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Abstract

Binding information to its context in long-term memory is critical for many tasks, including memory tasks and decision
making. Failure to associate information to its context could be an important aspect of sleep deprivation effects on
cognition, but little is known about binding problems from being sleep-deprived at the time of encoding. We studied how
sleep deprivation affects binding using a well-established paradigm testing the ability to remember auditorily presented
words (items) and their speakers (source context). In a laboratory study, 68 healthy young adults were randomly assigned
to total sleep deprivation or a well-rested control condition. Participants completed an affective item and source memory
task twice: once after 7-hour awake during baseline and again 24 hours later, after nearly 31 hours awake in the total sleep
deprivation condition or 7 hours awake in the control condition. Participants listened to negative, positive, and neutral
words presented by a male or female speaker and were immediately tested for recognition of the words and their respective
speakers. Recognition of items declined during sleep deprivation, but even when items were recognized accurately,
recognition of their associated sources also declined. Negative items were less bound with their sources than positive

or neutral items, but sleep deprivation did not significantly affect this pattern. Our findings indicate that learning while
sleep-deprived disrupts the binding of information to its context independent of item valence. Such binding failures may
contribute to sleep deprivation effects on tasks requiring the ability to bind new information together in memory.

Statement of Significance

Making associations between information and its context in long-term memory is important for many common tasks,
including learning stimulus-response associations from feedback or remembering who committed an action. While it is
generally accepted that learning during sleep deprivation affects retention, item memory deficits are dissociable from
the process of binding items to the context in which they were produced. Our results show that learning during sleep
deprivation not only reduces recognition of items, but also interferes with the binding of correctly recognized items to
their source contexts. Source memory errors produced by sleep deprivation’s effect on binding could critically impact real-
world situations such as eyewitness accounts and the influence of misinformation on people’s decision making.
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Introduction

Being able to remember the context something was presented
in—the who, when, and where—is key to the ability to form
functional and detailed memories of events. Having func-
tional memory for specific items and their associated con-
texts is essential for navigating daily life. Context memory
failures are often frustrating but harmless, such as being un-
able to recall where you left your house keys, but in certain
situations, inadequate context memory can have serious con-
sequences. For example, if an eyewitness fails to encode the
color and model of a car and associate it with the crime they
witnessed, it could impede a criminal investigation. Similarly,
if an individual correctly encodes an erroneous claim made by
a speaker but associates it with the wrong person, they may
attribute the information to an actual expert rather than a
debunked source, resulting in the perpetuation of misleading
information.

An important factor influencing memory processes is sleep
[1, 2]. Studies that have examined the role of sleep in the reten-
tion of memory for contexts have generally found that sleeping,
compared to foregoing sleep, results in better contextual
memory performance [3-6]. As with many investigations of
memory and sleep, these studies have focused primarily on how
sleep (or the lack thereof) affects memory consolidation pro-
cesses. That is, these studies examined how well information
that was learned when rested had been stabilized and retained
in long-term memory after a period of sleep or wake. However,
consolidation is not the only memory process that is potentially
vulnerable to sleep loss. Insufficient sleep has also been found to
impair the ability to encode or convert information into a format
that can be stored in the first place [7-9]. Conversely, limited re-
search investigating sleep loss and retrieval, or the process of
using internal or external cues to access stored memories, sug-
gests that this process may be generally preserved during total
sleep deprivation (TSD) [10, 11].

Contextual memory is particularly important to investi-
gate under conditions of TSD at the time of encoding because
remembering the context in which an item was presented is
inherently dependent on attending and processing that infor-
mation while it was present [12]. If the item and its context
are not encoded in the first place, there will be nothing to later
consolidate or retrieve from memory. Compared to research on
consolidation, however, only a few studies have investigated
how TSD at the time of encoding impacts memory for context
[13-15]. Use of idiosyncratic paradigms and the introduction
of possible confounds, such as sleep (and consolidation) after
learning and before testing, preclude any definitive conclusions
about the effect of learning while sleep-deprived on contextual
memory. Given that people are often not fully rested when they
need to commit an item’s context to memory and that the con-
sequences of poor memory for context can be substantial, more
conclusive research is needed to establish how learning during
TSD affects contextual memory.

Investigating contextual memory also provides an oppor-
tunity to assess the effect of TSD on the ability to bind the en-
coded information in long-term memory. Binding, or the linking
of independent neuronal representations to form associations,
is an essential part of cognition at multiple levels, from percep-
tion to memory to decision making [16]. Several lines of research
suggest that sleep-deprived individuals show deficits on a var-
iety of cognitive tasks that require binding in long-term memory,

including decision-making tasks where learning from feedback
is necessary for advantageous performance [17-21]. For ex-
ample, decision making on the lowa Gambling Task (IGT), a task
that requires associating outcomes of choices with the options
that produced the outcomes, is impaired by TSD [18]. Notably,
memory for context has been found to account for sizeable vari-
ance in performance on the IGT [22] because people have to bind
the outcomes of their choices to the source (i.e. the deck chosen
on each trial) [23]. Thus, if the binding of items and contexts is
impaired by TSD, failures of binding may explain some of the
effects of TSD on cognitive tasks that rely on memory for associ-
ations between choices and outcomes [20].

Contextual memory is often assessed using what is known
as a source memory paradigm. In a typical source memory
paradigm, a series of items are presented in context, and par-
ticipants are later tested for recognition of both item memory, or
memory for the specific stimuli, and source memory, or memory
for the context the stimuli were originally presented in. For ex-
ample, in a common implementation of a source memory task,
to-be-remembered words are spoken by either a female or male
speaker. Testing recognition memory for the words assesses
item memory, and, for words that are correctly recognized, the
ability to identify the voice of the speaker assesses whether
items were bound to their sources. Although correct memory for
a source requires that the item is remembered, neuroimaging,
clinical, and behavioral studies have found item and source
memory to be dissociable processes [24-32].

There is suggestive evidence from neuroscience that source
memory in particular, and long-term memory binding in gen-
eral, may be vulnerable to TSD. The hippocampus, which is crit-
ical for binding items and contexts [33, 34] and is often involved
in their retrieval [35, 36], has been found to show decreased ac-
tivation during TSD or disrupted sleep, leading to impairments
in encoding and retention of new episodic memories [4, 8, 37,
38]. Additionally, TSD at the time of encoding can result in less
stable and poorer quality memory representations [9]. These
findings point to a vital role of sleep in preparing the hippo-
campus for learning and retaining items and their contexts.
Unlike memory for items, which can sometimes be supported
by mediotemporal lobe (MTL) structures other than the hippo-
campus [25, 30, 39-41] that may be spared during sleep loss [42],
source memory depends on binding processes supported by
the hippocampus [43]. As a result, disruptions to hippocampal
functioning caused by TSD may be particularly detrimental to
source memory.

The prefrontal cortex (PFC) has also been implicated in the
binding of items and contexts, in both neuroimaging and pa-
tient studies [25, 34], such that patients with frontal lobe le-
sions who have similar item memory performance as control
participants still show deficits in source memory compared
to controls [31]. Like the hippocampus, the PFC is believed to
be vulnerable to TSD deficits [44], with lower activation during
sleep deprivation and potentially worse behavioral perform-
ance on tasks that recruit the PFC [45, 46]. Interactions between
the frontal and hippocampal regions contribute to forming and
retrieving episodic memories [47], and source memory has
been found to depend more heavily than item memory on the
functional connections between the hippocampus and PFC
[27]. This suggests that source memory, and other cognitive
tasks that depend on the binding of novel associations [34, 48],
may be particularly susceptible to disruptions of the hippo-
campus and PFC by TSD.



In the present study, we used a well-established item and
source memory paradigm [24, 49-54] to test whether binding
of sources to items that are correctly recognized is affected
by TSD. We also manipulated the affective nature of items
in long-term memory because the affective nature of the
stimuli may influence how well sources are bound to items.
For example, sleep-deprived persons may show selective en-
hancement of item memory for negative items [15, 55] and
subsequently their sources, so that later recognition could be
biased toward the context of negative events. Such potential
valence effects merit serious attention, as studies outside of
the TSD literature have commonly found that the affective va-
lence of an item influences item memory and may also in-
fluence how items are bound to neutrally valenced sources
in memory [50, 56-68]. Affective valence, particularly negative
valence, has consistently been shown to promote memory for
items as compared to neutral valence [56-60], and research
suggests this pattern persists in sleep-deprived individuals
[15, 55, 69-71]. However, how an item’s valence affects its
binding to (neutral) sources is not clear. Previous research has
found source memory to be enhanced [57, 61-64], as well as
unaffected or even hampered [50, 65-68] by item valence, and
work exploring memory for the source of valenced items en-
coded and bound under TSD has been likewise inconsistent
[14, 15].

In the version of the item and source memory task we em-
ployed, participants were presented with positive, negative, or
neutral words spoken in a male or female voice and were im-
mediately tested on their memory for the words (i.e. items) and
their respective speaker (i.e. sources). By immediately testing
participants’ memory after study, we isolated the effect of
TSD on the initial association of sources with items from the
long-term consolidation of memories shown to be strength-
ened by sleep, which generally takes place over the course of
several hours [72]. We employed a number of manipulations to
separate both encoding and binding processes from other po-
tential confounds as well. To limit the influence of context re-
instatement, which refers to enhanced memory for items when
the conditions at study match the conditions at test [73-75], we
presented the words in different modalities in the study phase
(i.e. verbal) versus the test phase (i.e. written). Additionally, we
tested participants’ item and source memory with a recognition
test, which requires individuals only to choose the correct re-
sponse among options rather than needing to retrieve the cor-
rect response from memory, as they would with a recall test,
thereby minimizing TSD effects on retrieval processes as a pos-
sible confound.

To separate binding from item encoding processes, we as-
sessed source memory performance only for those studied
items that were correctly recognized. Because the word and
speaker were processed as one during study in this task, rec-
ognized items indicated that both the item and therefore voice
that produced it were attended, but the source memory test
uniquely assessed whether the word was bound to the voice
that produced it. We also statistically controlled for the poten-
tial effect of vigilant attention deficits on both item and source
memory performance to account for the possibility that items
and/or sources may not be encoded due to attentional lapsing
associated with TSD [76]. With this rigorous method, our ob-
jective was to provide clarity to the literature on the effects of
learning during TSD on source memory—and begin to bridge

Kurinecetal. | 3

the gap in the literature on the role of binding in TSD-related
deficits on tasks that require making associations in long-term
memory.

Methods
Participants

N = 68 healthy adults (35 female, 33 male) aged 22-40 years
(mean = SD: 26.8 + 4.8 years) completed a 4-day in-laboratory
study. They were randomly assigned to either a total sleep de-
privation (TSD) condition (n = 38) or a well-rested control (WRC)
condition (n = 30). Data from one additional participant assigned
to the WRC condition were excluded from analyses because,
during baseline, this person did not understand the item and
source memory task or did not comply with task instructions
(giving the same response to every test item).

Participants were screened to be physically and psychologic-
ally healthy by means of physical exam, history, blood chem-
istry, and questionnaires. They were free of drugs (except for oral
contraceptives) and were not currently on medical treatment or
pregnant. They reported good habitual sleep of between 6 and 10
hours per night, with regular bedtimes and habitually getting up
between 06:00 and 09:00 hours. They did not have any sleep or
circadian disorders, as assessed by baseline polysomnography
and questionnaires. They had not traveled across time zones
within 1 month and had not engaged in shift work within
3 months of entering the study. All participants had normal or
corrected-to-normal vision and hearing and were native English
speakers.

For a week before and throughout the duration of the study,
participants abstained from caffeine, tobacco, alcohol, and
drugs. Adherence was confirmed by breathalyzer and urine drug
screen during a screening session and upon admission to the
laboratory. Participants were asked to maintain their habitual
sleep pattern and refrain from napping in the week leading up
to the study. Pre-study sleep schedules were verified by means
of wrist-worn actigraphy, sleep diary, and called-in sleep and
wake times.

The study was approved by the Washington State University’s
Institutional Review Board. Participants gave written, informed
consent to the study procedures.

Experimental design

Participants were inside the laboratory for four consecutive
days (three nights). They entered the laboratory in the late after-
noon of day 1 and had a baseline nighttime sleep opportunity.
On day 2, they were informed of their condition assignment.
Participants in the WRC condition were given another nighttime
sleep opportunity, whereas those in the TSD condition were
kept awake for 38 hours continuously. All participants had a
nighttime (recovery) sleep opportunity on day 3 in order to recu-
perate before leaving the laboratory in the morning of day 4. All
sleep opportunities were 10 hours long (time in bed: 22:00-08:00
hours), and sleep was recorded polysomnographically. Total
sleep time during baseline sleep was more than 8 hours in both
groups, with a small but significant difference between the
groups (t,. . = 2.44, p = 0.018) such that the TSD group had a little
more baseline sleep (M = 534.4 minutes, SD = 41.1) than the WRC
group (M = 502.9 minutes, SD = 64.9).
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The affective item and source memory (AISM) was admin-
istered twice—once at 14:50 hours on day 2 (baseline), when
all participants were rested (session 1), and once 24 hours later
on day 3, when TSD participants had been awake for nearly 31
hours and WRC participants were again rested (session 2). Two
equivalent versions of the 15-minute task were used, and the
order in which participants completed the two versions of the
task was randomized and counterbalanced across participants.
The number of participants who completed the task in each
order was approximately equivalent within conditions (order 1
vs. 2: n =20 vs. n = 18 in the TSD condition; n = 14 vs. n = 16 in
the WRC condition).

To evaluate participants’ vigilant attention and self-reported
affect over the course of the study, a 10-minute psychomotor
vigilance test (PVT) [76] and the Positive and Negative Affect
Schedule (PANAS) [77] were administered at 2—-4 hours intervals
during scheduled wakefulness. These tasks served to verify the
effectiveness of the TSD manipulation and to ascertain that par-
ticipants’ subjective affect did not influence their processing of
affectively valenced stimuli [78].

For the entirety of the laboratory study, participants re-
mained inside the sleep research facility of the Sleep and
Performance Research Center at Washington State University
Health Sciences Spokane, with fixed ambient temperature (21
1°C) and light levels (<100 lux during scheduled wakefulness,
lights off during sleep). Up to four participants participated in
the study at the same time, each having their own room for
sleep and performance testing. Meals were provided at 4 hours
intervals during scheduled wakefulness. Between perform-
ance testing and meals, participants were only allowed to en-
gage in non-vigorous activities. They were not allowed to use
any laptops, tablets or cell phones, watch live television, listen
to live radio, or receive visitors. Participants’ compliance with
sleep and behavioral conditions was monitored continuously by
trained research assistants.

AISM task

The AISM task consisted of a study phase and a test phase. During
the study phase, participants were presented with 68 words, at a
rate of one word per second with a 1-second inter-trial interval,
spoken by either a male or female speaker using a neutral tone
of voice. The words were taken from the Affective Norms for
English Words (ANEW) list [79]. Sixty of the 68 words served
as target words. These were equally divided into categories by
affective valence (how negative or positive words are), with 20
negative, 20 neutral, and 20 positive words. The target words
were also equally divided over two sources (speakers), with 10
spoken by a male speaker and 10 spoken by a female speaker in
each affective valence category. All target words were presented
twice during the study phase, in randomized order, with both
instances from the same speaker. Of the remaining eight words,
four were presented before and four were presented after the
target words to minimize serial position effects on later memory
performance (as items presented at the beginning and end of
lists tend to be better recognized than those in the middle of the
list due to greater processing time and continued presence in
working memory, respectively [80, 81]).

Immediately following the study phase, participants were
tested for recognition of the target words. The test phase

consisted of the 60 target words with the addition of 60 lures.
The lures were negative, neutral, and positive words (20 each)
also taken from the ANEW list. Test words were presented visu-
ally, in random order, with a 1-second interval between test
trials. On each trial, participants indicated whether they recog-
nized a word as having been heard before (“old”) or not (“new”)
using the left and right mouse buttons. If they indicated that
the word had been heard before, they then used the left and
right mouse buttons to indicate if the word had been spoken by
a male or female voice. Afterward, they had 10 seconds to rate
their confidence in their voice choice on a 4-point Likert-type
scale (1 = “very sure” to 4 = “just guessing”). There were no time
limits to participants’ responses.

The AISM task was programmed using E-Prime (version 2.0)
[82]. In each iteration of the task, participants first completed a
short practice block of the study and test phases. The practice
study block consisted of six words, and the practice test block
consisted of six target words and six lures. Participants were in-
formed before and after the practice phase that they would be
tested on whether the word was heard during study and if so,
whether the speaker was male or female.

We compared the words used in the two versions of the AISM
task on their affective valence, arousal (how calming or exciting
words are), and frequency of use in US English. For both ver-
sions, negative and positive words had higher arousal ratings
than neutral ones (version 1: t,, = 6.93, p < 0.001, and t,, = 8.55,
p < 0.001; version 2: t . = 8.91, p < 0.001, and t; = 6.41, p < 0.001),
and the arousal ratings did not differ significantly between
negative and positive words in either version (t,, = 1.39, p = 0.168
and t,, = 1.89, p = 0.062, respectively). All words were 3-11 char-
acters in length (mean + SD: 5.75 + 1.56). Their frequency of use,
checked using the SUBTLEXus database [83], ranged from 2.47
to 5.89 (mean + SD: 4.20 + 0.62) on the Zipf scale [84], which ex-
presses word frequency on a logarithmic scale from 1 (0.01 per
million words) to 7 (10 000 per million words). Affective valence,
arousal, and frequency did not differ significantly between the
target words and lures (t,,, = 0.24, p = 0.81; t,,, = -0.24, p = 0.81;
t,,, = 1.17, p = 0.24) or between the two versions of the task
(t,s = -0.36,p = 0.72; t,,. = ~1.50, p = 0.14; t,,, = —0.35, p = 0.72).

238 = 238 =

Psychomotor vigilance test

The PVT measures the ability to sustain vigilant attention [76].
During this 10-minute task, participants were required to re-
spond as quickly as possible, by pressing a button, to a visual
stimulus presented at random 2- to 10-second intervals.
Performance was measured by the number of lapses of atten-
tion, defined as reaction times > 500 ms. The PVT is highly sensi-
tive to vigilant attention deficits caused by TSD [85, 86].

Positive and negative affect schedule

The PANAS is a 20-item self-report measure designed to assess
participants’ affect for a given time frame [77], in this case at
the present moment. Using a 5-point Likert-type scale (1 = “very
slightly or not at all” to 5 = “extremely”), participants indicated
the degree to which 10 positive emotions, such as “excited,” and
10 negative items, such as “irritable,” described their current af-
fect. The PANAS produces separate scores for positive and nega-
tive affect, and shows good internal consistency and construct



validity [77, 87]. The PANAS has been used previously to capture
changes in self-reported affect associated with TSD [88-90].

Statistical analyses

Item memory

For item memory, recognition results were expressed in terms of
the discriminability index (d) [91]. This index assessed partici-
pants’ ability to discriminate between the target and lure words.
We calculated d’ from the standardized difference between par-
ticipants’ proportion of hits and false alarms for each of the
three valence categories.! Hits were classified as the proportion
of old (previously studied) words correctly recognized as targets,
and false alarms were classified as the proportion of new (lure)
words incorrectly recognized as targets. We also computed the
criterion index, c, to evaluate whether participants were biased
toward responding that words were “old” or “new.” This measure
was calculated by multiplying -0.5 by the standardized sum of
participants’ proportion of hits and false alarms [92]. The d’ and
cvalues, as well as the proportions of hits and false alarms, were
analyzed with a linear mixed-effects ANOVA model with fixed
effects for condition (TSD or WRC), session (1 or 2), affective va-
lence (negative, neutral, or positive), and their interactions, and
a random intercept for participants.

Source memory

For source memory, participants were able to make eight pos-
sible responses: a binary source judgment (male or female voice)
and a 4-point confidence judgment. This allowed us to calcu-
late recognition accuracy from receiver operating characteristic
(ROC) curves [93, 94], which plot the hit rate against the false
alarm rate at each confidence rating [92] (using the female voice
as the target). Specifically, the area under the ROC curve (AUC)
provides a nonparametric measure of participants’ discrimin-
ability, with AUC values closer to 1 representing better ability to
discriminate between sources. AUC values were calculated using
the ROC Toolbox for MATLAB [95], which fit each participant’s
source memory responses to an unequal-variance signal de-
tection (UVSD) model [96]. One WRC participant’s data failed
to fit the model, leaving 67 participants for the source memory
analyses. We also calculated participants’ response criterion, c,
using the same method as described for item memory. The AUC
and c values, proportions of hits and false alarms, and confi-
dence ratings for source recognition were analyzed using the
same linear mixed-effects ANOVA model as for item memory.

PVT and PANAS

PVT lapses of attention and PANAS positive and negative affect
data were analyzed with a linear mixed-effects ANOVA model
with fixed effects for time point (13 levels), condition (TSD or
WRC), and their interaction, and a random intercept for parti-
cipants. Only time points shared between the two conditions
were included, as WRC participants did not have equivalent
time points to the nighttime test administrations during TSD.

! Before calculating d’, we converted proportions of hits and false alarms
of 0 and 1 to 0.5/m and 1-0.5/m, respectively, to avoid undefined values
[92]; m represents the number of trials for each condition, i.e. 20.
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Covariates

To control for any effects of attentional lapses or subjective af-
fect on participants’ item and source memory performance, the
aforementioned linear mixed-effects ANOVAs for item d’ and
source AUC were repeated, with participants’ PVT lapses, posi-
tive affect, and negative affect from the bout closest to the AISM
task administration in each session (at 13:00 hours) included as
time-varying covariates.

The fixed effects reported here used the Satterthwaite ap-
proximation for degrees of freedom, and pairwise comparisons
were Bonferroni-adjusted when comparing within levels of va-
lence or within levels of bout (reported p values are multiplied
by the number of comparisons, i.e. 3 or 13). The order of the
AISM task administrations was included as a covariate in all pri-
mary item and source memory analyses and not found to be
statistically significant (p > 0.147) nor materially influencing the
pattern of effects. Therefore, order was not included in the re-
sults presented below.

Results

There were no significant two- or three-way interactions be-
tween condition and valence for any of our item or source
memory outcome measures. We conducted follow-up analyses
split by session to investigate any potential condition by valence
interactions. The results from these analyses did not provide
any evidence that our TSD manipulation influenced how item
valence affected memory for items or sources.? These inter-
actions are therefore not discussed further.

Item memory

Figure 1 shows the results for item memory performance on the
AISM task. Results from the mixed-effects ANOVAs are reported
in Table 1.

The d’ analyses revealed significant main effects of condi-
tion (F, ¢ = 7.20, p = 0.009), session (F, ,,, = 53.04, p < 0.001), and
word valence (F, ,,, = 21.50, p < 0.001), as well as the important
condition by session interaction (F, ,,, = 84.00, p < 0.001). Further
examination of the condition by session interaction revealed
that in session 1, when all participants were rested, TSD and
WRC participants’ performance did not differ significantly
(tgss = —0.92, p = 0.360). However, TSD participants’ performance
deteriorated during session 2, when they were sleep-deprived.
Their performance in session 2 was worse than that of their
WRC counterparts (t,,, = 5.90, p < 0.001) and worse than their
own baseline performance in session 1 (t,,, = 12.38, p < 0.001).
Rested participants’ performance did not differ significantly
between sessions (t,,, = -1.26, p = 0.209). The decline in TSD
participants’ d’ scores in session 2 was driven by a decrease

in hits (t,,, = 8.12, p < 0.001) and an increase in false alarms

2 The condition by valence interaction was not significant for any item
memory measures in session 1 or session 2 (p > 0.420 and p > 0.160,
respectively) or any source memory measures in session 1 or session
2 (p =0.115 and p > 0.136, respectively) save for source hits in session 1
(F,, 150 = 4.50, p = 0.013). However, pairwise comparisons indicated the
only significant difference in session 1, when all participants were
rested, was that WRC participants had significantly more source hits
for positive words (p = 0.048) and neutral words (p = 0.008) than nega-
tive words.
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Figure 1. Effects of sleep deprivation on item memory in the AISM task. The top panels show means (+ SE) for discriminability (d’), hits (solid lines) and false alarms
(FAs, dashed lines) as a proportion of total trials, and criterion (c) values across sessions 1 (baseline) and 2 as a function of study condition (TSD or WRC), collapsed
across affective valence. The bottom panels show means (+ SE) for d’, hits and FAs, and c across sessions as a function of affective valence, collapsed across condition.

(t,;, = —8.00, p < 0.001) compared to their rested performance.
Although TSD participants showed an increase in false alarms
during session 2, this increase did not reflect a significant shift
in response criterion, c (t,,, = 0.76, p = 0.449). WRC participants
showed a decrease in false alarms during session 2 (t,, = 3.54,
p = 0.001) and became more likely to respond that items were
“new” (t,,, = —4.08, p < 0.001). Taken together, these results show
that TSD impaired participants’ ability to discriminate between
studied and non-studied words.

Participants overall had better d’ scores for positive and neu-
tral words compared to negative words (t,,, = -5.19, p < 0.001,
and t,,, = -6.07, p < 0.001, respectively), while performance did
not differ significantly between positive and neutral words
(t,,, = —0.87, p > 0.99). Although participants made more hits
on negative and positive words than neutral words (t,,, = 2.65,
p=0.026,and t,, = 2.31, p = 0.065), the poorer discriminability on
negative words was driven by significantly greater false alarms
to negative words than both positive words (t,,, = 6.99, p < 0.001)
and neutral words (t,,, = 9.31, p < 0.001). Additionally, despite our
intention for words spoken by the male and female speaker to

be recognized at similar rates, participants had better item rec-
ognition for negative words spoken by the female speaker.?
Response criterion was greater than zero in the direction
to respond “new” for positive (t,, = 4.33, p < 0.001) and neutral
words in session 1 (t,, = 6.27, p < 0.001) and for negative (t,, = 2.17,
p = 0.033), positive (t,, = 3.56, p < 0.001), and neutral words in
session 2 (t, = 5.17, p < 0.001). Response criterion in session 1
was smaller for negative words than positive words (t,,, = -5.15,
p < 0.001) and neutral words (t,,, = -7.40, p < 0.001), and response
criterion for negative words increased from session 1 to session
2 (t,,, = —-3.63,p <0.001). Valence effects did not differ significantly

330

3 A mixed-effects ANOVA on the ability to correctly identify old items
with fixed effects for condition, session, valence, speaker, and their
interactions, and a random intercept for participants, revealed a
significant effect of speaker (F, ,, = 8.28, p = 0.004) and a significant
speaker by valence interaction (F, ,,, = 4.66, p = 0.010), such that rec-
ognition was significantly greater for negative words spoken by the
female rather than male speaker (t, = 4.15, p < 0.001). Speaker did
not significantly interact with condition (F, ., = 3.02, p = 0.082) or ses-
sion (F, , =0.02,p = 0.878).

1,726

1,726



by condition, as seen in our lack of condition by valence and con-
dition by valence by session interactions (Table 1). Thus, regard-
less of study condition, participants were worse at discriminating
whether negative words had been presented during study.

Source memory

Figure 2 shows the results for source memory performance on
the AISM task. Results from the mixed-effects ANOVAs are re-
ported in Table 2. Note that to correctly recognize sources, par-
ticipants must have first correctly recognized that an item was
presented during the study phase of the task. Because partici-
pants did not have perfect item memory, only 69.0% of trials
could be used meaningfully for analysis of source memory
(subsets ranged from 68.2% to 69.9% by condition, from 64.3%
to 73.7% by session, and from 66.5% to 70.6% by valence).
Across those trials, the overall mean of participants’ accuracy
in identifying the source was 71.6% (subsets ranged from 68.4%
to 75.5% by condition, from 70.0% to 73.0% by session, and from
68.9% to 73.5% by valence). Separately, the confidence ratings
indicated that participants had higher confidence in correct
source responses, showing that participants used the confi-
dence ratings as intended.*

For participants’ AUC, our nonparametric discriminability
measure, the main effects of condition (F, ,, = 4.54, p = 0.037)
and session (F, ., = 5.36, p = 0.021) were significant, as were the
interactions of condition by session (F, ,,; = 16.98, p < 0.001) and
valence by session (F, ,,, = 3.49, p = 0.032). Exploring the condi-
tion by session interaction revealed that in session 1, the TSD
and WRC groups did not differ significantly in their memory for
sources (t,,, = 0.27, p = 0.786). TSD participants’ performance
worsened during session 2, such that TSD participants’ source
performance in session 2 was significantly lower than that in
the WRC condition (t,,, = 3.62, p = 0.001) and their own base-
line performance in session 1 (t,,, = 4.81, p < 0.001). Much like
the item discriminability results, WRC participants’ discrimin-
ability for sources did not differ significantly between sessions
(t,,s = —1.22,p = 0.225).

To explain TSD participants’ change in source memory AUC
during session 2, we looked at participants’ hits, false alarms,
and confidence ratings. TSD participants made fewer source hits
(t,,s = 3.46, p < 0.001) and more source false alarms (t,,, = -3.80,
p < 0.001) in session 2 compared to their own baseline perform-
ance. In addition, TSD participants’ confidence in their responses
decreased from session 1 to session 2 (t,,, = —4.22, p < 0.001).
However, the two conditions did not differ significantly in the
proportion of cases in which they endorsed the “Just Guessing”
confidence level in session 2 (M, = 0.079, M, = 0.096; x? = 2.44,
p =0.119), suggesting that the TSD group’s decrease in confidence
was not simply due to an increase in item memory guesses.
Furthermore, the increase in false alarms and decrease in confi-
dence during TSD were not accompanied by a significant change
in ¢ for condition, session, or their interaction. Thus, sleep-
deprived participants were not biased to respond that most

4 A mixed-effects ANOVA on participants’ confidence ratings with
fixed effects for condition, session, valence, source accuracy, and
their interactions, and a random intercept for participants indi-
cated that participants were more confident in correct than incor-
rect source responses (F, ., .. = 338.28, p < 0.001). The condition by
source accuracy interaction approached significance (F, ,,,, = 3-36,
p = 0.067), but an examination of this interaction indicated that both
groups were less confident in incorrect responses (both p < 0.001).
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Table 1. ANOVA table of the mixed-effects model results for each
measure of item memory performance

Measure Effect df F p
Condition 1,66 7.20 0.009
Session 1,330 53.04 <0.001
Valence 2,330 21.50 <0.001

d Condition x Session 1,330 84.00 <0.001

Condition x Valence
Valence x Session
Condition x Valence x Session

2,330 0.73 0.481
2,330 0.64 0.527
2,330 1.09 0.337

Condition 1,66 1.58 0.213
Session 1,330 6.46 0.011
Valence 2,330 34.19 <0.001
c Condition x Session 1,330 12.60 <0.001
Condition x Valence 2,330 0.38 0.684
Valence x Session 2,330 3.50 0.031

Condition x Valence x Session 2,330 0.53 0.590

Condition 1,66 0.26 0.615
Session 1,330 53.62 <0.001
Valence 2,330 4.15 0.017
Hits Condition x Session 1,330 11.97 <0.001

Condition x Valence
Valence x Session
Condition x Valence x Session

2,330 0.50 0.607
2,330 0.30 0.738
2,330 1.51 0.222

Condition 1,66 5.51 0.022
Session 1,330 7.12 0.008
Valence 2,330 46.98 <0.001
FAs Condition x Session 1,330 63.43 <0.001
Condition x Valence 2,330 0.37 0.694
Valence x Session 2,330 3.67 0.027

Condition x Valence x Session 2,330 0.56 0.571

df, degrees of freedom (Satterthwaite approximation for degrees-of-freedom);
d’, discriminability index; c, criterion index; FAs, false alarms. The p values of
significant effects (p < 0.05) are marked bold.

sources were male or female. Rather, sleep deprivation worsened
TSD participants’ source discriminability by decreasing hits and
response confidence and increasing false alarms.

Separately, the valence by session interaction indicated that
participants, regardless of condition, had better AUC values in
session 1 for sources of positive and neutral items than for nega-
tive items (t,,, = 2.85, p = 0.014, and t,,, = 3.01, p = 0.008, respect-
ively). Discriminability for sources of positive and neutral items
did not significantly differ in session 1 (t,,, = -0.16, p > 0.99). In ses-
sion 2, AUC did not significantly differ by valence (all p > 0.99), and
the lack of differences in session 2 was driven in part by greater
source hits for negative than neutral words (t,,, = 2.80, p = 0.016).
Participants had more source false alarms in both sessions for
negative words than for positive (t,,, = 2.73, p = 0.020) and neu-
tral words (t,,, = 4.41, p < 0.001). They were also less confident in
their source decisions for negative than positive words (t,,, = 2.93,
p = 0.011), although confidence for neutral words did not differ
significantly from that for negative or positive words (t,,. = 2.08,
p=0.116,and t,,. = -0.85, p > 0.99, respectively). Response criterion
only differed significantly from zero in session 2, when partici-
pants showed an increased tendency to assign negative words
to the female speaker (t,, = -3.05, p = 0.003) and an increased
tendency to assign neutral words to the male speaker (t,, = 2.50,
p = 0.015). Thus, both TSD and WRC participants’ poorer source
discriminability on negative words in session 1 could only be at-
tributed to their greater source false alarms and decreased confi-
dence in source decisions for negative words.
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Figure 2. Effects of sleep deprivation on source memory in the AISM task. The top panels show means (+ SE) for nonparametric discriminability (AUC), hits (solid lines)
and false alarms (FAs, dashed lines) as proportion of trials with correctly recognized items, criterion (c) values, and confidence ratings across sessions 1 (baseline)
and 2 as a function of study condition (TSD or WRC), collapsed across affective valence. The bottom panels show means (+SE) for AUC, hits and FAs, ¢, and confidence
across sessions as a function of affective valence, collapsed across condition. Note that confidence is plotted in reverse for ease of interpretation (lower values indicate

greater confidence).

Vigilant attention and positive and negative affect

Figure 3 shows the performance of the TSD and WRC groups on
the PVT and PANAS over the course of the experiment, and Table 3
shows the results from the mixed-effects ANOVAs.

For the PVT, there were significant main effects of bout (F,
79, = 20.98, p < 0.001) and condition (F, . = 30.06, p < 0.001) and a
significant bout by condition interaction (F,, ,,, = 23.41, p <0.001).
As expected, TSD participants had significantly more lapses
than WRC participants in each of the sleep-deprived bouts (all
p < 0.002), indicating that the TSD manipulation was successful.
For positive affect on the PANAS, there was a significant main
effect of bout (F, ,;, = 41.86, p < 0.001) and a significant bout
by condition interaction (F, ,,, = 10.53, p < 0.001), such that TSD
participants reported lower positive affect than WRC partici-
pants during the first bout in the morning following their night
spent awake (p = 0.001 for the first bout, all other p > 0.112).
Finally, for negative affect, the main effect of bout (F,, ,,, = 4.68,
p < 0.001) and the bout by condition interaction were significant
(F1, 70, = 1.91, p = 0.030), but TSD participants did not significantly
differ from WRC participants during any of the sleep-deprived
bouts (all p > 0.485). Thus, sleep-deprived participants’ change
in affect during sleep deprivation was characterized mainly by a
loss of positive affect rather than an increase in negative affect.

Covariate analyses

When covariates were added to the item d’ and source AUC
ANOVAs, the number of lapses during the PVT bout closest

to the AISM task was a significant covariate for item memory
(F,, 35557 = 4-63, p = 0.032), but not for source memory (F, ,,, ;= 1.10,
p = 0.294). For session 2 in the TSD condition, the correlation
with PVT lapses was significant for item d’ (r,, = -0.37, p = 0.026)
but not for source AUC (r,, = —0.04, p = 0.837); these correlations
were significantly different (z = -2.48, p = 0.013) [97]. Neither
positive affect (all p > 0.123) nor negative affect (all p > 0.072)
were significant covariates for item d’ or source AUC. Adding the
covariates did not substantively change the reported results for
either item or source memory.

Discussion

Our study was motivated by the possibility that sleep-deprived
people may have poorer ability to bind items with their con-
texts. We examined the effects of TSD on contextual binding
using a well-established source memory paradigm, the AISM.
Our findings support three important conclusions about item
and source memory under TSD: (1) encoding items and binding
them in memory to their sources are both impaired by TSD; (2)
even when items are recognized accurately, recognition of their
association to sources is reduced by TSD, reflecting that item
and source memory are related but separate processes; and (3)
the affective valence of individual stimuli influences how items
are bound with sources, but this process does not appear to be
moderated by TSD.

Our work replicates previous findings that encoding new epi-
sodic memories for individual items is decreased during TSD



Table 2. ANOVA table of the mixed-effects model results for each
measure of source memory performance

Measure Effect df F p
Condition 1,65 4.54 0.037
Session 1,325 5.36 0.021
Valence 2,325 274  0.066
AUC Condition x Session 1,325 16.98 <0.001
Condition x Valence 2,325 1.56 0.212
Valence x Session 2,325 349 0.032
Condition x Valence x Session 2,325 0.46 0.632
Condition 1,65 0.16 0.691
Session 1,325 0.81 0.370
Valence 2,325 7.80 <0.001
c Condition x Session 1,325 0.10 0.756
Condition x Valence 2,325 071 0.491
Valence x Session 2,325 3.42 0.034
Condition x Valence x Session 2,325  1.92 0.148
Condition 1,65 3.54 0.064
Session 1,325 1.25 0.264
Valence 2,325 1.18 0.307
Hits Condition x Session 1,325 12.33 <0.001
Condition x Valence 2,325 223 0.109
Valence x Session 2,325 486 0.008
Condition x Valence x Session 2,325  2.35 0.097
Condition 1,65 5.03 0.028
Session 1,325 471 0.031
Valence 2,325 9.89 <0.001
FAs Condition x Session 1,325 8.48 0.004

Condition x Valence 2,325 043 0.653
Valence x Session 2,325 1.18 0.310
Condition x Valence x Session 2,325 0.46 0.632

Condition 1,65 0.17 0.684
Session 1,325 234 0.127
Valence 2,325 454 0.011
Confidence Condition x Session 1,325 16.95 <0.001
Condition x Valence 2,325 053  0.589
Valence x Session 2,325 0.86 0.426
Condition x Valence x Session 2,325 1.06 0.347

df, degrees of freedom (Satterthwaite approximation for degrees-of-freedom);
AUC, area under the curve (nonparametric discriminability index); c, criterion
index; FAs, false alarms. The p values of significant effects (p < 0.05) are marked
bold.

[7, 55, 98], but importantly shows that even if item representa-
tions are intact in memory, memory for the item’s specific source—that
is, the association between the item and its context—is impaired by
TSD. This is in line with previous work indicating that brain re-
gions implicated in both item and source memory, the hippo-
campus and PFC, are disrupted by TSD [17, 27, 38]. The findings
provide strong support to a small but growing body of research
that has found similar deficits under sleep loss on tasks that
required participants to create associations between stimuli in
long-term memory [13-15, 98]. Our finding of impaired item and
source memory was due to a pattern of fewer hits and more
false alarms for both items and sources compared to rested
controls. The increased false alarms during sleep deprivation
were not explained by shifts in response criterion for TSD par-
ticipants, indicating that the effects of sleep deprivation on
source memory could not be explained as an epiphenomenon
of changes in response bias. Also, it is possible that guessing on
the item memory test would have contributed substantially to
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the degradation of source memory performance during TSD, but
if that were the case then there should have been a concomitant
increase in “Just Guessing” ratings for the confidence level of
source memory responses, as participants without strong item
memory would be highly unlikely to nonetheless possess strong
memory for that item’s source. However, ratings for the confi-
dence level of source memory as “Just Guessing” in session 2
did not differ significantly between the two conditions, making
a methodological confound from item memory guesses an un-
likely explanation for the observed deficits in source memory
beyond those seen in item memory.

Indeed, despite both item and source memory being de-
graded by TSD, encoding an item (or a source) is a distinct
process from binding that item to its source. Research in popu-
lations with frontal or temporal lobe deficits and research using
neuroimaging techniques have repeatedly found that item and
source memory are dissociable processes that depend on dif-
ferent PFC and MTL structures [24-27, 30-32]. This dissociation
between item and source memory is further evidenced in our
study by the fact that PVT lapses of attention were a significant
covariate for item memory but not for source memory, and the
correlation with PVT lapses during TSD was significantly greater
for item memory than for source memory. This dissociation sug-
gests that problems with item and source memory during TSD
are associated with deficits in distinct underlying processes.

Our findings also revealed that although item valence af-
fected source memory, we did not observe any moderation of
the valence effects by TSD. Whether sleep-deprived or rested,
participants were less able to recognize the source of nega-
tive words than neutral words, particularly during the first ad-
ministration of the AISM. Instead of emotional items showing
enhanced memory and consequently bolstering memory for
their sources [99], our results suggest that negative items are
associated with both more hits and more false alarms, and con-
sequently with more source false alarms and decreased confi-
dence in source decisions.

These results are consistent with the idea that negative items
result in greater attentional capture [58, 100]. We would expect
increased attention toward negative items to cause people to
not only have better memory for those items and their integrally
processed sources, but also be more likely to conflate the in-
creased saliency of those items with actual memory, resulting in
increased false alarms for items and sources. Although we did
not see an overall tendency to respond that negative items had
been studied, also known as emotion-induced recognition bias
[101-104], we did see a shift in response criterion for the source
of negative items during the second administration of the AISM,
such that negative words were more likely to be attributed to
the female speaker. This tendency to associate negative words
with the female speaker echoes the finding that negative words
spoken by the female speaker were more frequently recognized
correctly overall. As female voices are more perceptually salient
than male voices [105], our findings suggest that participants
conflated the greater attentional demands of negative items
with that of the female voice, impairing source discrimination
by increasing false alarms.

We note that the proposed effect of valence on attention
and subsequent encoding and binding does not explain why
we failed to observe any interaction of condition and valence
on any of our item or source memory measures. Despite well-
recognized effects of TSD on attention [76, 106, 107] and previous
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Figure 3. Number of attentional lapses on the psychomotor vigilance test (PVT) and positive and negative affect on the PANAS across the laboratory study. The PVT
results are shown in the top panel; the positive affect (open circles) and negative affect (solid circles) are shown in the bottom panel. Each graph shows the means on
each measure for each group (TSD or WRC); error bars represent standard error of the mean. On the top of each graph, black bars indicate scheduled sleep, gray bars
indicate sleep for the WRC condition only, and the stars represent the two administrations of the AISM.

work indicating that memory for negative items is preserved
under TSD [15, 55], we did not find evidence that TSD changed
the pattern of how valenced items were encoded or bound with
their sources. In two previous studies where an interaction
between sleep condition and valence was observed on item
memory [15, 55], memory was tested after two days of recovery
sleep, whereas we tested memory immediately following study.
It may be the case that the preferentially preserved encoding

of negative items during TSD is only apparent at longer delays,
but including opportunities for sleep between encoding and test
increases the chances that the effects of item valence are con-
founded by the effects of sleep-related consolidation [108, 109].
While our focus in this study was on how TSD affects the ini-
tial learning aspect of memory, our results regarding contextual
memory are similar to those of previous work investigating the
effects of insufficient sleep during consolidation. That is, like



Table 3. ANOVA table of the mixed-effects model results for lapses
on the PVT and positive and negative affect

Measure Effect df F p
Condition 1,66 30.06 <0.001
Lapses Bout 12,792 20.98 <0.001
Condition x Bout 12,792 23.41 <0.001
Condition 1,66 1.06 0.307
PA Bout 12,792 41.86 <0.001
Condition x Bout 12,792 10.53 <0.001
Condition 1,66 0.03 0.873
NA Bout 12,792 4.68 <0.001
Condition x Bout 12,792 191 0.030

df, degrees of freedom (Satterthwaite approximation for degrees-of-freedom);
d’, discriminability index; PA, positive affect; NA, negative affect. The p values of
significant effects (p < 0.05) are marked bold.

these previous studies [3-6], we also found that sleep loss de-
grades contextual memory performance. Yet it is unlikely that
these comparable findings are due to TSD effects on the same
underlying memory processes. The consolidation processes
in question have been studied through testing after a sleep
period (or matching non-sleep control period) and confirmed
to be sleep-dependent [110, 111], whereas in our study testing
occurred immediately following learning with no intervening
sleep. With sleep-based consolidation thus ruled out in both the
TSD and WRC conditions, our study design limited any mean-
ingful consolidation from influencing the observed outcomes
[112].

In principle, it is possible that our results reflect effects of
TSD on encoding and/or retrieval, as TSD participants com-
pleted both study and test phases of the AISM task while sleep-
deprived. However, any TSD-related deficits in retrieval were
minimized in our study by use of a recognition test (rather than
a recall test), which provided participants with the appropriate
cues (male or female) and required them only to retrieve the
association between the word and the speaker. Moreover, the
few studies that have investigated the effects of a night of TSD
before retrieving previously learned information, including on
an associative memory task that would require binding [10, 11],
have not found evidence of TSD-related deficits on retrieval.
As such, consistent with the potential for sleep deprivation to
affect encoding processes [7-9], the observed impairments to
source memory are likely a TSD-induced issue not with retrieval
but with initial encoding and binding.

Even so, failures in encoding or binding do not neces-
sarily mean that the information is not available or has been
lost forever. It is possible that TSD participants simply had
weaker binding of items and sources, but if allowed to sleep
and consolidate the information they might show some re-
covery of the information [113]. In considering how any prob-
lems with initial encoding or binding might manifest in later
tests of memory, it would be important to bear in mind that
the memory phases of encoding, consolidation, and retrieval
are interdependent. The connections between memory stages
can influence how well one remembers in any given scenario;
for instance, matching the conditions at retrieval to those at
encoding, such as one’s environmental context or internal
state [114, 115], can facilitate the retrieval of information
from memory (i.e. encoding specificity and state-dependent
learning [73, 116]). Because memory is a constructive and
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reconstructive process, presumably stable memories can be-
come labile again, and previous knowledge or beliefs, like
schemas, can distort newly formed memories [117, 118]. In
addition, hippocampal binding can occur over shorter and
longer time scales and in both short-term and long-term
memory [16, 48, 119]. Binding processes can even take place
post-encoding, when individuals are creating new represen-
tations in memory and long-term memories that have been
reactivated by retrieval become malleable [117] and can be
re-bound with new information [23, 118, 120, 121]. While we
focused on binding very close in time to initial encoding, it
remains to be investigated whether TSD similarly impacts
binding at longer time scales or during post-encoding pro-
cesses, such as reconsolidation.

Understanding how TSD affects source memory, which re-
quires the binding of items to their contexts, is not only im-
portant in and of itself, but also serves as a critical first step
in determining whether long-term binding is an underlying
source of impairment during TSD on tasks that require people
to form associations. Because we found that TSD impairs source
memory, we encourage researchers to engage in functional task
analyses to determine whether the TSD effects they observe
may be downstream consequences of problems with binding.
The relationship between binding and TSD may be more obvious
on memory tasks that ask people to remember items in con-
texts or groups of items, but there are many tasks that assume
that people are able to form associations during TSD, as noted
earlier in the IGT example [22]. However, as mentioned previ-
ously, binding is critical not only for tasks that require long-term
memory, but also for tasks that rely on short-term memory,
such as change-detection tasks where participants must bind
features like color or location to an object in order to respond
correctly [122]. Further, binding is necessary for both basic per-
ception, integrating features into a single, comprehensible ob-
ject, and for behavior, linking stimuli to action plans [123, 124],
although feature binding may rely on different neural circuits
than binding in long-term memory [123, 125, 126]. Thus, even
researchers not examining memory should be sensitive to the
role binding may play in their tasks. Separating the effect of TSD
on binding from its effects on other task components could pro-
vide clarity on which cognitive processes are in fact impacted
by sleep loss. In this vein, we encourage work investigating
whether the effects of TSD on complex cognitive tasks can be
usefully organized by the tasks’ need for participants to engage
in binding.

In summary, the results from this study indicate that TSD
disrupts the binding of items and their sources. Our findings
highlight the impairing effect of sleep loss on memory sys-
tems and have critical implications for domains where ac-
curate reporting of events and their contexts is vital, such
as eyewitness testimony. The results also imply that some
TSD deficits on tasks that require participants to make as-
sociations in order to perform well may be due to underlying
problems with forming associations in memory. If true,
employing methods to bolster memory for associations, such
as unitization—that is, processing multiple items as a single
unit (e.g. committing two words, sweet and house, to memory
by processing them as a compound word, sweethouse) [127-
129]—could lead to performance improvements during sleep
loss on a wide range of tasks, including those relevant for
real-world decision making.
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