press

the letter ‘Q’ instead of whatever you

would normally press.” The prospective
memory instruction was presented via E-Prime immediately fol-
lowing completion of the ongoing tasks. After receiving the in-
struction, the participants were then given a sheet of paper and
were asked to write down the two words they were asked to respond
to at the next session (“horse” and “table”) and the key that they
were to press in response (“Q”). If they did not respond correctly,
they were verbally reminded of the PM instruction by the

Table 4. Comparison of sleep macroarchitecture between
prospective memory successful and unsuccessful participants

Successful  Unsuccessful t P d
Total sleep time (min) 489 (9.27) 472 (31.60) 1.92 0.08 0.74
Sleep 95.6 (1.78) 92.41(6.36) 1.76 0.10 0.68
efficiency (%)
N1 (%) 9.14 (4.20) 8.93(4.92) 0.12 091 0.04
N2 (%) 43.65 (6.03) 41.89 (4.27) 0.93 0.36 0.34
SWS (%) 27.11 (4.81) 29.92(3.45) 1.86 0.07 0.67
REM (%) 20.09 (3.52) 19.27 (5.06) 0.50 0.62 0.19

Values reported as mean (standard deviation). P-value reflects significance of
unpaired t-tests with Cohen’s d effect sizes comparing sleep macroarchitec-
ture measures between participants who successfully remembered the pro-
spective memory intention (Successful) and those who did not remember the
prospective memory intention (Unsuccessful).
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experimenter and were given another sheet of paper until they re-
sponded correctly. They were also verbally instructed by the exper-
imenter that they would not be reminded of the PM instruction at
the next session.

During Session 2, participants completed the same three on-
going tasks outlined above containing two prospective memory
cues per task. As previously established (Scullin et al. 2010,
2011), to allow for inhibition errors while still successfully re-
sponding to the prospective memory prompt, successful execution
of a prospective memory intention was defined as remembering to
press “Q” in close temporal proximity to “horse” or “table” trials
(i.e., either on the prospective memory probe trial or n+1).
Across all participants, no prospective memory responses (i.e., let-
ter “Q” entries) were given outside of either the prospective mem-
ory probe or the following trial. At the end of Session 2, a
retrospective memory check was conducted. Participants were
asked to report the prospective memory prompts and response
key to determine if there were condition differences in entirely for-
getting the prompts and responses. Unfortunately, approximately
half of these sheets were lost during a laboratory move. As such, we
were unable to entirely confirm if condition differences were driv-
en by forgetting of the intention or by forgetting of the cues, which
is a limitation of this study.

Procedures

Participants arrived at the lab at 9:00 a.m. (Wake condition; n=33)
or 9:00 p.m. (Sleep condition, n=30) and completed an initial bat-
tery of intake questionnaires and a psychomotor vigilance task
(PVT). As clinical state has been demonstrated to impact prospec-
tive memory performance (Bowman et al. 2019), intake question-
naires included the Positive and Negative Affect Schedule
(PANAS; Watson et al. 1988), Beck Anxiety Inventory (BAI; Beck
et al. 1988), Beck Depression Inventory (BDI-II; A. Beck et al.
1996), Pittsburgh Sleep Quality Index (PSQI; Buysse et al. 1989),
and the State-Trait Anxiety Inventory (state version; STAIL
(Spielberger 1983). The PVT is an objective measurement of reac-
tion time and sustained attention and has been shown to be sensi-
tive to sleep loss and circadian variation in performance, allowing
for the determination of differences in attention between condi-
tions prior to cognitive testing (Doran et al. 2001). Participants
viewed a black screen with dimly lit numbers (0000) in the center.
Participants were asked to press the space bar using their preferred
hand whenever they saw the numbers light up and begin to count
upward. When the participants responded to the stimulus the
numbers would stop. Participants were informed that the numbers
in the display represented their reaction time—the smaller the
number, the faster they responded. The interstimulus interval var-
ied randomly (delay ranging from 2 to 10 sec) and the task duration
was 5 min.

Participants then completed Session 1 of the prospective
memory paradigm described above. Participants practiced the
three ongoing tasks and, after the final ongoing task, were given
the prospective memory instruction to press the letter “Q” any
time the words “horse” or “table” were presented during the sec-
ond session. Participants were told that they would not be remind-
ed about the prospective memory instruction. After the
prospective memory instruction was delivered, participants com-
pleted a second battery of questionnaires for ~20 min to prevent
rehearsal. The questionnaires during the delay period included
the Morningness-Eveningness Questionnaire (MEQ; Horne and
Ostberg 1976) and reassessment of the PANAS and STAL
Overnight sleep was monitored in the Sleep condition with poly-
somnography (PSG).

For Session 2, participants returned to the lab 12 h later at 9:00
p-m. (Wake Condition) or 9:00 a.m. (Sleep Condition). Session 2
again began with the PVT. Participants then completed the same
three ongoing tasks with the prospective memory cues (“horse”
and “table”) presented twice per task. Following completion of
the prospective memory task, participants were debriefed and
dismissed.

To control for time-of-day effects on task performance, 32 ad-
ditional participants were tested with only a 20-min delay of ques-
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tionnaire completion between Sessions 1 and 2 at 9:00 a.m.
(Morning control, n=16) or 9:00 p.m. (Evening control, n=16).

Self-report questionnaires

Demographics questionnaire

Participants completed a demographics questionnaire that includ-
ed age, biological sex, race, and ethnicity.

Beck Depression Inventory (BDI-1I)

The BDI-II (Beck et al. 1996) is a 21-item self-report measure of
depression that has been validated in adolescents and adults.
Respondents rate their experience of each symptom (e.g., “It’s
hard to get interested in anything”) over the past 2 wk using a four-
point intensity scale (from 0-3, with unique descriptors for each
question). Scores 0-13 indicate minimal depression, 14-19 indi-
cate mild depression, 20-28 indicate moderate clinical depression,
and >29 indicate severe clinical depression.

Beck Anxiety Inventory (BAI)

The BAI (Beck et al. 1988) is a 21-item self-report measure of anxi-
ety that focuses on somatic content to minimize the overlap with
depression. Respondents rate their experience of each symptom
(e.g., “unable to relax”) over the past month using a four-point in-
tensity scale (0=“Not at all,” 3 ="“Severely, it bothered me a lot”).
Scores between 0-21 are interpreted as indicating low anxiety,
22-35 asindicating moderate anxiety, and 36 and above as indicat-
ing severe anxiety.

State-Trait Anxiety Inventory (STAI)

The STAI (Spielberger 1983) assesses current levels of anxiety (i.e.,
state anxiety) and how anxious participants tend to feel in general
(i.e., trait anxiety). Only the state anxiety subscale was utilized for
this study, which consists of 20 items (e.g., “I feel anxious”).
Respondents rate their current experience of each symptom using
a four-point intensity scale (1="“not at all,” 4="“very much so”),
and higher scores indicate greater state anxiety.

Positive and Negative Affect Schedule (PANAS)

The PANAS (Watson et al. 1988) is a 20-item self-report measure of
affect comprising two scales: Positive Affect (PA) and Negative
Affect (NA). The NA scale contains 10 negative affect terms (e.g.,
“ashamed”), whereas the PA scale contains 10 positive affect terms
(e.g., “excited”). This study used state instructions for the PANAS,
such that participants were asked to rate the extent they were expe-
riencing each affect “right now” using a five-point scale (1 = “not at
all,” 5="extremely”). The PA and NA scales are independent of
each other and both show strong internal consistency under
present-moment time instructions (Watson et al. 1988).

Pittsburgh Sleep Quality Index (PSQI)

The PSQI (Buysse et al. 1989) differentiates between “poor-" and
“good-"quality sleepers by measuring seven areas over the course
of the last month: subjective sleep duration, sleep quality, sleep ef-
ficiency, sleep latency, use of sleep medications, sleep disturbanc-
es, and daytime dysfunction. The survey is a mix of free response
and multiple choice, with all scores transformed into a 0-3 Likert
scale, in which a score of 3 reflects the negative extreme. A global
score of 5 or less is indicative of a good-quality sleeper, whereas a
score of >5 is indicative of a poor-quality sleeper. The internal con-
sistency of the PSQI, estimated by Cronbach’s alpha, is 0.73. In ad-
dition to running analyses on the global PSQI score, at the request
of a reviewer exploratory analyses were conducted on the habitual
hours of total sleep duration and habitual sleep efficiency (total
sleep time/time in bed) reported by the participants on the PSQI,
as well as the seven PSQI component scores: daytime dysfunction,
use of sleep medications, sleep disturbances, sleep efficiency, sleep
latency, sleep duration, and subjective sleep quality.
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Morningness-Eveningness Questionnaire (MEQ)

The MEQ (Horne and Ostberg 1976) is used to distinguish between
chronotypes (an endogenous characteristic describing one’s prefer-
ence for either morning or evening patterns of activity). Scores
range from 16 to 86, corresponding to extreme eveningness (lower
numbers) to extreme morningness (higher numbers), whereas in-
termediate chronotypes fall within the extremes. Questions target
individual preferences for sleep and wake times and preferred times
for daytime activities, such as: “What time would you go to bed if
you were entirely free to plan your evening?” Each question is giv-
en its own set of responses with various scores associated with each
response, which are then summed for the final MEQ score. Internal
consistency for the MEQ, estimated by Cronbach’s alpha, is 0.86.

lowa Sleep Disturbance Inventory—Extended version (ISDI-E)

The ISDI-E (Koffel 2011) comprises 95 true-false questions assess-
ing sleep difficulties. Each query has a short statement, and partic-
ipants are instructed to check “true” if it sounds like them and
“false” if it does not sound like them. The time frame of symptom
presentation is not explicitly stated. In addition to a global score,
the ISDI-E contains 13 separate subscales: initial insomnia, night-
mares, fatigue, fragmented sleep, nonrestorative sleep, light sleep,
anxiety at night, movement at night, sensations at night, irregular
sleep, excessive sleep, sleep paralysis, and sleep hallucinations. The
global score ranges from 0 to 95 and is measured by summing all
“true” responses. The subscales are similarly calculated by sum-
ming the relevant items (with some items reverse-scored). The
items were ultimately selected from a pool of >3000 items follow-
ing an exploratory factor analysis to narrow down the final items
and cluster them into subgroups (Koffel and Watson 2010).
Psychometric properties were found to be acceptable in both
healthy and clinical cohorts.

Three Wake condition participants and one Evening control
participant were missing demographic information, BDI, BAI,
PSQ], and presession PANAS, and STAI scores.

Sleep monitoring and staging

Sleep was monitored with PSG, which included six-channel elec-
troencephalography (EEG; F3, F4, C3, C4, O1, O2) referenced to
contralateral mastoid electrodes (M1, M2), two-channel electrooc-
ulogram, and two-channel chin electromyography. Sleep EEG was
staged in 30-sec epochs using standard American Academy of Sleep
Medicine criteria (Iber et al. 2007). Our main PSG sleep outcome
measures included total sleep time (TST), sleep latency (minutes),
REM latency (minutes), wake after sleep onset (WASO), sleep effi-
ciency (percentage), and percentage and minutes spent in Stage
1 (N1), Stage 2 (N2), slow-wave sleep (SWS), and rapid-eye move-
ment (REM) sleep.

Sleep EEG analysis

The power spectrum was determined separately at each EEG chan-
nel (F3, F4, C3, C4) for all artifact-free SWS data. Power spectral
density (PSD) was estimated using Welch’s method with 5-sec win-
dows and 50% overlap (using the pwelch function in Matlab). To
minimize the typical 1/f scaling of the power spectrum, estimates
were obtained from the temporal derivative of the EEG time series
(Cox et al. 2017). We then normalized each electrode’s power
spectrum by dividing the spectrum by that electrode’s average
power. PSD estimates from the four channels were then averaged
together for use in further analysis. Sleep spindles, SOs, and their
coupling were detected using previously validated methods (see
the Supplemental Material for additional details).

Statistical analysis

The primary analyses of interest included comparing prospec-
tive memory performance between sleep and wake conditions.
We conducted exploratory analyses comparing sleep
macroarchitecture (i.e., stage percentage) and microarchitecture
(i.e., spectral power density and spindle/SO density and spindle
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and SO coupling) between participants who successfully remem-
bered the prospective memory probe (Successful) and those who
did not (Unsuccessful). Differences in SWS spectral power between
Successful and Unsuccessful participants were assessed using a
cluster-based permutation approach implemented in the FieldTrip
toolbox for Matlab, using the ft_statfun_indepsamplesT function
(Oostenveld et al. 2011). The following parameters were used:
10,000 iterations, a cluster alpha of 0.05 with the default maxsum
method to determine cluster significance, and a significance
threshold of 0.05. PSD in the 0- to 20-Hz range was included in
the analysis. We focused on this range because it encompassed
the frequency bands typically associated with memory processes
during SWS. Condition differences in memory performance were
assessed with analysis of variance (ANOVA) and post-hoc, unpaired
t-tests. As this study was designed as a replication of Scullin and
McDaniel (2010), we maintained the same ANOVA analysis plan:
3 (ongoing task)x2 (delay)x2 (encoding time-of-day) mixed
ANOVAs including a within-subjects factor of Task (living/nonliv-
ing decision, lexical decision, or semantic categorization) and a be-
tween subject factors of Delay (20 min or 12 h) and Encoding
Time-of-Day (morning or evening). Notably, a reviewer suggested
utilizing the Recognition Time-of-Day as opposed to the Encoding
Time-of-Day for the ANOVAs. Although we wanted to maintain
consistency with previous work but also recognized this analysis
as an intriguing consideration, we have included the Recognition
Time-of-Day analysis and a discussion of its merits and limitations
in the Supplemental Material. Furthermore, we observed condition
differences in PVT performance during the first experimental ses-
sion in the 12-h delay groups; thus, we conducted an additional
confirmatory memory performance analysis of covariance
(ANCOVA), covarying PVT during the first session. Analysis of per-
formance differences on the various tasks and differences in sleep
macroarchitecture and demographics were done using one-way
ANOVAs, Kruskal-Wallis H tests, t-tests, XZ tests, and Mann-Whit-
ney U-tests where appropriate. Correlations were conducted using
Spearman’s tho. Analyses were conducted in SPSS version 12 un-
less otherwise noted.

Data Availability

The data for this project has been made available for open access at
the following link: https://osf.io/va8ft.
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