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Throughout history, psychologists and philosophers have proposed
that good sleep benefits memory, yet current studies focusing on
the relationship between traditionally reported sleep features (e.g.,
minutes in sleep stages) and changes in memory performance show
contradictory findings. This discrepancy suggests that there are
events occurring during sleep that have not yet been considered.
The autonomic nervous system (ANS) shows strong variation
across sleep stages. Also, increases in ANS activity during waking,
as measured by heart rate variability (HRV), have been correlated
with memory improvement. However, the role of ANS in sleep-
dependent memory consolidation has never been examined. Here,
we examined whether changes in cardiac ANS activity (HRV) dur-
ing a daytime nap were related to performance on two memory
conditions (Primed and Repeated) and a nonmemory control con-
dition on the Remote Associates Test. In line with prior studies, we
found sleep-dependent improvement in the Primed condition com-
pared with the Quiet Wake control condition. Using regression
analyses, we compared the proportion of variance in performance
associated with traditionally reported sleep features (model 1) vs.
sleep features and HRV during sleep (model 2). For both the
Primed and Repeated conditions, model 2 (sleep + HRV) predicted
performance significantly better (73% and 58% of variance
explained, respectively) compared with model 1 (sleep only, 46%
and 26% of variance explained, respectively). These findings present
the first evidence, to our knowledge, that ANS activity may be one
potential mechanism driving sleep-dependent plasticity.
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Sleep has been shown to facilitate the transformation of recent
experiences into stable, long-term memories (i.e., consolida-

tion), and specific electrophysiological sleep features have been
implicated in this process (1). For example, minutes spent in slow
wave sleep (SWS) and the number of sleep spindles [transient
neural events in nonrapid eye movement (NREM) sleep, 12–15 Hz]
in a posttraining sleep period correlate with the magnitude of ex-
plicit memory improvement [e.g., conscious, episodic memories
(2, 3)]. Minutes in rapid eye movement (REM) sleep, on the other
hand, are associated with improvements in implicit memory [e.g.,
unconscious, priming, procedural skills (4, 5)]. However, recent
reviews and meta-analyses of the literature report inconsistencies in
these findings (6, 7), suggesting that there may be unexplored fac-
tors critical to sleep-dependent memory consolidation.
One possible influence that has received little attention in the

sleep and memory literature is the autonomic nervous system
(ANS). This lack of attention is somewhat surprising, considering
that the literature describing ANS modulation of memory during
wake is well established (8). Studies have found that memory
storage of new information can be enhanced or impaired by di-
rectly modifying the activity of peripheral hormones following
acquisition (9, 10). Peripheral activity has been purported to affect
memory consolidation via vagal afferent nerve fibers, which
communicate information about ANS excitation and arousal via
projections to the brainstem, which then project to memory-related
areas, including the amygdala complex, hippocampus, and pre-
frontal cortex (PFC) (11). Descending projections from the PFC to
autonomic/visceral sites of the hypothalamus and brainstem create

a feedback loop allowing for bidirectional communication between
central memory areas and peripheral sites (12–14) (Fig. 1).
Accordingly, vagus nerve lesions have been shown to impair

memory (15, 16). In rats, pairing vagal nerve stimulation with au-
ditory stimuli has been shown to reorganize neural circuits (17) and
strengthen neural response to speech sounds in the auditory cortex
(18). Also, vagal stimulation has been shown to boost neural rep-
resentations of paired movements in the motor cortex (19) and to
enhance extinction learning of fear memories (20). In humans, vagal
nerve stimulation during verbal memory consolidation enhances
recognition memory (21, 22). Together, these findings highlight
vagal activity as a possible factor influencing plasticity during waking
memory consolidation, yet the role of autonomic activity for sleep-
dependent memory consolidation has not been examined.
During sleep, fluctuations in ANS activity are traditionally mea-

sured using heart rate variability (HRV), defined as the variance
between consecutive heartbeats [RR interval (23)]. Prior studies have
established that parasympathetic/vagal activity is associated with the
high-frequency component of HRV [HF HRV; 0.15–0.40 Hz (23)].
During SWS sleep, studies have reported a reduced heart rate (i.e., a
lengthening of RR intervals) coupled with a reduction in overall
cardiac ANS activity and a dominance of parasympathetic/vagal ac-
tivity (HF HRV) compared with wake and REM (24). In addition,
REM sleep shows both greater total ANS activity and higher para-
sympathetic/vagal activity compared with wake and SWS sleep (25).
Waking HF HRV has been associated with cognitive perfor-

mance, particularly for tasks that rely on PFC activity (26). Higher
resting HRV is associated with better working memory (27, 28),
sustained attention (29), and efficient attentional control (30).
Using functional magnetic resonance imaging, Lane et al. (31)
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measured HF HRV during retrieval of emotional memories and
reported a positive correlation with activity of the medial PFC.
In contrast, decreased resting HF HRV is associated with poor
cognitive function and maladaptive emotional processing (14, 26).
Until now, no studies have investigated the role of HRV during
sleep for memory consolidation.
Here, we investigated the contribution of the ANS for sleep-

dependent memory consolidation by examining postnap performance
changes on the Remote Associates Test (RAT) (32), a task in which
subjects are given three words and are asked to identify a fourth
word that can be associated with the first three words. The RAT
measures creative processing and is associated with PFC activity
(33). Furthermore, distinct memory manipulations of the RAT have
been shown to rely on REM sleep (4). We tested two different types
of memory conditions adopted from Cai et al. (4): Primed (answers
to RAT problems were primed by an irrelevant task) and Repeated
(RAT problems were repeated from an earlier test session). In the
Novel condition, neither problems nor answers were seen before
test. Cai et al. (4) tested three groups, Quiet Wake, NREM nap,
and NREM +REM nap, on three RAT conditions. Performance in
all groups did not change in the Novel condition compared with
baseline, whereas it improved in the Repeated condition. However,
only the group with REM sleep improved in the Primed condition.
In the current study, we repeated this experimental design to in-
vestigate the relative contributions of sleep and HRV during sleep
to these memory benefits. We specifically examined sleep features

previously associated with memory consolidation, including minutes
in REM, minutes in SWS, and sleep spindles. For HRV, we focused
on the HF HRV component, which has been associated with PFC-
related cognition (34, 35). Given the prior literature on autonomic
influences on memory consolidation, and the role of REM sleep for
performance improvement on this task, we hypothesized that HF
HRV activity during REM sleep would be associated with improved
RAT performance in the Primed condition, compared with the
Repeated and Novel control conditions.

Results
HRV During a Daytime Nap Is Similar to Nocturnal Sleep. Sleep
and HRV parameters during the nap are reported in Tables S1 and
S2. HRV fluctuations across the nap resembled prior reports of
cardiac ANS activity across nocturnal sleep stages (25, 36). Repeated
measures ANOVAs indicated significant differences in total HRV
spectral power across sleep stages [F(3,63) = 7.78, P < 0.01, partial
eta squared (η2p) = 0.27]. Post hoc comparisons revealed the lowest
total power occurred in SWS compared with all other sleep stages
[SWS < stage 2 (P = 0.001), < REM (P = 0.001)]. REM sleep
showed the highest total power, which was significantly greater than
SWS (P < 0.001). Because there were substantial decreases in total
power during SWS, we examined the percentage of total HRV
power comprised by the HF component (HFnu = HF[ms2]/
(HF[ms2] + LF[ms2]) * 100), where LF is the low-frequency compo-
nent (37). Here, we discovered that substantial changes also occurred
in the normalized HF HRV component [F(3,63) = 12.04, P < 0.001,
η2p = 0.36], with greatest normalized HF HRV during SWS compared
with stage 2 (P < 0.003), REM (P < 0.001), and prenap wake
(P = 0.05). Additionally, there was higher normalized HF HRV
during stage 2 compared with REM (P = 0.045), but not compared
with prenap wake (P= 0.10). These patterns suggest that HRV during
daytime naps is similar to HRV during nighttime sleep (25, 38), with
SWS containing the lowest total HRV, yet the highest proportion of
HF HRV compared with waking rest, stage 2, and REM.

RAT Performance.
Baseline performance. We first compared baseline scores between
groups, but found a nonsignificant difference [t(54) = 1.76, P = 0.08].
Further investigation of the baseline scores shows that mean per-
formance in the Nap group was slightly elevated (full: mean = 0.42,
partial: mean = 0.45; Table 1). This elevated performance in
nappers was likely due to random error, because the mean per-
formance scores at baseline in the Quiet Wake (QW) group and
the Novel condition for both nappers and QW subjects were similar
(mean scores ∼ 0.35) (Fig. 2).
Naps with REM and SWS benefit primed memory performance: Full
sample. Next, we used a multivariate ANOVA (MANOVA) with
group (Nap and QW) as the independent variable; performance
(proportion correct at PM) in Novel, Primed, and Repeated condi-
tions as dependent variables; and baseline performance as a co-
variate. This analysis revealed a significant effect of group [F(3,51) =
6.57, P = 0.001, η2p= 0.28]. In line with Cai et al. (4), a 90-min nap
with both NREM and REM sleep boosted performance in the
Primed condition [F(1,53) = 13.63, P = 0.001, η2p = 0.20] above QW.
No group differences were found in the Repeated [F(1,53) = 0.01,
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Fig. 1. Central nervous system memory-related areas and autonomic control
of the heart. ANS fibers from major organs in the periphery, including the
heart, innervate the brainstem at the nucleus of the solitary tract (NTS). The
brainstem connects with the thalamus, hypothalamus, and other memory-
related areas, including the hippocampus, amygdala, and PFC. Descending
projections from the PFC to the hypothalamus and brainstem create a feed-
back loop facilitating the modulation of peripheral activity by the central
nervous system, including HRV. Lines denote bidirectional connections, and
arrows denote monodirectional projections. Note that, for clarity, we only
show a partial representation of the central autonomic network in the current
figure. RVLM, rostral ventrolateral medulla. Adapted from ref. 12.

Table 1. Behavioral performance on the RAT: Proportion correct

Condition QW, n = 21 Nap, full, n = 35 Nap, partial, n = 17

Baseline 0.35 ± 0.18 0.42 ± 0.15 0.45 ± 0.15
Novel 0.34 ± 0.19 0.34 ± 0.18 0.36 ± 0.20
Primed 0.26 ± 0.13 0.47 ± 0.21 0.51 ± 0.19
Repeated 0.40 ± 0.22 0.48 ± 0.16 0.51 ± 0.15

Nap (full) represents the whole Nap sample. Nap (partial) represents the subset
of nap subjects used in the regression analyses. Data are reported as mean ± SD.
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P = 0.92, η2p < 0.01] or Novel [F(1,53) = 0.87, P = 0.36, η2p = 0.02]
condition. Interestingly, we noted that compared with baseline per-
formance, the QW group showed a decrease in performance in the
Primed condition [t(20) = −2.63, P = 0.02], an increase in performance
in the Repeated condition [t(20) = 2.06, P = 0.05], and no difference in
the Novel condition [t(20) = −0.09, P = 0.93]. We hypothesize that the
decreased Primed performance may be related to an inability in
the QW group to disengage from the associations that were set up by
the analogies task, which impaired their ability to generate new as-
sociations to the primed words in the RAT task. However, more
research is required to tease apart this result. Additionally, the in-
crease in the Repeated condition is consistent with previous findings
and supports the notion that incubation of previously exposed prob-
lems may be sufficient to facilitate consolidation (4).
Naps with REM and SWS benefit primed memory performance: Partial
sample. Due to the restrictions of HRV calculations (SI Materials
and Methods), we could only conduct regressions on a subset of
subjects (17 nappers). To ensure similar performance profiles as the
full sample, we tested performance differences in this partial sample.
First, we found similar nonsignificant, yet trending, baseline differ-
ences between nappers and QW in the partial sample [t(36) = 1.85,
P = 0.07]. Next, we used a MANOVA on group (Nap and QW) and
performance (proportion correct at PM) in Novel, Primed, and
Repeated conditions, again controlling for baseline performance.
This analysis revealed a significant effect of condition [F(3,33) = 6.66,
P = 0.001, η2p = 0.38]. Similar to the full sample, analyses revealed a
90-min nap with both NREM and REM sleep boosted performance
in the Primed condition [F(1,35) = 16.08, P < 0.001, η2p= 0.31] above
QW. Neither the Repeated condition [F(1,35) = 0.04, P = 0.84,
η2p= 0.001] nor the Novel condition [F(1,35) = 0.79, P = 0.38, η2p =
0.02] differed for nappers and QW.
HRV during Quiet Wake is not associated with performance. No signifi-
cant correlations were revealed between HF HRV in the Quiet
Wake condition and performance [Novel: Pearson correlation co-
efficient (r) = −0.17, P = 0.48; Primed: r = −0.28, P = 0.23; Re-
peated: r = 0.006, P = 0.98].
Sleep and HRV do not predict novel performance. Using a regression
framework, we examined the amount of performance change
(computed as proportion correct PM − proportion correct AM/
proportion correct AM * 100; Table 2 and SI Materials and
Methods) in each condition accounted for by the sleep predictors
in model 1, as well as the sleep and HRV predictors in model 2.
Bivariate relationships between each predictor and the outcomes
are reported in Table S3. For the Novel condition, sleep variables
did not significantly predict performance in model 1 [F(3,13) = 0.89,
P = 0.47]. After adding the HRV variables in model 2, this model was
still not significant [F(5,11) = 1.86, P = 0.18; Fig. 3A and Table S4].
These results agree with and extend previous findings demonstrating
that native creative abilities are not modulated by sleep (4) or
HRV during sleep.
Sleep and HRV predict primed performance. For the Primed condition,
the set of sleep variables in model 1 accounted for 46% of the
variance in postnap performance [adjusted (Adj) R2 = 0.46, F(3, 13) =
5.47, P = 0.012; Fig. 3], with REM minutes (β = −0.55, P = 0.01)
and sleep spindles (β = 0.51, P = 0.02) emerging as significant pre-
dictors, whereas time spent in SWS was not a significant predictor
(β = −0.06, P = 0.77; Table S4). When we added the HRV variables

in model 2, the variance accounted for by the model significantly
increased from 46% to 73% [Adj R2 = 0.73, F(5,11) = 9.76, P = 0.001],
with REM minutes (β = −0.51, P = 0.007) remaining a strong pre-
dictor, as well as HF HRV during REM (β = 0.51, P = 0.006; Fig.
3B). After accounting for ANS activity, sleep spindles decreased in
significance (β = 0.32, P = 0.063). Interestingly, REM minutes were
negatively related to performance in both model 1 (sleep variables)
and model 2 (sleep and HRV variables). In contrast, higher HF
HRV during REM predicted better performance. We further ex-
plored this apparent inverse relationship between HRV and REM
sleep by testing if these factors are inversely related to each other
using a Pearson correlation coefficient. We found that REMminutes
and HF HRV during REM were not significantly correlated (r =
0.01, P = 0.99), which suggests independence between these two
variables. These findings demonstrate a role for ANS activity
during sleep in predicting memory consolidation and suggest sep-
arable contributions from sleep and HF HRV during sleep for
sleep-dependent memory consolidation.
Sleep and HRV predict repeated performance. In the Repeated condi-
tion, model 1 (sleep variables) accounted for a marginally signifi-
cant amount (26%) of the variance in performance [Adj R2 =
0.26, F(3, 13) = 2.89, P = 0.08], with sleep spindles as the only
significant contributor to this model (β = 0.47, P = 0.05).
However, model 2 (sleep and HRV variables) significantly
increased the variance explained to 58% [Adj R2 = 0.58, F(5,11) =
5.47, P = 0.009]. Here, sleep spindles were no longer a significant
contributor (β = 0.24, P = 0.24). Instead, HF HRV during REM
was a predictor (β = 0.54, P = 0.02). Again, similar to the Primed
condition, greater HF HRV during REM was associated with
better performance. Our model 1 result is consistent with previous
literature implicating sleep spindles as a marker of explicit memory
consolidation (39). However, model 2 suggests HF HRV may be an
even better predictor of explicit memory improvement, implicating
previously unidentified avenues of research into how autonomic
fluctuations interact with known markers of sleep-dependent plas-
ticity. Interestingly, here and in the study by Cai et al. (4), sleep and
quiet wake both contributed to increased performance in the Re-
peated condition. It is therefore possible that two parallel mecha-
nisms may facilitate performance improvement in the explicit
memory condition, one during a quiet wake episode involving re-
hearsal or rumination on the RAT items, and the other involving
memory reactivation processes during sleep. This idea is consistent
with the hypothesis that declarative memories consolidate in an

Table 2. Behavioral performance on the RAT: Percent change

Condition QW, n = 21 Nap, full, n = 35 Nap, partial, n = 17

Novel 3.66 ± 56.21 −13.36 ± 51.66 −17.91 ± 39.60
Primed −4.81 ± 46.76 20.22 ± 70.39 26.71 ± 68.82
Repeated 11.89 ± 40.73 17.61 ± 33.23 17.84 ± 31.55

Nap (full) represents the whole Nap sample. Nap (partial) represents the subset
of nap subjects used in the regression analyses. Data are reported as mean ± SD.

Fig. 2. Sleep boosts performance in the Primed condition on the RAT. Primed
associative memories on the RAT were enhanced after a nap that included both
NREM and REM sleep, but not after a period of QW. No improvement was seen
the Nap group in the Novel or Repeated condition compared with QW, al-
though in the Repeated condition, the Nap group nominally performed better
than the QWgroup. Note that these results are in line with previous research (4).
Error bars represent ±1 SEM. Asterisks represent significance at P < 0.05.
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opportunistic manner (40), such as in times of low external input
(i.e., during a quiet wake period or during sleep), as has been shown in
auditory tone sequence learning (41), visual search (42), and pursuit
motor tasks (43). In contrast, some nondeclarative information, such
as our Primed condition here, mainly rely on sleep processes (5, 44,
45). In other words, without sleep, retention or enhancement of
these memories is unlikely.

Discussion
Here, we present the first evidence, to our knowledge, that the ANS
plays a significant and substantial role in associative memory con-
solidation during sleep. We showed that vagally mediated ANS
activity during sleep (i) is associated with the consolidation of im-
plicit and explicit information and (ii) is stage specific. Additionally,
the combination of sleep features and HF HRV during REM sleep
accounted for up to 73% of the variance in associative memory
enhancement. Although SWS was not a significant predictor of
performance, sleep spindles contributed to performance benefits in
model 1 in both Primed and Repeated conditions, and this result
extends previous research implicating sleep spindles in explicit
verbal memory consolidation (3, 46) and suggests a role for
spindles in predicting implicit memory performance (47) as well.
However, after the addition of HF HRV in model 2, the con-
tribution of sleep spindles was reduced in both Repeated and
Primed models. In fact, HF HRV during REM was the only
consistent predictor across both models. Specifically, HF HRV
during REM sleep was a positive predictor of RAT performance
in the Primed and Repeated conditions, whereas time spent in
REM sleep was negatively associated with Primed memory
performance. We did not find a relationship between ANS

activity during wake and any of the memory conditions, or with
ANS activity during sleep and the Novel condition, suggesting a
specific effect of ANS activity with sleep-related consolidation and
not with a general improvement of creative ability. Together, these
findings demonstrate a role for ANS activity during sleep in pre-
dicting memory-related associative processing and highlight a disso-
ciation between time spent in REM sleep and vagal activity during
REM sleep for sleep-dependent, associative memory consolidation.
Indeed, REM sleep was a negative predictor for Primed perfor-

mance. This result could be related to several factors. Some subjects
had atypically long durations of REM sleep. On average, a 90-min
nap will typically comprise about 15–20 min of REM sleep (5, 48,
49). REM varied greatly across our subjects (1.5–38.5 min). Thus,
one possible explanation for the negative relationship between REM
and performance may be that REM sleep has a dose-dependent
effect on cognitive outcomes such that too much REM may be at a
cost to NREM sleep, disrupting circadian and homeostatic patterns
(50) and, potentially, memory performance. One way to test this
hypothesis would be to manipulate the timing of the nap to modu-
late the duration of REM sleep experimentally (e.g., early morning
naps vs. late afternoon naps) and compare performance across these
different nap conditions. Another explanation that lends itself to the
current data is that increased REM sleep was associated with in-
creased forgetting, and therefore worse memory, in the Primed
condition. Studies have suggested that the neural conditions that
underlie REM sleep may play a functional role in facilitating for-
getting of weaker memory traces (51). In the current dataset, asso-
ciations initiated during the analogy task may have instantiated
weaker memories that were downscaled during REM sleep (52),
resulting in the inverse relationship between REM sleep and per-
formance indicated in the current study. Other experimental tech-
niques, such as intracranial recordings in humans to assess
electrophysiological events like pontine-geniculate-occipital waves
during REM sleep (53), may be necessary to reveal relationships
between complex performance outcomes and underlying neural
mechanisms. Taken together, the negative relationship with per-
formance suggests that there may be several heretofore unconsidered
factors responsible for REM-dependent memory consolidation.
Despite the negative association between time in REM and

performance, naps with NREM and REM sleep were favorable for
using primed words to solve creative problems, which is in line with
our prior work (4); in both studies, these naps provided ∼40%
improvement in the Primed condition compared with the Novel
condition. It is also important to note that the regression analyses
revealed that REM sleep accounted for a greater amount of var-
iance compared with all other sleep features. This result suggests
that REM sleep offers a unique opportunity for highly associative
processing. Creativity and associative thinking have been thought
to require the formation of “associative elements into new com-
binations, which either meet specified requirements or are in some
way useful” (32). This leap away from existing associations has
been hypothesized to require changes to memory that involve the
disintegration of existing schemas to ignite new and useful com-
binations (54). REM sleep may facilitate schema disintegration
due to its highly associative nature. In the current study, REM
sleep may have facilitated subjects’ ability to break the schematic
relationship between words presented as analogies and enhanced
their ability to use the analogy answers in a new and useful way to
complete the unrelated RAT problems. In contrast, without sleep,
subjects may have had difficulty in breaking with the associations
set up by the analogies task, and thus showed decreased ability to
use the primed words in the subsequent creativity task.
This highly associative nature of REM sleep is likely supported by

related increases in plasticity-related neuromodulators during
REM. The neuromodulator profile of REM sleep reveals a pow-
erful boost in acetylcholine, combined with a diminished role of
norepinephrine and serotonin (55). In fact, REM sleep has been
shown to have the highest levels of cortical acetylcholine compared
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Fig. 3. Proportion of variance in associative memory improvement accounted
for by sleep and autonomic activity during sleep. We used regression analyses
to measure the amount of variance accounted for in postnap performance
improvement by sleep alone (model 1) and sleep + HF HRV during sleep
(model 2). (A) The Novel condition showed no benefits from a nap (Fig. 2), and
neither model accounted for a significant amount of variance in performance
(model 1: Adj R2 = −0.02, P = 0.47; model 2: Adj R2 = 0.21, P = 0.18; negative
variance indicated by counterclockwise angle meter). (B) In the Primed con-
dition, which showed significant increases in postnap performance, autonomic
activity played a significant role in sleep-dependent consolidation. Specifically,
sleep alone (SWS minutes, REM minutes, and sleep spindles) significantly
predicted improvement (model 1: Adj R2 = 0.46, P = 0.01), but sleep plus HF
HRV predicted a greater amount of behavioral change (model 2: Adj R2 = 0.73,
P = 0.001). (C) In the Repeated condition, sleep alone predicted a portion of
performance change (model 1: Adj R2 = 0.26, P = 0.07), whereas sleep + HF
HRV significantly increased the amount of variance accounted for in perfor-
mance change (model 2: Adjusted R2 = 0.58, P = 0.009).
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with active wake, quiet wake, and NREM sleep (56–59). Acetyl-
choline allows for induction and maintenance of long-term poten-
tiation (60, 61), which is considered a possible mechanism of
synaptic plasticity in implicit learning (62). This period of high
plasticity and low sensory input (sleep) may situate REM sleep as a
brain state optimized for making connections between disparate
ideas, which is a principal definition of creativity (32).
Importantly, animal studies have shown that stimulating

the vagus nerve leads to a release of plasticity-related neuro-
modulators in the brain, including acetylcholine and norepineph-
rine (63). Release of these neuromodulators has been assumed to
underlie the augmentation in learning associated with vagal nerve
stimulation during wake (17, 19, 21). Furthermore, central-acting
cholinergic antagonists have been shown to block vagus nerve en-
hancement of neural synchronicity and plasticity effectively (63).
However, no vagal nerve stimulation studies in humans or animals
have investigated vagal stimulation in brain states outside of wake.
Our study suggests that REM sleep, a period of high acetylcholine
(but low norepinephrine) and vagal activity, may be a brain state
optimally positioned to enhance plasticity. In this view, HRVmay be
a proxy measure of the level of these ongoing plasticity processes.
The current results complement the neurovisceral integration

model (12, 14), which posits that constant dialogue between cardiac
and central brain structures (e.g., PFC, amygdala), via vagal affer-
ents, modulates cognitive and emotional processing (14, 35).
Indeed, during wake, the PFC integrates sensory, limbic, and
autonomic information (64), and HRV is proposed to be an index of
this activity (35). We believe that the consideration of sleep within
this framework of sleep-dependent consolidation of long-term
memories via hippocampal-PFC dialogue could be an important
addition to this model (Fig. 1). Specifically, during REM sleep, the
PFC shows increased neural activity compared with other sleep
stages (65). Additionally, the interactions between medial PFC and
the hippocampus during offline consolidation periods seem to play a
critical role in the integration and reorganization of new information
into preexisting knowledge networks (66). Further, during REM
sleep, there is an increase in overall cardiac autonomic activity (24)
accompanied by an increase in central control of cardiac regulatory
patterns compared with NREM sleep (67). This pattern of activity
leads us to speculate that central or peripheral conditions that affect
HRV may also influence memory consolidation during sleep, and
HF HRV may be an index of these processes.
One primary limitation of this study is the reduction in subject

numbers for our regression analyses due to HRV methodological
constraints. Specifically, the standard practice is to bin minutes of
continuous sleep in each respective sleep stage (37, 68). Previous
work from our group has shown that in daytime naps, 5-min bins
produce a reliable measure of HRV across nap periods with similar
HRV profiles to nighttime sleep (38). Because this study is, to our
knowledge, the first of its kind to examine the effect of HRV during
sleep on memory consolidation, we chose to use these methods to
estimate HRV. Due to the large amount of sleep transitions present
in a daytime nap, this approach limits the total amount of data
available for the regression analyses. Specifically, subjects may have
SWS or REM sleep in their nap, allowing us to include them in the

behavioral analyses; however, 5 min of undisturbed sleep in each
sleep stage is not as common in daytime naps and confines the total
sample considerably. To retain more statistical power, future studies
should explore these relationships in a nocturnal sleep paradigm.
Another drawback of the current study is the lack of NREM-only
naps available for analysis (n = 8). As such, we were unable to ex-
amine the added benefit of REM sleep directly and reliably above
and beyond NREM sleep only. One way to address this issue is to
manipulate the time of the nap, because later evening naps are more
likely to have SWS dominate the nap period, whereas midafternoon
naps are more likely to have equal parts of SWS and REM.
In summary, the current study presents a novel research di-

rection in which both central and peripheral states are considered
when examining memory consolidation during sleep. We propose
that during sleep, the central nervous system and ANS commu-
nicate bidirectionally and that the neural dynamics of the REM
brain combine with increased parasympathetic activity to create
an optimized internal environment, specific to REM sleep, that
promotes creative associative memory processing.

Materials and Methods
Eighty-one healthy, nonsmoking participants (age = 21.79 ± 3.29 y, 31 females)
with no personal history of neurological, psychological, or other chronic illness
provided informed consent, which was approved by the University of Cal-
ifornia, Riverside Human Research Review Board. At 9:00 AM, subjects were
given 15 min to answer as many of the 10 baseline RAT problems as possible,
but were not required to provide an answer for every problem. For each
problem, the subject has to combine or relate the three words drawn from
mutually remote associative clusters (e.g., COOKIES, SIXTEEN, HEART: ______).
The subject is required to find a fourth word that serves as an associative link
between these three words. The answer to this example problem is SWEET (e.g.,
cookies are sweet, sweet sixteen, sweetheart). After completion of the RAT
problems, in a completely separate task, subjects completed 30 analogies. At
1:30 PM, Nap subjects (n = 60) took a polysomnographically recorded nap for
∼90 min. In the QW group (n = 21), subjects were attached to electroenceph-
alographic electrodes and watched a nature videotape lasting 50 min while
lying in bed. At 5:00 PM, subjects returned to the laboratory and were tested on
30 RAT problems with a time limit of 40 min. Ten problems were exactly the
same as the AM baseline RAT problems (Repeated condition), 10 problems had
the same answers as 10 (out of 30) of the AM analogies (Primed condition), and
10 problems were completely novel (Novel condition). We analyzed HRV of the
R-waves series across the whole sleep/wake period using Kubios HRV Analysis
Software 2.0 (MATLAB), according to the Task Force of the European Society of
Cardiology and North American Society of Pacing and Electrophysiology
guidelines (66). Fast Fourier transformation quantified the absolute spectral
power in the HF (0.15–0.40 Hz) and LF bands (0.004–0.15 Hz) and total power
(measured in square milliseconds). We used a MANOVA to compare perfor-
mance (proportion correct at test) between Nap and QW groups in all three
RAT conditions: Novel, Primed, and Repeated. Tukey’s honest significant dif-
ference (HSD) tests with Bonferroni corrections were used for all post hoc
comparisons and η2p is reported for effect size. Pearson correlations were used
to examine the bivariate relationship between HF HRV during sleep, minutes in
each sleep stage, sleep spindles, and all performance conditions. Multiple linear
regression analyses were used to develop models that could predict perfor-
mance change on each RAT condition from sleep parameters and HF HRV
during sleep.
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SI Materials and Methods
Participants. Eighty-one healthy, nonsmoking participants (age =
21.79 ± 3.29 y, 31 females) with no personal history of neurological,
psychological, or other chronic illness provided informed consent,
which was approved by the University of California, Riverside Hu-
man Research Review Board. Participants had a regular sleep-wake
schedule (reporting a habitual time in bed of 7–9 h per night as
assessed by actigraphy), and no presence or history of sleep, psy-
chiatric, cardiovascular, or neurological disorder determined during
an in-person, online, or telephone interview. Participants received
monetary compensation for participating in the study.

Procedure. Participants wore actigraphs to monitor sleep-wake ac-
tivity 1 wk before the experiment to ensure participants were not
sleep-deprived and spent at least 6.5 h in bed the night before their
visit. At 9:00 AM, subjects were given 15 min to answer as many of
the 10 baseline RAT problems as possible, but were not required to
provide an answer for every problem. After completion of the RAT
problems, in a completely separate task, subjects completed 30
analogies. Subjects were given no time limit for the analogies, and
were required to provide one answer for each analogy. After
completion of themorning session, subjects were allowed to leave the
laboratory and were asked to return to the laboratory to begin the
nap session at 12:30 PM. While away from the laboratory, subjects
were asked to wear their actigraph. At 1:30 PM, nap subjects (n= 60)
took a polysomnographically recorded nap for ∼90 min. They were
given a total time of 2 h in bed to sleep. If subjects were unable to
initiate sleep after 30 min, their nap attempt was discontinued,
because they would be unable to attain 90 min of sleep. Sleep was
monitored online by a trained sleep technician. Nap sleep staging is
reported in Tables S1 and S2. In the QW group (n = 21), subjects
were attached to electroencephalographic (EEG) electrodes and
watched a nature videotape lasting 50 min while lying in bed. This
session ended at 3:30 PM, and subjects were allowed to leave the
laboratory. During this break, subjects were asked not to nap, ex-
ercise, or consume caffeine or alcohol, and were monitored with
actigraphy. At 5:00 PM, subjects returned to the laboratory and
were tested on 30 RAT problems with a time limit of 40 min. Ten
problems were exactly the same as the AM baseline RAT problems
(Repeated condition), 10 problems had the same answers as 10 (out
of 30) items of the AM analogy task (Primed condition), and 10
problems were completely novel (Novel condition).

RAT.A computerized version of the task was adapted fromMednick
(32). Each RAT problem contains a triplet of words presented
horizontally along with a blank space. For each problem, the subject
has to combine or relate the three words drawn from mutually
remote associative clusters (e.g., COOKIES, SIXTEEN, HEART:
______). The subject is required to find a fourth word that serves as
an associative link between these three words. The answer to this
example problem is SWEET (e.g., cookies are sweet, sweet sixteen,
sweetheart). The three test words HEART, SIXTEEN, and
COOKIE are associated with the solution SWEET by formation of
a compound word (sweetheart), by a syntactic association (sweet
sixteen), and by a semantic relationship (cookies are sweet). Subjects
were given this problem as an example of the ways in which the
fourth word could be linked to the other three, but were informed
that the correct answer could be connected to the other three words
in many ways. Subjects were read the instructions aloud and were
given four practice problems to ensure understanding of the task.
A total of 90 RAT problems were compiled in the current ex-

periment. These 90 items were further parsed into three distinct

groups with 30 problems each. Additionally, we varied which set of
10 problems in each group of 30 would be assigned to Novel,
Repeated, and Primed conditions. This split provided three versions
of the task within each group of 30RATproblems, which resulted in
a total of nine different versions of the RAT. These nine versions
were counterbalanced across subjects.
We calculated two performance measures for the task: (i) pro-

portion correct = number of correct RAT items in each subcategory
(Baseline, Novel, Repeated, Primed)/total number of items in that
subcategory, and (ii) performance change = proportion correct PM −
proportion correct AM/AM * 100. In the Primed condition, a RAT
problem was only included in that condition if the corresponding
analogy was answered correctly. Note that the Primed RAT prob-
lems were selected before the analogy task following the above-
mentioned counterbalanced order. As a consequence, on average, of
the 10 analogy items used as primes, fewer than two were discarded
due to this restriction across the subjects (mean = 8.75, SD = 1.1).

Analogies Task. Thirty analogies (e.g., FAST: SLOW as HARD:
E____) were administered at the end of the AM session. The first
letter of each answer was given. Subjects were required to provide an
answer for all of the analogies and were not given a time limit. Ten of
the analogy answers served as primes for the answers to the RAT
items administered in the primed condition during the PM session.

Polysomnography. Polysomnography data were collected using
Astro-Med Grass Heritage Model 15 amplifiers with Grass
GAMMA software. Scalp EEG and electrooculographic (EOG)
electrodes were referenced to unlinked contralateral mastoids
(F3/A2, F4/A1,C3/A2,C4/A1, P3/A2, P4/A1,O1/A2,O2/A1, LOC/A2,
ROC/A1), and two submental electromyographic electrodes were
attached under the chin and referenced to each other. High-pass
filters were set at 0.3 Hz, and low-pass filters were set at 35 Hz for
EEG and EOG electrodes. Raw data were visually scored in 30-s
epochs according to Rechtschaffen and Kales (69). Sleep spindles in
NREMsleepwere detectedwith an automated spindle detector that
used both MATLAB routines and BrainVision Analyzer software
(70). Here, we report data from the parietal EEG channels because
prior studies have shown that the greatest spindle power (12–15Hz)
occurs over these sites (71–73).

Electrocardiogram and HRV Analysis. Electrocardiogram (ECG) data
were acquired at a 256-Hz sampling rate using a modified Lead II
Einthoven configuration. We analyzed HRV of the R-waves series
across the whole sleep/wake period using Kubios HRV Analysis
Software 2.0 (MATLAB), according to the Task Force of the
European Society of Cardiology and North American Society of
Pacing and Electrophysiology guidelines (37). Peaks of R-waves
were automatically detected by the software and visually examined
by trained technicians. Incorrectly detected R-peaks were manually
edited. Missing and ectopic beats were corrected via cubic spline
interpolation. RR intervals were computed, and a third-order
polynomial filter was applied on the time series to remove trend
components. Fast Fourier transformquantified the absolute spectral
power in the HF (0.15–0.40 Hz) and LF (0.004–0.15 Hz) bands, and
total power (a summation of HF power, LF power, and all other
spectral components comprising the RR interval; measured in
square milliseconds). From these measures, we derived the HF
normalized unit as follows: HF[ms2]/(HF[ms2] + LF[ms2]) * 100).

Data Reduction and Statistical Analyses. For the analysis of RR and
frequency-domain HRV measures during different sleep stages,
consecutive, artifact-free, 5-min windows of undisturbed sleep
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(i.e., free from stage transitions) were selected across the nap.
Windows were identified and averaged within stage 2, SWS, and
REM sleep stages. This method emphasizes consolidated sleep
stages and resulted in different percentages of ECG epochs for the
HRV analysis. As such, 49% of stage 2, 76% of SWS, and 66% of
REM epochs were used for the current analyses. We also analyzed
5 min of prenap wakefulness (Wake). Epochs of stage 1 and wake
after sleep onset were not analyzed, because these periods have not
been previously reported to contribute to memory consolidation.
Because naps have more fragmented sleep due to increased stage
transitions, the traditional method of HRV analysis decreased the
number of subjects that could be analyzed. Advancement in HRV
measurement techniques could allow for more data retention.
Of the 60 subjects enrolled in the nap portion of the study, one

participant did not complete analogies during theAMsession due to
experimenter error and was removed. For 11 nap subjects, we were
unable to detect an RR interval and were unable to perform HRV
analyses for these subjects, so they were excluded. Because previous
data have indicated that REM sleep was important for this task, we
further parsed the data into those subjects who received both
NREM and REM sleep (n = 35) and those subjects who did not
(n = 13). Additionally, because research has suggested that NREM
sleep and quiet wake result in similar benefits for the RAT task (4),
we focused only on those subjects who received both NREM and
REM sleep and compared these subjects with those subjects in a
Quiet Wake condition. For the regression analyses, only those
subjects who were represented on all five variables (SWS minutes,
REM minutes, number of sleep spindles, and HF HRV during
SWS and REM) were entered into the models (n = 17).
We used repeated measures ANOVA to assess the changes in

HRV (normalized HF HRV component and total power) across

states (Wake, stage 2, SWS, and REM). The Huynh–Feldt cor-
rection was applied when sphericity assumptions were violated.
Additionally, we used a MANOVA to compare performance
(proportion correct at test and percent improvement) between Nap
and QW groups in all three RAT conditions (Novel, Repeated,
and Primed), with baseline performance as a covariate. Tukey’s
honest significant difference tests with Bonferroni corrections were
used for all post hoc comparisons and η2p is reported for effect size.
Pearson correlation coefficients (Bonferroni-corrected) were used
to examine the bivariate relationship between HF HRV during
sleep, minutes in each sleep stage, sleep spindles, and all perfor-
mance conditions. Multiple linear regression analyses were used to
develop models that could predict performance change on each
RAT condition from sleep parameters and HF HRV during sleep.
For each model (Novel, Repeated, and Primed), percent im-
provement was the dependent variable and sleep and/or HRV
features during sleep were the independent variables (SWS mi-
nutes, REM minutes, number of sleep spindles, and HF HRV
during SWS and REM). We used a hierarchical regression ap-
proach and entered the sleep variables (SWS minutes, REM
minutes, and number of sleep spindles; mean-centered) into the
regression first, allowing these three variables to account for
variance in performance change before entering in the HRV
variables (HF HRV during SWS and REM; mean-centered). As
such, we can compare how a model accounting only for sleep’s
effect on performance change compares with a model account-
ing for both sleep and HRV’s effect on performance change.
Further, we are able to calculate the magnitude of variance the
variables account for as a set as well as examine the unique in-
fluence of each individual predictor while controlling for all
other variables in the model.

Table S1. Sleep summary

Sleep summary Mean SD Minimum Maximum

TIB, min 103.7 10.54 80 129.5
TST, min 83.19 18.10 11.5 104.0
Stage 1, min 7.60 4.32 2.0 23.5
Stage 2, min 39.72 12.74 8.0 66.5
SWS, min 22.71 14.83 0.0 52.5
REM, min 13.15 10.58 0.0 38.5
WASO, min 12.01 15.38 0.5 54.5
SE, % 81.47 18.95 14.4 98.4

SE, sleep efficiency; TIB, time in bed; TST, total sleep time; WASO, wake
after sleep onset.

Table S2. HRV summary

HRV parameters Quiet Wake Prenap Stage 2 SWS REM

HF, ms2 1,519 ± 2,040 1,265 ± 767 2,031 ± 1,367 1,581 ± 902 2,202 ± 2,040
Total power, ms2 7,203 ± 6,411 4,910 ± 4,367 5,471 ± 3,392 3,108 ± 2,709 7,268 ± 4,015
HFnu 42.37 ± 12.11 58.10 ± 15.68 58.57 ± 14.74 68.95 ± 12.25 48.87 ± 13.41

HF, high frequency HRV; HFnu, normalized HF HRV component. HRV parameters are reported as mean ± SD.
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Table S3. Bivariate correlations between performance, sleep, and HRV for the partial Nap group (n = 17)

RAT Sleep features HRV-nap

Variable Primed, r; p Repeated, r; p SWS, r; p REM, r; p Spindles, r; p HF SWS, r; p HF REM, r; p

Novel 0.21; 0.42 0.35; 0.17 0.07; 0.80 0.31; 0.23 0.24; 0.36 0.37; 0.15 0.41; 0.10
Primed — 0.82; 0.001 −0.02; 0.92 −0.52; 0.03 0.51; 0.03 0.68; 0.002 0.65; 0.005
Repeated — −0.33; 0.20 −0.22; 0.40 0.50; 0.04 0.58; 0.01 0.70; 0.002
SWS — −0.14; 0.57 −0.09; 0.74 0.01; 0.97 −0.08; 0.76
REM — −0.01; 0.99 −0.44; 0.08 0.01; 0.99
Spindles — 0.49; 0.05 0.32; 0.21
HF SWS — 0.47; 0.06
HF REM —

Bold text indicates significance after Bonferroni correction (α = 0.05, p = 0.002). r, Pearson correlation coefficient; p, p value.

Table S4. Regression summary for model 1 and model 2

Model Adj R2 F df P β t P sr2

Novel
Model I −0.02 0.89 3.13 0.47

SWS 0.13 0.52 0.61 0.13
REM 0.33 1.30 0.22 0.32
Spindles 0.25 0.98 0.34 0.25

Model II 0.21 1.85 5.11 0.18
SWS 0.15 0.66 0.52 0.15
REM 0.59 2.21 0.05 0.49
Spindles −0.09 −0.34 0.74 −0.07

HF SWS 0.58 1.78 0.10 0.40
HF REM 0.18 0.67 0.51 0.15

Primed
Model I 0.46 5.47 3.13 0.01

SWS −0.06 -0.30 0.77 −0.05
REM −0.55 −2.93 0.01 −0.54
Spindles 0.51 2.76 0.02 0.51

Model II 0.73 9.76 5.11 0.001
SWS 0.03 −0.21 0.84 −0.03
REM −0.51 −3.32 0.007 −0.43
Spindles 0.32 2.10 0.06 0.27

HF SWS 0.06 0.33 0.75 0.04
HF REM 0.51 3.38 0.006 0.44

Repeated
Model I 0.26 2.89 3.13 0.07

SWS −0.32 −1.49 0.16 −0.32
REM −0.26 −1.21 0.25 −0.26
Spindles 0.47 2.19 0.05 0.47

Model II 0.58 5.47 5.11 0.009
SWS −0.29 −1.79 0.10 −0.29
REM −0.20 −1.03 0.32 −0.17
Spindles 0.24 1.24 0.24 0.20

HF SWS 0.13 0.55 0.59 0.09
HF REM 0.54 2.84 0.02 0.46

Bold text indicates significance at P ≤ 0.05. sr2, squared semipartial.
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