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Research in rats using preferences during exploration as a measure of memory has indicated that sleep is important for the

consolidation of episodic-like memory, i.e., memory for an event bound into specific spatio-temporal context. How these

findings relate to human episodic memory is unclear. We used spontaneous preferences during visual exploration and

verbal recall as, respectively, implicit and explicit measures of memory, to study effects of sleep on episodic memory con-

solidation in humans. During encoding before 10-h retention intervals that covered nighttime sleep or daytime wakefulness,

two groups of young adults were presented with two episodes that were 1-h apart. Each episode entailed a spatial configu-

ration of four different faces in a 3 × 3 grid of locations. After the retention interval, implicit spatio-temporal recall per-

formance was assessed by eye-tracking visual exploration of another configuration of four faces of which two were from the

first and second episode, respectively; of the two faces one was presented at the same location as during encoding and the

other at another location. Afterward explicit verbal recall was assessed. Measures of implicit and explicit episodic memory

retention were positively correlated (r ¼ 0.57, P , 0.01), and were both better after nighttime sleep than daytime wakeful-

ness (P , 0.05). In the sleep group, implicit episodic memory recall was associated with increased fast spindles during

nonrapid eye movement (NonREM) sleep (r ¼ 0.62, P , 0.05). Together with concordant observations in rats our

results indicate that consolidation of genuinely episodic memory benefits from sleep.

Originally, episodic memory has been defined with reference to
stored “information about temporally dated episodes or events,
and temporal–spatial relations between them” (Tulving 1983).
Specific to episodic memory is that an experienced event upon
its one-time occurrence becomes bound to the particular tem-
poral and spatial context in which it occurred (Tulving 2002).
However, apart from the binding of item memory into spatio-
temporal context, the episodic memory concept originating
from human research has also emphasized the dependence of ep-
isodic memory on autonoetic consciousness during recollection,
which refers to a subjective awareness of the self as part of the re-
membered episode (Tulving 2001, 2002). Because examination of
these subjective aspects of episodic memory appears to be suitable
only for language-based approaches, research in animals has fo-
cused on the core features of episodic memory in terms of a mem-
ory for “what” (event) happened “where” (spatial location) and
“when” (temporal order of events; Clayton and Dickinson 1998;
Clayton et al. 2003), leaving unanswered the question to which
extent this memory is truly episodic (Klein 2013; Pause et al.
2013).

There is now ample evidence that sleep benefits the consoli-
dation of memory (Rasch and Born 2013). It has been proposed
(Diekelmann and Born 2010) that sleep supports, in particular,
the system consolidation of hippocampus-dependent memory
which, in the classical view, is declarative memory and comprises
episodic and semantic memories (Squire 1992; Diekelmann and
Born 2010). According to this concept, slow wave sleep (SWS) pro-
motes the neuronal reactivation of newly encoded hippocampal

memory representations and thereby not only strengthens them
but also stimulates their redistribution to extrahippocampal net-
works serving as long-term store. Rapid eye movement (REM)
sleep might add to consolidation by promoting synaptic consoli-
dation processes which also would enhance nonhippocampal,
e.g., procedural, types of memory (Diekelmann and Born 2010).

Although numerous studies in humans have demonstrated
that sleep strengthens declarative memory, the effects of sleep
on strictly episodic memory and its item-context binding features
are less well investigated (Inostroza and Born 2013). There is some
evidence that sleep preferentially strengthens context over item
memory (Rauchs et al. 2004; Spencer et al. 2006; Lewis et al.
2011; van der Helm et al. 2011). However, others failed (Cairney
et al. 2011), and none of these studies specifically examined the
binding of an event into spatio-temporal context as a key feature
underlying the formation of episodic memory. Notably, effects of
sleep on the binding of item memory into spatio-temporal con-
text have so far been directly examined only in one study in rats
(Inostroza et al. 2013a). This study revealed sleep to, indeed, be
necessary for upholding an integrative episodic-like representa-
tion. Rats which remained awake during the 80-min retention in-
terval following encoding did not display any significant signs of
episodic-like memory at retrieval testing, and in separate experi-
ments these rats also forgot spatial and temporal context memory.

The present study followed two aims: First, based on the ev-
idence in rats (Inostroza et al. 2013a), a supporting effect of sleep
on core features of episodic memory—i.e., the binding of item
memory into a spatio-temporal context—should be demonstrated
in healthy humans. Second, we aimed at establishing a close
link of the findings about the sleep-dependency of episodic-like
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memory in rats to human episodic memory. For this purpose, we
adopted a task paradigm in humans that assessed episodic memo-
ry, like in rats, based on exploratory preferences (Kart-Teke et al.
2006). Whereas in rats exploratory locomotor behavior is typically
used to assess episodic memory, in our human participants we
used visual exploration. Importantly, in so doing we established
a nonverbal, implicit measure of episodic-like memory in hu-
mans, which we tested for its correlation with truly explicit epi-
sodic memory recall.

Results

Implicit episodic memory
Analysis of variance (ANOVA) of normal-
ized visual exploration time for the dif-
ferent items (faces) during the retrieval
phase revealed different patterns de-
pending on whether participants had
slept or were awake during the retention
interval between encoding and retrieval
(F(1,27) ¼ 5.52, P ¼ 0.026, for Displaced/
Stationary [Spatial component] × Old/

Recent [Temporal component] × Sleep/
Wake [Condition]). Separate analyses of
the Sleep and Wake groups indicated
that only the Sleep group displayed sig-
nificant episodic memory, i.e., a pattern
of visual exploration that matched ex-
ploratory preferences in rodents with
significant episodic-like memory (Li and
Chao 2008; Inostroza et al. 2013a). The
episodic nature of the expressed memory
integrating temporal and spatial compo-
nents manifests itself in the interaction
between spatial and temporal com-
ponents of the task (F(1,14) ¼ 6.56, P ¼
0.023, for Spatial component × Tempo-
ral component in a sub-ANOVA on the
Sleep group) (Fig. 1B), i.e., a pattern
that is primarily characterized by rela-
tively shorter exploration time for the
face that is both old–familiar and dis-
placed than would be expected from add-
ing up the spatial main effect (i.e., longer
exploration for the displaced than sta-
tionary faces) and the temporal main
effect (i.e., longer exploration for the
old–familiar than recent–familiar faces).
The Wake group did not display a signifi-
cant pattern of visual exploration, i.e.,
no indication of episodic memory (P .

0.36, for Spatial component × Temporal
component interaction). Post-hoc t-tests
between the groups revealed greatest dif-
ferences for the recent–familiar station-
ary item for which exploration time, on
average, was shortest in the Sleep group
(mean+SEM, 431.9+53.00 msec) but
longest in the Wake group (763.57+

98.81 msec, t(27) ¼ 23.015, P ¼ 0.006,
d ¼ 1.11) (Fig. 1B). Spatial and Temporal
component main effects were not signif-
icant (P . 0.32).

The presence of episodic memory in
visual exploration patterns at retrieval

selectively in the Sleep group was confirmed using the “episodic
binding” score in which basically the statistical Spatial com-
ponent × Temporal component interaction term was used to spe-
cifically express the spatio-temporal binding underlying the
formation of an episode (see Materials and Methods). Accord-
ingly, significant spatio-temporal episodic binding was only
observed in the Sleep group (13.47+5.25%, t(14) ¼ 2.56, P ¼
0.023, d ¼ 0.66) but not in the Wake group (26.03%+6.49%,
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Figure 1. (A) Experimental design. Each session included an encoding phase, a retention interval, and
a retrieval phase. The encoding phase comprised two episodes (Old Episode, Recent Episode) 1-h apart,
each entailing a specific configuration of four individual faces in a 3 × 3 grid of locations. The subse-
quent 10-h retention interval contained either an 8-h interval of nighttime sleep (Sleep group) or
daytime wakefulness (Wake group). The retrieval phase started with implicit recall which was assessed
by eye-tracking visual exploration of another configuration of four faces. Two of these faces were from
the first (Old) and second (Recent) episode, respectively, and of the two faces one was presented at the
same location (Stationary) as during the episode and the other at another location (Displaced) resulting
in four stimulus types: Old–familiar Stationary (OS), Old–familiar Displaced (OD), Recent–familiar
Stationary (RS), and Recent–familiar Displaced (RD). Implicit recall was followed by explicit verbal
recall testing. Face configurations were randomized across episodes and implicit recall. For the figure,
individual faces are anonymized by ID-numbers representing one of the total set of 24 faces used in
the task (first episode faces—black; second episode faces—gray; one gray-scaled example face illustrat-
ed for explicit recall). Bottom part illustrates faces used in the different experimental phases: in the face
familiarization phase before the experiment proper, subjects were familiarized with 16 faces (gray
circles), of which eight faces were used in the encoding phase of the episodic memory task, four in
the old episode, and four in the recent episode. For implicit recall testing, four of the faces presented
in the episodes of the encoding phase were used, two from each episode. During explicit recall
testing 24 faces were presented, i.e., aside from the 16 familiarized faces (eight from episodes—
black circles, eight not from the episodes but presented in the face familiarization phase—gray
circles), and eight entirely novel faces (empty circles), which also allowed to discrimination between
“face recognition” (novel vs. familiar) and “What” memory (familiar in episodes vs. familiar but not
in episodes). (B) Mean (+SEM) visual exploration time for each stimulus type, and (C) “episodic
binding” scores (indicating spatio-temporal binding in episodic memory) (see Materials and
Methods) and separately measures of the spatial and temporal components in episodic memory
during implicit recall testing, for the Sleep group (n ¼ 15, filled bars) and the Wake group (n ¼ 14,
empty bars). Note, for clarity, absolute rather than normalized exploration time (i.e., exploration
time divided by the total time of all looks on a face) is indicated. (∗) P , 0.05, (∗∗) P , 0.01, above
bars for difference between Sleep and Wake groups, within bars (in panel C) for comparison with
chance level (zero).
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t(13) ¼ 20.93, P ¼ 0.37), and the positive episodic binding score of
the Sleep group also significantly differed from that of the Wake
group (t(27)¼ 2.35, P ¼ 0.026, d ¼ 0.87) (Fig. 1C). Scores formed
separately for the spatial and temporal components of episodic
memory (reflecting the statistical Spatial and Temporal main ef-
fects) failed to reach significance in both the Sleep and Wake
groups and also did not differ between the groups (spatial
score—Sleep, 3.90+6.62%; Wake, 23.54+6.56%, t(27) ¼ 0.80,
P ¼ 0.43; temporal score—Sleep, 21.78+7.38%; Wake, 27.91+

7.62%, t(27) ¼ 0.58, P ¼ 0.57).
For both experimental groups, control analyses excluded

any transition effects, i.e., exploration time was not influenced de-
pending on whether or not during the encoding phase a certain
grid location was occupied by an item in both episodes (Sleep,
t(13) ¼ 20.18, P ¼ 0.86; Wake, t(12)¼ 20.12, P ¼ 0.91; comparison
between groups t(25)¼ 20.046, P ¼ 0.96, d ¼ 0.02).

Explicit episodic memory
Explicit recall of episodic memory (“what–where–when” mem-
ory) was assessed after implicit retrieval measurement, and deter-
mined by the percentage of (all possible) faces that the participant
correctly identified as occurring in one of the episodes (“what”)
and for which he also identified the correct episode (“when”)
and the location (“where”) at which it occurred (see Materials
and Methods). Explicit episodic recall was above chance in both
groups (Sleep P , 0.001, Wake P ¼ 0.025, Mann–Whitney test)
but differed between the conditions, with performance being
distinctly better in the Sleep than Wake group (41.79+6.94%
vs. 17.86+6.51%, P ¼ 0.005, r ¼ 0.51) (Fig. 2A). Higher recall
performance in the Sleep than Wake group was confirmed in an
analysis restricted to faces that were not involved in implicit recall
(P , 0.022) excluding a biasing influence of prior implicit recall
testing. In an exploratory ANOVA, episodic memory recall did
not differ between faces of the first and second episode (P .

0.18, for respective Episode main effect and Episode × Sleep/
Wake interaction).

Separate analysis of the “what” component (number of faces
correctly identified as belonging to one of the two episodes ex-
pressed as percentage of episode faces that were correctly rec-
ognized as familiar and belonging to one of the two episodes)
revealed performance well above chance in both conditions

(Sleep, 90.0+3.70%, P , 0.001; Wake, 84.52%+6.03%, P ¼
0.002) but without a significant group difference (P ¼ 0.43). The
proportion of recalled faces (i.e., “what” component) for which
the place was correctly recalled (“what and where”) was above
chance in both groups (Sleep, 69.55+5.48%; Wake, 51.62+

7.28%; both P , 0.001), and was marginally (but not signifi-
cantly) greater in the Sleep group (P ¼ 0.057). The proportion of
recalled faces for which the episode was correctly recalled
(“What and When”) was above chance only in the Sleep group
(61.19+5.95%, P ¼ 0.040), but failed to reach significance in
the Wake group (55.90+7.01%, P ¼ 0.21; for the difference be-
tween groups, P ¼ 0.57). Interestingly, restricting the analysis of
these items (for which “What and When” was correctly recalled)
to only those for which the spatial component (“What–
Where”) was not correctly recalled yielded a significantly better
recall for the Wake than the Sleep group (12.71+3.91% vs.
30.07+6.21%, P ¼ 0.016) suggesting that temporal processing
considered in isolation might be superior in the wake state.
Finally, an overall analysis of faces correctly recognized as famil-
iar, which included also those faces presented only during the fa-
miliarization phase, indicated that both the Sleep and Wake
groups displayed close to ceiling object-recognition performance,
with no differences between groups (Sleep, 91.67+3.64%; Wake,
94.64+2.61%, P ¼ 0.90).

Correlation analyses
We calculated correlations between implicit and explicit measures
of episodic memory and, for the Sleep group, between recall mea-
sures and sleep parameters. The implicit episodic binding score in-
ferred from visual exploration was significantly correlated with
explicit episodic memory recall (“What–Where–When”) across
both groups (r ¼ 0.57, P ¼ 0.002) (Fig. 2B), which was mainly
driven by the sleep group (Sleep, r ¼ 0.63, P ¼ 0.017; Wake, r ¼
0.21, P ¼ 0.47). There was no correlation between separate implic-
it and explicit scores of spatial or temporal components of episod-
ic memory (P . 0.30).

The Sleep group displayed normal overnight sleep during the
retention interval (see Table 1 for a summary of sleep parameters).
Correlation analyses revealed a consistent pattern of moderate
associations, in particular between NonREM sleep processes and
implicit measures of episodic memory. Thus, the episodic bind-
ing score showed a positive correlation with time in NonREM sleep
(r ¼ 0.68, P ¼ 0.007) and, in parallel, consistent correlations with
centro-parietal (fast) spindle counts during NonREM sleep (r ¼
0.62, P ¼ 0.017, for average spindle count across central and pari-
etal electrodes) (Fig. 3). In further exploratory analyses, the
separate temporal memory component score showed negative
correlations with time in stage 2 NonREM sleep (r ¼ 20.71, P ¼
0.004) and fast spindles counts over centro-parietal areas (r ¼
20.57, P ¼ 0.03, for average count across electrodes). There were
no consistent correlations with EEG power in the frequency
ranges of interest with the exception of a negative correlation be-
tween “What” memory and NonREM EEG activity in the 0.5- to
8-Hz range that was highest for the delta band (P , 0.0001,
r ¼ 20.88). Explicit episodic memory recall did not show any sig-
nificant correlation with sleep measures, and there was also no
consistent association between memory measures and REM sleep
parameters.

Memory for word-pair associates, vigilance, and mood
Between the experimental episodes of the encoding phase, partic-
ipants learned two lists of word-pairs, i.e., a control task of de-
clarative memory for which beneficial effects of sleep are well
established (e.g., Plihal and Born 1997). As expected, recall of
the word-pairs tested at the end of the retrieval phase was
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Figure 2. (A) Mean (+SEM) explicit recall of episodic “What–Where–
When” memory and of subcomponents (“What,” “What and Where,”
“What and When”) during the retrieval phase for the Sleep (n ¼ 15,
filled bars) and Wake groups (n ¼ 14, empty bars). (+) P , 0.1, (∗) P ,

0.05, (∗∗) P , 0.01, (∗∗∗) P , 0.001, above bars for difference between
groups, within bars for comparison with chance level (dotted line). (B)
Pearson product–moment correlation between implicit episodic memory
(Episodic binding score) and explicit episodic memory recall (What–
Where–When), across the Sleep (filled circles) and Wake groups (empty
circles, n ¼ 28; data from one Sleep subject was excluded due to ceiling,
100%, explicit recall performance). (∗) P , 0.01.
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significantly better in the Sleep than Wake group (99.21+2.80%
vs. 91.13+2.67%, t(27)¼ 2.09, P ¼ 0.047, d ¼ 0.78).

Vigilance was assessed by the Psychomotor Vigilance Task
(PVT) before each episode during the encoding phase and be-
fore implicit recall during the retrieval phase, but did not differ be-
tween groups (Sleep vs. Wake: before first episode 291.35+32.41
msec vs. 286.46+20.34 msec; before second episode, 296.35+

21.72 msec vs. 291.92+27.47 msec; before implicit recall,
291.73+24.00 msec vs. 285.68+23.11 msec; all P . 0.50).
There were also no differences between groups in subjective sleep-
iness assessed by the Stanford Sleepiness Scale (SSS) (Sleep vs.
Wake: before first episode 3.25+1.14 vs. 2.84+0.99; before sec-
ond episode, 3.5+1.17 vs. 2.92+1.12; before implicit recall
2.50+0.80 vs. 1.92+0.76; all P . 0.10), and in mood, assessed
by the Positive Affect Negative Affect Scale (PANAS) (Sleep
vs. Wake group: before encoding phase, Positive Affect 24.43+

1.25 vs. 27.62+1.8, P . 0.40, Negative Affect 12.93+0.91 vs.
12.54+0.55, P . 0.76; before retrieval phase, Positive Affect
26.16+1.52 vs. 29.36+1.64, P . 0.23, Negative Affect 12.54+

0.69 vs. 11.93+0.35, P . 0.66).

Discussion

We report novel evidence indicating that sleep in humans
strengthens the binding of an item memory into spatio-temporal
context which is a core feature of episodic memory. Importantly,
we assessed episodic memory implicitly by visual exploration
times, and explicitly by verbal recall, and for both measures sleep
compared to wakefulness produced a more than twofold increase
in strength of episodic binding. Although explicit assessment sug-
gests episodic binding is present after sleep and wakefulness, im-
plicit assessment indicated above-chance episodic binding only
if subjects slept after encoding. Compared with the distinct effect
on episodic binding, sleep had only minor effects on separate im-
plicit or explicit retrieval measures of “What,” “Where,” and
“When” components of the encoded episodes. To immediately
support a fresh episodic memory might represent a basic compo-
nent of sleep’s function in memory processing.

We established a novel task that allowed for assessing truly
episodic memory in humans in both ways, i.e., implicitly, using
visual exploration, and explicitly, using verbal recall. The task de-
sign originated from previous studies that employed behavioral
exploration preferences to investigate episodic-like memory in ro-
dents (Dere et al. 2006; Kart-Teke et al. 2006, 2007; DeVito and
Eichenbaum 2010; Davis et al. 2013a,b; Inostroza et al. 2013a,b).
The episodic nature of our task was further enhanced by using

unique faces that were presented in a unique spatio-temporal con-
text. To reduce emotionality, we used faces with a neutral expres-
sion that, in addition, were familiarized before the experiment
proper. Emotionality has been considered a feature inherent to ep-
isodic memory and, indeed, is a critical factor determining persis-
tence of episodic memory (Libkuman et al. 2004; Dere et al. 2010;
Pause et al. 2013). Nevertheless, we preferred to make the experi-
enced episodes relatively neutral, because in this way visual explo-
ration was expected to be determined predominantly by novelty,
preventing that emotional aspects in the stimulus configuration
masked memory-guided visual exploration.

Implicit memory was successfully indicated in the task by
visual exploration time, specifically the time participants spent
looking at a particular face at their first looks on a face, with the
exploration times being characteristically enhanced when a face
at retrieval testing is encountered in a conflicting spatio-temporal
context relative to the previously encoded episodes. Thus, visual
exploration time is longer for faces spatially displaced than for
(stationary) faces presented at the same location as during encod-
ing, and in parallel with temporal conflict, exploration time is
longer for faces that belong to the older compared to the more re-
cently encoded episode. A consistent exploration pattern for the
faces with conflicting contexts indicates associated spatial and
temporal memory. Crucially, episodic binding of an event to-
gether with spatial and temporal context components expresses
itself in an interaction of spatial and temporal memory effects
for a unique face, as derived from the exploration pattern, rather
than in a mere additive effect of both components. This interac-
tion between “when” and “where” effects on visual exploration
time indicates that the gain in exploration time for faces that
are both old and displaced (i.e., OD) is less than would be expected
from adding up spatial and temporal main effects. It is this inter-
action expressing itself in a relatively reduced exploration of
OD items that has been consistently revealed as an indicator of
episodic-like memory in rodent studies (e.g., Kart-Teke et al.
2006, 2007; Inostroza et al. 2013a), and that provides a valid mea-
sure of an integrated rather than separated retrieval of spatial
and temporal context, i.e., of contextual binding as a hallmark
of episodic memory (Clayton et al. 2003, but see also Place et al.
2012).

Semantic memory can mask the assessment of episodic
memory and, although our subjects were not instructed to learn
anything, the encoding phase comprising three consecutive
runs through each episode might have triggered semantic mem-
ory formation (Pause et al. 2013). However, simple models of
familiarity-based recall, where trace strength is reflected in mem-
ory strength, would predict generally better recall performance for
the recent than the older episode. This is not supported by our
results as there were no significant differences in this direction

Table 1. Sleep parameters for experimental night of the Sleep
group

Sleep stages Time in minutes

TST 467.29+6.01
Sleep onset 14.21+3.52
Wake 15.93+8.10
Stage 1 14.43+2.82
Stage 2 239.29+11.47
Stage 3 40.36+2.19
Stage 4 55.25+7.98
SWS latency 14.75+1.50
SWS 95.61+7.82
REM latency 113.46+10.89
REM 98.64+6.77

Data are means+SEM, n ¼ 14. Total sleep time (TST) and time in different

sleep stages, sleep onset latency (with reference to lights off) and latency for

slow wave sleep (SWS) and rapid eye movement (REM) sleep with reference

to sleep onset.

r = 0.62*
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Figure 3. Pearson product–moment correlation in the Sleep group
(n ¼ 14) between fast sleep spindle counts during NonREM sleep and
implicit episodic memory (Episodic binding score). (∗) P , 0.05.
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for any of the implicit or explicit memory measures. Explicit
“what–where–when” memory was even better for the first than
second episode in the Wake group, possibly reflecting proac-
tive interference which was annulled by sleep (Abel and Bäuml
2013). Also, we controlled that our implicit measure of episodic
memory is, indeed, item specific, i.e., it is only sensitive to a spe-
cific face (“what”) and not to any face in a shared spatio-temporal
context. This was indicated by calculating a “transition score”
which excluded that mere spatial overlaps regarding the
occupation of a grid location between the first and second epi-
sode significantly contributed to our episodic memory measure.
Finally, implicit assessment of memory on only half of the items
involved in each episode allowed us to control whether implicit
recall biased subsequent assessment of explicit memory. Although
such bias cannot be entirely ruled out, explicit “what–where–
when” memory for the faces used in implicit recall testing showed
no difference from memory for items that were not used.

Tulving (2002) considered episodic memory recall a capacity
that involves the ability to “mentally time travel” and re-ex-
perience specific events, and thereby relies on a sense of self and
conscious awareness that the experience occurred in the past.
Although this definition reflects the phenomenological aspects
of episodic memory in humans, it exclusively relies on the verbal
report of subjective experiences. However, it prevents its investi-
gation in animals. The absence of any objective behavioral mea-
sure for episodic memory is also not conducive to a rigorous
scientific investigation of this kind of memory in humans (Allen
and Fortin 2013). Here, this issue is addressed. A major advantage
of our implicit memory measure is that it allows for examining
episodic memory in nonverbal humans, i.e., infants, and also
for comparisons across species. Although not specifically scoring
for episodic binding, studies in rodents using exploration behav-
ior in an analogous task design revealed an episodic-like pattern
strikingly similar to that observed here for human visual explora-
tion (Dere et al. 2006; Kart-Teke et al. 2006, 2007; Davis et al.
2013a,b). Furthermore, those studies showed that this episodic-
like memory exploration pattern is crucially dependent on hip-
pocampal function (DeVito and Eichenbaum 2010) and sleep
(Inostroza et al. 2013a). The latter observation concurs with
the present study where the episodic-like memory exploration
pattern was also robustly expressed only in the participants of
the Sleep group. Thus, the present findings constitute a strong
link between sleep-dependency in human episodic memory and
episodic-like memory in rodents. Pause et al. (2010) took an ap-
proach to explore episodic memory-like exploration patterns in
humans comparable to ours. However, rather than on visual ex-
ploration they relied on explorative button presses as a nonverbal
measure, and subjects were instructed to learn the episodes at
encoding. At a recall test 24 h later, they found nearly significant
spatial and temporal main effects, however no cues for episodic
binding, suggesting that visual exploration might be more sensi-
tive to preferences promoted by implicit memory than explor-
atory motor behaviors.

Sleep’s function for declarative memory has been conceptu-
alized to be an active system consolidation process rather than a
passive protection against interference (Stickgold 2005; Diekel-
mann and Born 2010; Lewis and Durrant 2011; Inostroza and
Born 2013; Rasch and Born 2013). According to this concept,
an episode is encoded in both hippocampal and extrahippo-
campal networks, whereby the hippocampus preferentially en-
codes aspects binding items into their unique spatio-temporal
context. During subsequent SWS, hippocampal portions of the
representation are repeatedly reactivated to support an immediate
strengthening of hippocampal traces and also redistribution to-
ward preferential storage of information in extrahippocampal
networks. This redistribution entails a transformation of represen-

tations toward more decontextualized schema-like representa-
tions (Marr 1971; Frankland and Bontempi 2005; Diekelmann
and Born 2010; Winocur et al. 2010). The EEG slow oscillation
and fast (12–15 Hz) spindles are considered hallmarks of the con-
solidation processes, in as much as the slow oscillation appears
to synchronize hippocampal memory reactivations and accompa-
nying sharp wave-ripples with the occurrence of spindles, thus al-
lowing for the formation of spindle–ripple events as a mechanism
supporting the transfer of reactivated memory information to-
ward extrahippocampal circuitry (Mölle and Born 2011; Mölle
et al. 2011). Consistent with this view, here we found a robust
association between episodic memory recall and spindle counts
during post-encoding NonREM sleep. Together with numerous
previous studies showing similar correlations between sleep spin-
dle activity and the retention of declarative as well as procedural
memory (e.g., Gais et al. 2002; Tamaki et al. 2009; Barakat et al.
2011; Wilhelm et al. 2011; Rasch and Born 2013), this observation
does not only underline the importance of spindles for memory
processing in general but also points to a specific function of
spindles in enhancing spatio-temporal integration in a memory,
which might be conveyed via a direct impact on hippocampal net-
works (Clemens et al. 2007). The association with spindle activity
occurring selectively for implicit rather than explicit episodic
memory recall is difficult to explain in this context; it might be
that the implicit measure is more sensitive, capturing variability
in recall of hippocampal memories to a greater degree than the ex-
plicit recall measure.

Implicit but not explicit recall showing robust correlation
with sleep spindles raises the question whether the two recall
measures access the same representation, although via different
retrieval pathways, or whether there exist distinct implicit and
explicit representations that happen to correlate significantly
because they encode for the same experience. That the wake group
showed significant explicit episodic memory, but chance level
performance for implicit episodic memory recall, could be taken
as a hint for two different representations being accessed in the
tests. This assumption would be further supported if implicit
and explicit episodic memory underwent different transforma-
tions across sleep. However, as we did not assess recall before the
retention interval, sleep-induced memory transformation could
not be examined here. Nevertheless, the effects of sleep compared
with wakefulness, being surprisingly in parallel for implicit and
explicit measures of episodic memory, speak in favor for a com-
mon representation underlying both types of recall measures
which, indeed, share the essential features of episodic experience,
but the autonoetic consciousness that is produced only during ex-
plicit recollection.

Materials and Methods

Participants
Participants were healthy, nonsmoking, and native-speaking
volunteers recruited from the campus of the University of
Tübingen. They were randomly assigned to either the Sleep group
(n ¼ 15, nine men) aged (mean+ standard deviation) 23.72+
3.14 yr, or the Wake group (n ¼ 14, seven men, age ¼ 24.25+
5.08 yr). They had normal or corrected to normal vision and did
not take any medication at the time of the experiments. They
had a normal sleep–wake rhythm and were not on any night
shifts during the 6 wk preceding the experimental session.
Participants were instructed to keep their regular sleep schedule,
abstain from caffeine- and alcohol-containing drinks for at least
3 d prior to and on the days of the experiments. Prior to the ex-
periment proper, participants of the Sleep group spent one habit-
uation night in the sleep laboratory. Subjects gave written
informed consent before participating and the study was ap-
proved by the local ethics committee.
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Design and procedures
The experiments were performed according to a between-groups
design, including a Sleep group and a Wake group. For each
group, the experiment consisted of an encoding phase followed
by an �10-h retention interval, followed by a retrieval phase
(Fig. 1A). The encoding phase comprised the encoding of two ex-
perimental episodes, which were separated by 1 h. The retrieval
phase included an implicit recall followed by an explicit recall
of the materials learned in the encoding phase. For subjects of
the Sleep group, the encoding phase took place between 8:15
pm and 10:45 pm, and the retrieval phase between 8 am and
9:30 am. Sixty minutes after the encoding phase, they went to
bed (lights off) for an 8-h sleep period. The retrieval phase started
60 min after awakening. For the Wake group, the encoding phase
took place between 7:15 am and 11:15 am, and the retrieval phase
between 6:15 pm and 9:15 pm. During the wake interval, the sub-
jects followed their usual activities outside the laboratory. They
were not allowed to engage in stressful mental and physical activ-
ities. Activity during the retention interval was measured by a
wristwatch (Actiwatch 2, Philips). Moreover, subjects provided a
report about their activities during this time when they returned
to the lab.

To confirm regular declarative memory benefits from sleep, a
standard paired words associate learning task (two lists of 40 word-
pairs) was used which in previous studies proved sensitive to the
effects of sleep (Plihal and Born 1997; Ngo et al. 2013). Lists
were learned to a criterion of 24 correctly recalled words (cued re-
call). In the encoding phase, one list was learned 20 min after pre-
sentation of the first episode of the episodic memory task, and the
other 20 min after presentation of the second episode. In the re-
trieval phase, cued word recall was tested 10 min after episodic
memory retrieval was completed.

Subjects were familiarized with the face stimuli used in the
episodic memory task 1 d (in two cases 2 d) before the experiment
proper, to avoid that the use of novel faces would distract the sub-
ject’s attention from the spatio-temporal features of the task. To
control for vigilance, before this familiarization phase as well as
before the encoding phase, in between the two episodes, and be-
fore retrieval testing the Psychomotor Vigilance Test (PVT, 5 min)
and the Stanford Sleeping Scale (SSS) were administered. To mea-
sure current mood, the Positive Affect Negative Affect Scale
(PANAS) (Watson et al. 1988; Krohne et al. 1996) was given before
the encoding and retrieval phases.

Episodic memory task
The encoding phase of the episodic memory task comprised the
presentation of two episodes separated by 1 h during which sub-
jects engaged in standardized activities (PVT, word-pair associates
learning, filling in questionnaires, etc.). During each episode, par-
ticipants were presented on a screen with a specific spatial config-
uration of four different faces arranged in a 3 × 3 grid of possible
locations (with the center location of the grid left always empty)
(Fig. 1A).

During the retrieval phase, implicit spatio-temporal recall
performance was assessed by eye-tracking. For this purpose sub-
jects were presented with another configuration of four faces
used in the encoding phase (see below for the specific characteris-
tics of this configuration to enable testing of implicit episodic
memory). Participants were kept unaware during encoding and
implicit recall testing that the task aimed at testing memory, but
instead were told that attention was measured, and were instruct-
ed to attend to the presented stimulus configurations.

Spontaneous preference in visual exploration times was used
as measure of memory, analogous to exploration preferences in
rats; i.e., relatively longer fixation of a new than familiar face indi-
cates item memory; relatively longer fixation of a familiar face pre-
sented at a new than at an old location indicates spatial memory,
and relatively longer fixation of a face from the first than second
episode indicates temporal memory (Ennaceur and Delacour
1988; Ennaceur and Meliani 1992; Mitchell and Laiacona 1998).
Five minutes after implicit recall, explicit recall was measured
by asking the subject successively whether a certain face occurred

in one of the two episodes, and if so in which episode and at what
grid location it occurred.

Stimuli and stimulus presentation

Stimuli were 24 colored frontal images of natural female faces
with neutral expression, placed on a white background (taken
from the FACES database [Ebner et al. 2010]). Faces were random-
ized across subjects. Only female faces were used to reduce re-
sponse variability (Penton-Voak et al. 1999).

Stimuli were presented on a monitor (ASUS Model VE248H,
24-in, 16:9, 1920 × 1080 px) and controlled using the software
Presentation (Neurobehavioral Systems, version 15.1). Subjects
sat in a comfortable position with an eye distance of �60 cm in
front of the screen, with their head leaning against an individually
adjusted headrest on the back of the chair. To improve eye-
tracking data during the episodic memory task, subjects were in-
structed not to move their head too much and to move only their
eyes for visual exploration, but not head and neck.

During the familiarization phase before the experiment
proper, subjects were presented with 16 faces (in random order)
in five separate runs, separated by 30-sec breaks. Faces were
presented one at a time with a 2-sec interstimulus interval.
Immediately after stimulus onset, the face started moving
smoothly for 1 sec (a minimum of 450 px) with the start and
stop positions randomly chosen for each face presented on the
screen. Then, the face rested for 7 sec on the stop position. One
second before onset of each stimulus, a voice (from a speaker) sig-
naled “look now” (German: “Schau mal”). Before the task, sub-
jects were instructed to merely “pay attention” to the presented
stimuli. The presentation scheme aimed to minimize any spatial
interference with the face presentation during the episodic mem-
ory task using all available presentation space. To further avoid
context interference, face familiarization took place in another
room on another screen.

On the episodic memory task, the faces were presented on a
3 × 3 grid, with the grid location designed as windows of a house.
Each episode started with indicating to the subject on the screen
the episode (“1” or “2”); then the house with “closed windows”
(gray framing without faces) was shown for 15 sec, and the subject
was to fixate with his/her eyes a cross appearing in the center
window (which was not used for face presentations). Once the fix-
ation cross was fixated for 100 msec, it disappeared. During
this time, instructions appeared on the screen, to concentrate
and to explore in which window which face appeared (German:
“Erkunden Sie, in welchen Fenstern welche Personen sind!”).
Thereafter, with a delay of 50 msec, presentation of faces started
as soon as the participant had fixated the fixation cross for 100
msec. Face presentation comprised two phases. In the “overview
phase,” all four face stimuli were shown on their respective loca-
tion simultaneously for 15 sec. In the second “eye-trigger phase,”
the four faces were covered by “closed” windows and the specific
face did not appear until the participant triggered its presentation
by looking at the respective closed window area for at least 200
msec. The triggered face was then shown in the respective win-
dow. Presentation was discontinued as soon as the subject had
looked at the respective stimulus area for a total of 7 sec (regardless
of whether or not the gaze was intermittently directed away from
the face location) which assured optimal control over the stimulus
during encoding. Presentation of each face could be triggered only
once, and the phase was completed when all four faces were dis-
covered, i.e., triggered by the participant. During each episode
the sequence of overview phase and eye-trigger phase was run
three times in an identical manner.

Implicit recall testing consisted of only one overview phase.
It involved a configuration of four familiar faces of which two
were previously presented in the first (“old–familiar”) and the
other two in the second episode (“recent–familiar”). Of these,
one was presented at the same location (“stationary”) as during
the respective encoding and the other was presented at another
(new) location (“displaced”) which was not occupied during
the respective episode at encoding. This gives rise to four stimuli
types: Old–familiar Stationary (OS), Old–familiar Displaced
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(OD), Recent–familiar Stationary (RS), and Recent–familiar
Displaced (RD). Thus, during implicit recall testing only faces
that occurred during one of the two episodes of the encoding
phase were presented, and no others. Although the face configu-
ration during implicit recall testing was randomized, there were
specific rules to position the stimuli that were mainly introduced
to minimize potentially confounding effects on exploration time
arising from the fact that a certain location could have been occu-
pied by a face in just one episode or both episodes during encod-
ing, and to exclude face-specificity of effects. Thus, the OS face was
always on a location that had been occupied during both epi-
sodes, with the face from the second episode on this location
not being used for implicit recall testing. The RS face was on a lo-
cation that was empty during the first episode. The OD face was
also on a location that was not occupied during the first episode,
but was occupied by the face chosen for RD in the second episode.
The RD face was then on a location that was not occupied during
the second episode, but was occupied in the first episode with a
face not used for implicit recall testing. Both episodes shared the
location of the OS and another location presenting a face not pre-
sented at implicit recall testing. The center location of the grid was
not used for face presentation to assure a similar distance of all fac-
es from the center. Face presentation during implicit recall testing
lasted between 30 and 60 sec, and within these margins was
stopped (with a delay of 3 sec) as soon as looking time for each
face was .3 sec for each of the four face areas.

Eye-tracking and implicit memory measurement
Eye movements were tracked using a remote system (Eye-Follower
2.0, interactive minds, tracking rate of 60 Hz on each eye).
Eye-tracking was individually calibrated before each episode and
before implicit recall testing. During calibration a colored filled
circle traveled to one of 13 different calibration points, rested on
each point until fixation of that position was detected by the eye-
tracker, and then moved to the next calibration point. During cal-
ibration, the participant also received feedback about fixation per-
formance accuracy. The calibration procedure was repeated until
the assessed accuracy and precision reached a criterion of ,0.6˚
deviation from five distributed test targets.

Eye-tracking analyses were restricted to the dominant eye
as determined by the hole-in-the-card test (Dolman method)
(Cheng et al. 2004). Fixations were detected using a 0.8˚ (30 px)
visual angle gaze deviation threshold from the Euclidean centroid
of the ongoing fixation and a minimum fixation duration of 100
msec (six samples), after removing artifacts (due to blinking, eye-
occlusion, etc.). Visual exploration time of faces was measured
based on “looks.” A look on a face was considered the time the
dominant eye was within the face’s grid location, i.e., the gray
frame surrounding a face, without leaving it. A look contained
at least one fixation. Then, the visual exploration time spent on
each face was determined by dividing the total time of all looks
on a face by the number of looks on that face. Looks were sampled
only up to the time point when all faces of the configuration had
received at least one look.

Implicit memory

For determination of implicit memory, data from the first 30 sec of
recordings were used. To reduce interindividual variability, visual
exploration time for each face was normalized by dividing explo-
ration time for the face by the sum of exploration time across all
four faces (using absolute exploration times did not essentially
change results reported here). Implicit episodic memory was de-
fined by an “episodic binding” score assessing binding, i.e., inte-
grated temporal and spatial aspects of an episode, as it manifests
itself in the interaction between spatial exploration preference
(i.e., longer exploration time for the “displaced” than “stationary”
faces) and temporal exploration preference (i.e., longer explora-
tion time for the “old” than “recent” faces). Specifically, based
on corresponding studies of behavioral exploration in rodents
(Kart-Teke et al. 2006, 2007; Inostroza et al. 2013a) this spatio-
temporal interaction is expected to expresses itself in a gain of vi-

sual exploration time for an item that is both old and displaced
(i.e., OD) which is distinctly smaller than would be expected
from merely adding up spatial and temporal main effects. The ep-
isodic binding score was calculated as follows: [(OS+RD) – (OD +
RS)]/[OS + OD + RS + RD], where OS, OD, RS, and RD represent
the visual exploration times for the old stationary, old displaced,
recent stationary, and recent displaced faces, respectively. Because
we hypothesized episodic memory consolidation produces longer
visual exploration time for the OS and RD stimuli, the scores were
defined such that values were positive for enhanced preference of
those objects. Note, this score of episodic memory binding as de-
fined by the interaction between spatial and temporal exploration
preferences reflects the integrative assessment of both spatial and
temporal information.

As an approach to infer spatial memory separate from tempo-
ral memory and vice versa, that is not reflected in the episodic
binding score, we additionally calculated two different scores.
The spatial score [(OD + RD) – (OS + RS)]/(OS + OD + RS + RD)
indicated enhanced preference of displaced (OD, RD) over station-
ary (OS, RS) faces; the temporal score [(OS + OD) – (RS + RD)]/
(OS + OD + RS + RD) indicated enhanced preference of faces
from the first episode (OS, OD) over that of the second (RS, RD).
To statistically confirm presence of memory, scores were com-
pared with chance level (zero) using two-tailed one-sample t-tests.

To examine if exploration time was influenced depending on
whether or not during the encoding phase a certain grid location
was occupied by a face in both episodes, in control analyses we
compared exploration time for faces in the second episode be-
tween those that shared (sharing) and those that did not share
(nonsharing) the location with another face in the first episode,
using the score (sharing – nonsharing)/(sharing + nonsharing).
Significance (against zero) of this “transition” score indicated
that a face of the second episode which shared its location with
a face from the first episode was preferentially explored over sec-
ond episode faces not sharing their location with a first episode
face. The analysis was restricted to the first 15-sec interval of the
second episode. Two participants (one Sleep, one Wake) were ex-
cluded from this analysis due to insufficient eye-tracking data on
all four objects.

Explicit memory recall
For explicit recall testing, all 24 faces (eight presented during the
episodes and during the familiarization phase, eight presented
only during the familiarization phase, and eight completely
novel) were presented consecutively (in random order) and the
subject had to indicate (with no time limit, by mouse clicks on re-
spective response text to questions presented on the screen)
whether the face was new or familiar (object recognition); and if
familiar, whether it occurred in the first or second episode (tempo-
ral “what–when” memory) or in none of the two episodes (i.e.,
was presented only during the familiarization phase), and wheth-
er it occurred in one of the episodes, at what grid location (spatial
“what–where” memory). For the latter question, the grid was
presented and the subject indicated the remembered location
per mouse click. For each answer, confidence (0%–100% certain-
ty) was rated immediately afterward. Subjects were trained on the
recall procedure, using a dummy face, right before testing. In a fi-
nal separate recall test, two grids were presented and the subject
was asked to indicate which grid locations were occupied by faces
during the first and second episode (spatial “where–when”
memory).

Explicit episodic memory was determined by the percentage
of faces that were correctly identified as occurring in one of the
episodes (i.e., “what”), and for which the subject also correctly
indicated the episode (i.e., “when”) and the grid location (i.e.,
“where”) it occurred, minus the locations for which the subject
in the final separate recall test had forgotten that they were occu-
pied with any face, with the number of episode faces correctly
identified as familiar set to 100%. The chance level for this score
was 2.78% (i.e., the chance to correctly recognize eight out of
16 familiar faces, one of two episodes, one of nine grid locations,
for eight faces).
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In addition, we separately assessed the “what” component of
episodic memory as the percentage of episode faces that were cor-
rectly recognized as familiar and belonging to one of the two ep-
isodes, with the number of episode faces correctly identified as
familiar set to 100%, The chance level for this score was 50.0%
(eight of a total of 16 familiar faces). A general face recognition
score was defined by the percentage of faces correctly identified
as familiar (including those eight faces not used in the episodic
memory task), with a chance level of 66.7% (16 familiar out of
24 faces). Finally, we calculated the percentage of correctly recog-
nized faces for which also the episode (“what and when”) or for
which also the location (“what and where”) was correctly recalled.
The latter two scores were calculated additionally for only the
cases where the “where” and “when” components, respectively,
were not correctly remembered. The presence of explicit memory
above chance level was assessed using one-tailed, one-sample
t-tests or a nonparametric equivalent. Confidence ratings were
not considered in the analyses.

Sleep recordings, EEG analyses, and spindles
To evaluate sleep in the Sleep group, polysomnographic record-
ings were performed, including EEG recordings from Fz, F3, F4,
Pz, P3, P4, Cz, C3, C4 (according to the 10–20 system) with linked
reference electrodes attached to the mastoids. An electrode at Fpz
served as ground. Electrode impedance was ,5 kohm. Additional-
ly, the horizontal and vertical electrooculogram and electromyo-
gram (from electrodes at the chin) were obtained. Signals were
amplified (BrainAmp, Brain Product) and digitized at a sampling
rate of 250 Hz. The EEG was filtered between 0.3 and 35 Hz.
Sleep stages were scored offline in 30-sec epochs following stan-
dard criteria (Rechtschaffen and Kales 1968). For each subject,
we determined sleep latency (with reference to lights off), total
sleep time (starting with sleep onset), time spent in different sleep
stages, i.e., wake, nonrapid eye movement (NonREM) sleep stages
1, 2, 3, and 4, and REM sleep (in minutes). Slow wave sleep (SWS)
was defined by the sum of stage 3 and 4 sleep. Data from one Sleep
subject was excluded due to corrupt EEG.

For a more fine-grained analysis of the EEG during sleep, pow-
er spectra were calculated using the Brain Vision Analyzer (version
2.0, Brain Products). Following removal of epochs contaminated
by visually identified artifacts, Fast Fourier Transformations
(0.061-Hz resolution) with a Hanning window was applied to a
10-sec data block which was moved in 5-sec steps in time during
the respective sleep stage intervals.Average spectra were calculated
across the time an individual spent in NonREM sleep (including
stage 2, and SWS) and REM sleep, and also separately for the
time spent in SWS and stage 2 sleep. Mean power was determined
for the 0.5- to 4-Hz slow wave activity (SWA), the 0.5- to 1-Hz slow
oscillation, 1- to 4-Hz delta, 4- to 8-Hz theta, 9- to 12-Hz slow spin-
dle, and the 12- to 15-Hz fast spindle frequency bands.

In addition, to determine spindle density (per 30 sec) and
counts, discrete slow and fast spindles were automatically identi-
fied during NonREM sleep (including stage 2 and SWS) using a
custom-made algorithm (SpindleToolbox, version 1.1) as de-
scribed previously in Wilhelm et al. (2011). Briefly, for each sub-
ject, the slow and fast spindle frequency peaks were visually
identified from power spectra in the channels of interest (slow,
11.14+0.16 Hz; fast, 13.37+0.13 Hz); slow spindles were detect-
ed from fronto-central channels (Fz, F3, F4, Cz) and fast spindles
from centro-parietal channels (Pz, P3, P4, Cz, C3, C4) according
to their respective expected power maxima (Mölle et al. 2011).
Then, the root mean square (RMS) of the EEG signal band-pass-
filtered in the+1.5-Hz range around the detected spindle peak
was calculated for subsequent 0.2-sec intervals separately for
each EEG channel. A spindle was counted when the signal exceed-
ed an individual amplitude threshold of 1.5 standard deviations
from the mean RMS in a specific channel for 0.5–3 sec.

Statistical analyses
Statistical testing was done using [R] (64-bit Windows version
2.15.0) (R Core Team 2012). Values are given as mean+ SEMs.

Pre-tests involved Shapiro–Wilk’s test for normality and for group
tests, and Levene’s test for homoscedasticity. To assess differences
between Sleep and Wake groups, we used Student’s t-test for equal
variances and Welch’s t-test with approximation to the degrees of
freedom for unequal variances, when normality was assumed;
otherwise we used nonparametric Mann–Whitney rank sum test
with either exact P-values, or P-values that were continuity cor-
rected in normal approximation. Cohen’s d and Pearson’s r were
used to indicate effect size for parametric and nonparametric tests,
respectively. Unless otherwise indicated P-values are reported un-
corrected for multiple comparisons. The significance level was set
to a , 0.05.
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