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Evidence suggests that memory consolidation is facilitated by sleep, both through the strengthening of existing memories and by extracting regularities embedded in those memories. We previously observed that one sleep stage, Slow-Wave sleep (SWS), is particularly involved in the extraction of temporal regularities. We suggested that this attribute can naturally stem from the time-compressed memory replay known to occur in the hippocampus during SWS. A prediction coming out of this “temporal scaffolding” hypothesis is that sleep would be especially influential on extraction of temporal regularities when the time gap between the events constituting the regularities is shortish. In this study, we tested this prediction. Eighty-three participants performed a cognitive task in which hidden temporal regularities of varying time gaps were embedded. Detecting these regularities could significantly improve performance. Participants performed the task in two sessions with an interval filled with either wake or sleep in between. We found that sleep improved performance across all time gaps and that the longer the gap had been, the smaller was the improvement across both sleep and wake. No interaction between sleep and gap size was observed; however, unlike sleeping participants, awake participants did not exhibit any further performance improvement for the long gaps following the interval. In addition, across all participants, performance for the long gaps was associated with the development of conscious awareness to the regularities. We discuss these results in light of the temporal scaffolding hypothesis and suggest future directions to further elucidate the mechanisms involved.
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INTRODUCTION

A growing body of evidence from the last two decades suggests that sleep contributes to memory consolidation (Rasch and Born, 2013). Not only does sleep stabilize and strengthen recently acquired memories (e.g., Plihal and Born, 1997), but it also seems to be contributing to the generalization of these memories to new and partly similar circumstances by helping to extract the gist and identify patterns embedded within encoded experiences (Gomez et al., 2006; Djonlagic et al., 2009; Durrant et al., 2011; Lewis and Durrant, 2011; Lerner and Gluck, 2019; Lerner et al., 2019). This sleep-induced identification of patterns can be both explicit (e.g., Wagner et al., 2004; Fischer et al., 2006) and implicit (e.g., Ellenbogen et al., 2007; Lerner and Gluck, 2018), with particular sleep stages, such as Slow-Wave sleep (SWS) or Rapid-Eye-Movement (REM) sleep, preferentially contributing to specific types of generalization depending on the cognitive task used (Lerner and Gluck, 2019).

We recently argued that a particular type of sleep-induced extraction of patterns, namely, the identification of temporal regularities, could be a natural result of physiological processes occurring in the hippocampus during SWS (Lerner, 2017; Lerner and Gluck, 2019; Lerner et al., 2019). Temporal (or sequential) regularities are those in which an event happening at time t reliably predicts another event happening at time t + T. Such regularities, we argued, might be difficult to detect when experienced during wake if participants are uninformed of their possible existence, even if they are only seconds apart, because by the time the later event occurs, the first event is no longer active in working memory. Nevertheless, the series of events containing the regularity can still be stored in the hippocampus. Substantial evidence from animal studies suggests that during SWS, recently stored episodic memories are replayed in the hippocampus at an accelerated pace, a process that contributes to memory consolidation (Rasch and Born, 2013). Such time-compressed reenactment of the original sequences of events may bring the predictor and predicted events within Hebbian timescales (see August and Levy, 1999), allowing them to be associated and for the regularity to be detected.

One prediction coming out of this “temporal scaffolding” theory of sleep (Lerner, 2017) is that the detection of temporal regularities following sleep would be more prominent when the time gap between the events constituting the regularity is not too large. This prediction stems from the fact that the effect is bound by the time-compression factor of memory replay (up to ×20 in rats; Euston et al., 2007; the factor is unknown in humans). If the events are too far apart in time, they might not be brought close enough to each other by the time-compression mechanism, making them less likely to be associated. Since the particular length and compression of each replay occurrence can vary across sleep, the shorter the gap between the events, the more likely it is that they will be replayed together, increasing the probability that the regularity to be discovered. In this study, we tested this prediction by evaluating how sleep affects performance in a task that includes temporal regularities with a varying degree of time gaps between predictor and predicted stimuli. We hypothesized that sleep (compared to control) would facilitate the detection of temporal regularities and that this effect will decrease as the time gap increases. In addition, we tested whether performance in the task with and without sleep is related to developing conscious awareness of the temporal regularities governing the stimuli.



MATERIALS AND METHODS


Participants and Design

Eighty-three healthy students from Rutgers University---Newark participated in the study for monetary compensation. Exclusion criteria included personal or family history of sleep problems, neurological or psychiatric disorders, drug or alcohol abuse, and/or intake of medications that might affect sleep. They were instructed to maintain their regular overnight sleep-time schedule and caffeine intake and refrain from alcohol consumption and daytime napping during the study. Participants were randomly assigned to either a Sleep or Wake group, with 40 and 43 participants in each, respectively. Participants in the Sleep group completed the first session of the task at 8 p.m. and the second session at 8 a.m. the following day with a regular sleep at home in between, whereas participants in the Wake group performed the first session at 8 a.m. and the second session at 8 p.m. on the same day and were allowed to carry on with their regular daily activities in between. Participants of each group were further assigned to one of two task settings, differentiating between the type of temporal pattern, or “rule,” used in the experimental task (see below). Twenty-four and 27 participants in the Sleep and Wake groups, respectively, experienced rule A, whereas sixteen participants in each group experienced rule B.1 There were no differences in gender, age and education between the Sleep and Wake groups when compared either separately for rule A and rule B, or together (independent t-tests, all ps > 0.12; see Supplementary Table 1).



Experimental Task

We used a novel version of the “Kilroy” sequence learning task (Shohamy et al., 2005; Nagy et al., 2007; Dang et al., 2020), adapted for the purpose of identifying temporal pattern recognition performance. Participants’ objective in each trial was to navigate a cartoon character, Kilroy, through a series of 5 rooms, by choosing the correct door in each room out of three possible choices (Left, Center, Right; see Figure 1A). Two of the doors in each room were locked and one unlocked. The unlocked door led to the next room, or, in the fifth room, to the exit. Choosing a locked door led Kilroy back to room 1, requiring participants to initiate the sequence from the start. Each door was associated with a unique color (15 different colors in total for each trial, randomly assigned to the three doors in each of the five rooms), to help participants remembering the sequence. Critically, unbeknownst to participants, there was a hidden consistency across trials in the location of the correct doors. For rule A, the position of the unlocked doors in the second and third rooms always matched the position of the unlocked doors in the fifth and fourth room, respectively (e.g., Right-Left-Middle-Middle-Left). For rule B, the position of the first room matched the third, and the second room again matched the fifth (e.g., Right-Middle-Right-Left-Middle). Discovering this consistency allowed participants to choose the correct door immediately upon arrival to predictable rooms (rooms 4 and 5 for rule A, rooms 3 and 5 for rule B). The location of the correct door in the remaining, unpredictable rooms was randomized for each trial.
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FIGURE 1. Details on the behavioral experiment. (A) Example of a trial in the sequential learning task. Participants guided a character throughout five consecutive rooms, each containing three colored doors. One door led to the next room (or to the exit in the 5th room) and the other two were locked. Choosing a locked door forced participants to start over in room 1. A hidden rule governed the locations of some of the correct doors, the discovery of which allowed choosing the correct door in some of the rooms immediately rather than by trial and error. Two rules were employed, with each participant exposed to only one of the rules. (B) Experimental Design. Participants were administered 2 sessions with an interval in between. The sleep group underwent session 1 at the evening and session 2 the following morning and allowed to sleep regularly in between. The wake group underwent session 1 at the morning and session 2 at the evening with no intervening sleep. In each session, participant completed the Stanford Sleepiness Scale (SSS), and 40 trials of the experimental task. In session 2 participants also completed a post-experimental questionnaire examining their conscious awareness of the hidden rule.




Procedure

The procedure is depicted in Figure 1B. Upon arrival to the lab in each session, participants completed the Stanford Sleepiness Scale (SSS; Hoddes et al., 1973), to test their sleepiness/alertness levels on a scale of 1–7 (1—fully awake and alert; 7—about to fall asleep). They then sat in a quiet room in the lab and performed the experimental task on a 15” MacBook laptop. The first trial was a practice trial. They then completed 40 experimental trials, each adhering to the hidden rule they were assigned to. Upon completion of the task, participants were released and invited back to the lab 12 h later. The same procedure repeated in the second session, but this time, upon completion of the task, participants were asked to fill in a questionnaire aimed at examining whether they have consciously identified the temporal regularities in the task. They were asked whether they noticed any patterns that helped them perform better, and, if they did, to describe those patterns. They were then given a short generation task, where they were presented with four drawing, each one depicting 5 rooms belonging to a trial in the task, with the correct answers for the unpredictable rooms marked. They were asked to mark which doors are the unlocked ones in the two predictable rooms.



Statistical Analysis

We evaluated performance in the task based on the probability to correctly choose the right door upon first arrival to each room in a trial. This measure is particularly tailored to estimate whether participants became sensitive to the hidden regularity governing the trials: Consciously identifying the regularity allows choosing the correct door of predictable rooms already on the very first attempt, whereas complete unawareness of the regularity would lead to choosing the correct door on the first attempt in only third of the cases (random chance).

We divided the data from all trials to four quartiles, two for each session (20 trials in each) and computed the average first-attempt accuracy in each quartile for each participant and room (1–5). This resulted in four datapoints for each participant and room, two before the interval and two after the interval. We defined the improvement in sensitivity to the hidden regularities as the difference in first-attempt accuracy between quartile 4 (near the end of the experiment) and quartile 2 (near the end of session 1 just before the interval). Thus, improvement was expected to be 0 for unpredictable rooms, and—potentially—above 0 for predictable rooms. We then defined a new experimental condition with 3 levels, based on the gap between the predictor and predictable room. Gaps could be either zero (room 4 in rule A, predicted by room 3); one (room 3 in rule B, predicted by room 1); or two (room 5 in both rules A and B, predicted by room 2). Data for each gap level was gathered from all relevant participants who experienced that gap. These data were entered to a linear mixed-effects model with fixed effects of Group (Sleep, Wake), Gap (0, 1, 2) and their interaction, and a random intercept. In addition, the individual SSS scores for the second session was entered as covariate to control for its potential effect on the results. Several additional follow-up analyses are described in Results.

To analyze the post-experimental questionnaire, we first determined whether each participant achieved awareness of the hidden regularities, separating between the shorter gaps (0 or 1 for rule A and B, respectively) and the longer gap (2 for both rules). We defined awareness as either: (a) achieving a perfect score in the generation task, or (b) describing the regularity perfectly, or (c) achieving a score of 75% in the generation task while describing the regularity in vague terms (e.g., “I noticed the door location was important”; “I noticed that sometimes the same location repeated room after room”). We then used a chi-square test to compare the groups in terms of their ability to reach awareness to the hidden regularities, as well as t-tests to examine whether there were differences in task accuracy between participants who achieved awareness and those who didn’t. Three participants (2 from the Sleep group, 1 from the Wake group) were excluded in this analysis due to not completing the questionnaire. Mixed models analysis was conducted in SPSS 27.0 (IBM); all remaining analysis were conducted in Matlab 2019b (MathWorks).




RESULTS

We first compared the level of alertness/sleepiness of participants between each group and experimental session, as measured by the SSS scores. Participants in the Sleep group obtained an average of M = 2.35 and M = 2.77 for Session 1 and 2, respectively, whereas participants in the Wake group had averages of M = 2.23 and M = 2.10 for the two sessions (see Supplementary Figure 1). Thus, both groups were alert in both sessions (i.e., SSS score < 3; Berry and Wagner, 2015). Independent t-tests showed that there was no difference between the groups in the first session [t(81) = 0.572, p = 0.57]; however, in the second session, the sleep group showed a somewhat higher levels of sleepiness compared to the wake group [t(79) = 2.447, p < 0.02)].2

We next turned to examine the sensitivity to hidden regularities, as defined in Methods. Group averages for each quartile and room is depicted in Figure 2, separately for rule A and rule B. As expected, for both groups unpredictable rooms (rooms 1, 2, and 3 for rule A; rooms 1, 2 and 4, for rule B) hovered around 0.33, the random chance level, with little change across quartiles (see also Figure 3, Unpredictable rooms). Predictable rooms (rooms 4, 5 for rule A; rooms 3, 5 for rule B), in contrast, yielded higher-than chance performance early on, which tended to increase with practice. To examine whether sleep preferentially contributed to the increase in performance, we compared the difference score between quartile 4 and quartile 2 as a function of Group and Gap, as described in Methods. The SSS scores of the second session, which were slightly different between the groups, were added as a covariate. A Mixed models analysis showed a significant effect of Group [F(1, 91.97) = 8.66, p = 0.004], indicating higher improvement for the Sleep compared to the Wake group, and a significant effect of Gap [F(2, 108.04) = 3.22, p = 0.044], but no interaction (p = 0.874). The SSS scores were nonsignificant as well (p = 0.832). We therefore reran the analysis without the SSS covariate. Results are presented in Figure 3 and Supplementary Tables 2, 3. Again, we found a significant effect of Group [F(1, 98.71) = 9.59, p = 0.003], Gap [F(2, 112.35) = 3.22, p = 0.031], but no interaction (p = 0.90). The variance of the random intercept was not significant either (p = 0.729; Supplementary Table 4). Bonferroni-corrected pairwise comparisons between gap levels (across groups) showed that the source of the significant gap effect was a performance improvement for gap 0 that was higher than for gap 2 (p = 0.026). To further investigate the improvement in sensitivity, we then separately compared each group and gap level to zero, the expected level of improvement when no additional sensitivity to the hidden regularities is obtained over the interval between the sessions. Planned t-tests revealed that the improvement was significantly higher than 0 in the sleep group for all three gap levels [t(23) = 4.69, p = < 0.001, t(15) = 3.43, p < 0.004, t(39) = 2.68, p < 0.02, for gaps 0, 1, and 2, respectively], as well as for gap 0 in the Wake group [t(26) = 2.19, p < 0.04]. No significant effects were found in the Wake group, however, for gaps 1 and 2 (both ps > 0.82).
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FIGURE 2. Average performance in the task for each group, room and rule, separated to quartiles 1–4 (Q1–Q4). Each quartile represents 20 trials; quartiles 1, 2 are from Session 1 and quartiles 3, 4 are from Session 2.
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FIGURE 3. Improvement in sensitivity to the hidden temporal regularities from quartile 2 to quartile 4 for each group as a function of the gap between the predictor and predicted items constituting those regularities. Results are presented alongside the performance for unpredictable rooms, for comparison.


Next, we examined whether sleep affected awareness to the temporal rule. Thirteen participants (32.5%) in the Sleep group acquired awareness to either the short- or the long-gap regularity of the hidden temporal rule in the Sleep group, whereas 16 participants (37.2%) did so in the Wake group. A chi-square test showed that this difference was not significant χ2(1, N = 80) = 0.13, p = 0.72). Similarly, there was no difference between the Sleep and Wake groups when separately examining the percentage of participants becoming aware to the regularity in the short gaps (0 or 1) or the long gap (both ps > 0.36).

We then examined whether there was any relation between performance on the task and awareness to the hidden regularities. To that end, we compared the average first-attempt accuracy in predictable rooms for quartile 4 between participants who became aware of the regularities and those who didn’t. Across all gaps, the average probability was Maware = 0.73 and Munaware = 0.61. An independent t-test showed that this effect was highly significant [t(78) = 3.906, p < 0.001]. We then repeated the analysis for the short and long gaps separately. Whereas for short gaps (0 or 1) there was no difference between the groups (Maware = 0.86 and Munaware = 0.83, p = 0.52), for the long gap (2) the difference was, again, highly significant [Maware = 0.64 and Munaware = 0.40; t(78) = 6.079, p < 0.001; Figure 4]. Hence, whereas high sensitivity to hidden temporal regularities over short gaps could be achieved either with or without conscious awareness of these regularities, high sensitivity to regularities over the long gap was strongly associated with becoming aware of them.
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FIGURE 4. Average performance in quartile 4 for participants who became aware of the hidden regularities compared to participants who did not become aware of the regularities. Results are presented separately for the shorter gaps (0, 1) and the longer gap (2). Individual values for each participant are presented as colorful dots, separately for the Sleep and Wake groups. A small jitter was added to the dots to allow easier visual separation. ***p < 0.001.


Finally, we examined whether general memory function in the task, independent of temporal pattern recognition, was affected by sleep. To that end, we calculated the probability of making “good choices” in a trial (house) out of the total number of choices made in that trial. A good choice was defined as choosing any door in a room that has not been previously discovered to be locked (i.e., with perfect memory no locked door will ever be chosen more than once). The number of good choices was aggregated over all doors and rooms for each house and divided by the total number of choices for that house, yielding a probability score for that trial. We found that for both groups, memory performance was high across the experiment with averages of Msleep = 0.9700 and Mwake = 0.9713. To evaluate the effect of sleep, we computed for each participant the difference in the average probability scores between quartile 4 and 2, similar to the metrics used for assessing temporal patterns learning. These measures were then compared between the two groups using an independent t-test. Results showed that there was no difference between the two groups [t(81) = 0.398, p = 0.69; Msleep = 0.0008 and Mwake = –0.0010], indicating that sleep did not improve general memory function in the task. This result held when repeating the analysis using only the rooms that were not predictable by the temporal pattern [rooms 1, 2, and 3 for rule A; rooms 1, 2, and 4 for rule B; t(81) = 0.0203, p = 0.83].



DISCUSSION

In this study we tested how sleep affects the discovery of hidden temporal regularities as a function of the time gap between the events constituting those regularities. Our main findings were that, first, independent of sleep, hidden regularities are discovered more easily when gaps are small; and second, that sleep improves the discovery of these regularities for all gaps, and to the same degree. Nevertheless, we also found that for the longer gaps, no additional sensitivity is gained when returning to the task after a wake interval, whereas additional improvement is observed following sleep (Figure 3, Gaps 1, 2). Moreover, conscious awareness to the hidden regularities was associated with performance only for the longest gap, suggesting that while good performance for shorter gaps could have been achieved with or without awareness to the regularity, conscious awareness significantly contributed to performance on the long gap. It is therefore possible that the effect of sleep on performance for this gap could have resulted, at least partially, from gaining explicit insight into the hidden regularity, though more data should be collected to support this conjecture directly. Finally, we found that sleep did not aid general memory function in our task—though, admittedly, that could have resulted from a ceiling effect due to the high memory performance achieved even without sleep.

As a whole, our results are consistent with the temporal scaffolding hypothesis that guided the study, despite not observing an interaction between sleep and gap size. The hypothesis proposes that: (a) when the temporal difference between hidden predictor and predicted events is very short (within Hebbian timescale, i.e., < 200 ms; August and Levy, 1999), good detection of the regularity will be achieved both with and without sleep; (b) with longer temporal differences, wake performance is reduced and thus the effect of sleep will increase; and (c) with still longer temporal differences, sleep performance is reduced as well and thus the effect of sleep will diminish. In other words, the hypothesis suggests that there is a sweet spot for temporal differences where the effect of sleep is maximal. In this study, we did not use very short temporal differences (even a gap of 0 represents about ∼2 s on average between predictor and predicted events) and thus we only expected to see the latter two effects, namely, performance that begins to diminish in the wake condition for earlier gaps, followed by diminishing performance in the sleep condition for larger gaps. While we observed the expected reduction in performance in the Wake group as gaps increased, the effect of sleep, though reducing as well, maintained a similar advantage over wake throughout. The most likely explanation is that we did not use a sufficiently large gap in which the sleep effect is reduced toward 0; alternatively, our statistical power may not have been strong enough to detect subtle effect differences between the gaps. A follow-up study could extend the gap range in both directions, employing both very short and very long gaps, which could potentially capture the full variety of the predicted results.

Our results are also consistent with previous findings from human sleep studies showing that sleep—particularly SWS—facilitates implicit and explicit detection of temporal regularities (e.g., Wagner et al., 2004; Fischer et al., 2006; Yordanova et al., 2008, 2012; Durrant et al., 2011, 2013, 2016; Wilhelm et al., 2013; Lerner and Gluck, 2018). Among those, the strongest evidence for a sleep-induced facilitation in conscious detection of hidden temporal regularities comes from those studies using the Number Reduction Task (NRT; Wagner et al., 2004; Yordanova et al., 2008, 2012) which effectively employed gaps of around 6–7 s on average (Yordanova et al., 2008) between the crucial predictor and predicted events. In our case, the longest gap effectively corresponded to approximately 6–7 s as well (the average time it takes participants to move from room 2 to 5) and was the only condition in which performance was associated with conscious awareness of the hidden regularity. This result is thus consistent with the previous studies and highlights the (still hypothetical) possibility that sleep is especially useful in increasing explicit awareness to unexpected patterns when those patterns span at least several seconds. While we did not find a difference between the Sleep and Wake groups in the prevalence to become aware of the long-gap regularity, it should be noted that we only examined awareness of regularities at the end of the experiment; consequently, we cannot determine whether awareness had been gained before or after the break. Future studies should measure awareness both before and after the interval (cf. Yordanova et al., 2008) to clarify if sleep indeed contributes to the conscious awareness of the long gap regularity, as was found in the NRT paradigm.

Our study has several limitations. First, we modulated sleep using the AM/PM vs. PM/AM procedure, which does not preclude time-of-day-effects stemming from circadian differences between the groups. Previous human studies of memory generalization following sleep differed in their conclusion on whether effects could be attributed to circadian differences or not (e.g., Durrant et al., 2011; Tandoc et al., 2021). We partially controlled for these differences by measuring participants’ sleepiness prior to each session using the SSS. While both groups exhibited alertness (average SSS score < 3; Berry and Wagner, 2015) in each session, the Sleep group did score slightly higher than the Wake group before session 2. However, if anything, that result should have worked against our hypothesis. Moreover, the SSS score did not modulate our results when entered as a covariate in the analysis. A stronger control, however, would include a third group measured at 8 p.m. and then 24 h later (e.g., Tandoc et al., 2021), to verify if the effects of sleep hold when testing times are similar to the Wake group. Another possible control is using a nap paradigm instead of overnight sleep, where both groups experience the task at identical times.

A second limitation of our study is that we did not collect physiological measures of sleep. Such data provides the opportunity to associate a variety of relevant sleep indices (e.g., time spent in SWS, amplitude of slow waves, spindle density, and so on) to the behavioral findings and thus learn more about the mechanisms contributing to the effects. We plan to pursue this line of investigations in future studies.

To conclude, we found that the likelihood to detect hidden temporal regularities embedded in experience decreases as the time gap between the events constituting these regularities increases, with long gaps—but not short gaps—benefiting from explicit awareness to the regularities; and that sleep increases this likelihood for all gaps. Future studies can build on these findings to establish in more detail what sleep-dependent mechanisms contribute to the effects, as well as add additional controls to strengthen the results.
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FOOTNOTES

1The number of participants receiving each rule differed due to unforeseen circumstances when running the study; however, as described later, we were not interested in the different rules per se but, rather, in specific experimental conditions extracted from both rules.

2Two participants in the wake group had missing SSS scores for their second session, hence the reduction in degrees of freedom.
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