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Abstract

Dreams may be recalled after awakening from sleep following a defined electroencephalographic pattern that involves local
decreases in low-frequency activity in the posterior cortical regions. Although a dreaming experience implies bodily changes
at many organ, system, and timescale levels, the entity and causal role of such peripheral changes in a conscious dream ex-
perience are unknown. We performed a comprehensive, causal, multivariate analysis of physiological signals acquired during
rapid eye movement (REM) sleep at night, including high-density electroencephalography and peripheral dynamics including
electrocardiography and blood pressure. In this preliminary study, we investigated multiple recalls and nonrecalls of dream
experiences using data from nine healthy volunteers. The aim was not only to investigate the changes in central and auto-
nomic dynamics associated with dream recalls and nonrecalls, but also to characterize the central-peripheral dynamical and
(causal) directional interactions, and the temporal relations of the related arousals upon awakening. We uncovered a brain-
body network that drives a conscious dreaming experience that acts with specific interaction and time delays. Such a network
is sustained by the blood pressure dynamics and the increasing functional information transfer from the neural heartbeat regu-
lation to the brain. We conclude that bodily changes play a crucial and causative role in a conscious dream experience during
REM sleep.

autonomic nervous system; brain-heart interaction; dreams; electroencephalography; rapid eye movement

INTRODUCTION

Sleep is a fundamental aspect of life that influences the
health of individuals and involves a large number of physiologi-
cal processes. The interaction occurring between the central
nervous system (CNS) and sleep has been explored over recent
years, but the neural pathways coupling these CNS correlates
and the autonomic nervous system (ANS) changes are still puta-
tive (1–3). In this regard, findings of previous studies highlight
changes in cardiac vagal modulation according to CNS-defined
sleep stages, spontaneous arousal in both autonomic signals
and CNS- defined events, and linear and nonlinear time rela-
tionships between cortical and cardiovascular time series (1).

A limited number of studies focus on dreams mainly
because of the difficulty in conducting experiments. Although
recent findings have convincingly demonstrated that dream
recall is a trustable research tool (4), such a paradigm also fore-
sees the administration of ad hoc questionnaires after the sub-
ject’s awakening.

One of main features of sleep is the weakening of con-
sciousness. Dreams demonstrate that human physiological
mechanisms alone can generate complex conscious experi-
ences without any exchange with the environment. From
waking through nonrapid eye movement (NREM) sleep
stages, thoughts decrease gradually; however, the likelihood
of dream recall increases strongly across these stages, reach-
ing a peak in rapid eye movement (REM) sleep (5, 6). First
attempts have been made to characterize dreaming physiol-
ogy since the discovery of REM stage in 1953 (7) and, subse-
quently, its correlation with dreams (8, 9). In those pioneer
studies, the occurrence of dreams was associated with high-
frequency electroencephalography (EEG) activation during
REM sleep (10). However, subsequent studies demonstrated
the occurrence of dreaming experience during the NREM
stages too, thereby changing the common understanding of
conscious experience during sleep (6, 11). Recently, Siclari et
al. (11) investigated the correlates of dream recall using high-
density EEG. These authors revealed that, in both NREM
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and REM stages, dream experience recall was associated
with a local decrease in low-frequency activity in the pari-
eto-occipital region and with a concurrent increase in high-
frequency activity in the frontal and temporal regions during
REM sleep. In this study, we used the index proposed in the
study by Siclari et al. (11) to describe brain activity changes
during sleep (see Processing of EEG signals section below).

Physiological metrics extracted from heart rate variability
(HRV) and blood pressure can provide relevant information
on autonomic nervous system (ANS) dynamics. For example,
the high-frequency (HF) power of HRV series reflects the
parasympathetic nervous control on heart rate, whereas the
power in low-frequency (LF) band is influenced by both sym-
pathetic and parasympathetic systems (12, 13). Several previ-
ous studies emphasized that the LF component of arterial
blood pressure variability (BPV) can be understood as a
marker of sympathetic modulation of peripheral vasculature
(14–16). Concerning the correlation between ANS electro-
physiological parameters and levels of plasma neurotrans-
mitters, a decrease of LF power of blood pressure was
associated with a reflex-mediated reduction in sympathetic
nerve activity, demonstrated by lower plasma noradrenaline
levels (17). Moreover, normalized values of LF power of HRV
and its low/high-frequency ratio increased with plasma cate-
cholamines, whereas normalized HF power decreased in
response to head-up tilt or hypoglycemia (18). Although the
investigation of brain activity during dreams has allowed
researchers to identify specific areas andmarkers, the results
related to autonomic correlates remain mostly limited to the
discrimination of sleep stages. Autonomic balance during
REM sleep was hypothesized to be similar to that during
wakefulness, whereas a decrease in sympathetic activity was
associated with NREM stage (19, 20). Similar long-range cor-
relations were also identified in both REM stage and wake-
fulness by detrended fluctuation analysis of HRV series (21).
A shift from vagal to sympathetic activity was highlighted
during REM stages by studies investigating heart rate vari-
ability (HRV) dynamics (20, 22, 23) and blood pressure fluc-
tuations (24, 25). Sleep-dependent changes in the coupling
between HRV and blood pressure were investigated, and the
highest values of the cross-correlation function between the
fluctuations of heart periods and systolic blood pressure
were found during deep NREM sleep (26). Investigation of
autonomic responses related to dream periods during lucid
dreaming in REM sleep highlighted increases in eye move-
ment density, heart rate, and respiration rate during this
stage (27). In specific dream-correlated pathologies such as
nightmare disorder, a sympathetic drive (28) and an
increased heartbeat-evoked potential (29) were reported dur-
ing REM sleep.

Although significant changes in the brain and autonomic
activities have been reported during sleep, their synchron-
ized action and triggering effect during a dream recall is not
clear yet. The activation-synthesis hypothesis proposed by
Hobson and McCarley (30) indicates that mental activity
associated with dreaming may be the attempt of the thala-
mocortical system to make sense of ascending stimuli, such
as brainstem generated ponto-geniculo-occipital waves.
Other studies described brain and autonomic dynamics dur-
ing dream-related disorders; in the study by Simor et al. (31),
authors highlighted that abnormal arousal processes, which

are characterized by an increase of autonomic sympathetic
and EEG wake-like a activities, were present in subjects
affected by nightmare disorder. Although consistent results
were found on both the brain and autonomic system, the
synchronized and directional CNS-ANS coupling was not
investigated.

Here, we perform a comprehensive study on synchronized
CNS and ANS activities during REM sleep by analyzing EEG
and HRV together with arterial blood pressure series to
determine significant causal differences between subjects
with and without dream recalls, when awakened from sleep.
Our aim was to investigate not only the effects of dream ex-
perience on both CNS and ANS signals but also the direc-
tional relationship in the time-frequency domain between
central and peripheral dynamics during REM sleep, shortly
before dream recall-associated and nondream recall-associ-
ated awakenings. In this way, we uncover a timeline of phys-
iological arousals to explain the trigger for a dream
experience during REM sleep. Even if preliminary, this is the
first study to conduct a causal, time-frequency analysis of
CNS-ANS interaction, including those on arterial blood pres-
sure, to investigate dream physiology. Ad hoc brain-heart
interaction (BHI) estimationmethods have been proposed in
the past to investigate the specific functional and directional
information exchange between CNS and ANS (32–34).
However, to the best of our knowledge, directed BHI estima-
tions have not been performed in dream-related studies.

MATERIALS AND METHODS

Experimental Protocol

In this study, we conducted polysomnography on nine
subjects (age: 19–36 yr, 5 women) to monitor their physiolog-
ical signals during dreaming periods. The study was
approved by the Bioethics Committee of the University of
Pisa (Approval Number 2-2020). Each participant gave a
written informed consent before starting the experiment. We
recorded EEG and electrocardiography (ECG) signals using a
Micromed Brain Quick LTM Holter EEG system. We also
monitored their arterial blood pressure dynamics by con-
tinuously recording their blood pressure signals using a
Finapres/Portapres system (Finapres Medical Systems,
Enschede, the Netherlands), an acquisition system that
records continuous estimates of cardiac output from the
peripheral pulse in digital arteries, alternating between
two fingers throughout the night. The Finapres system is
the most suitable option to measure diastolic and systolic
blood pressure, with high-temporal resolution, in a contin-
uous and noninvasive manner.

The subjects were left in a dark room and allowed to sleep
through the night as we monitored their sleep patterns from
an adjacent room. During every REM episode, particularly, 5
min after the beginning of each REM episode, the subjects
were woken by an alarm and questioned through a speaker
(the questionnaire used in the experiment is in the
Supplemental Data; all Supplemental material is available
at https://doi.org/10.5281/zenodo.5585336). The questions
inquired about the content of their dreams (i.e., sensory con-
tent, whether the sensations were positive or negative, etc.).
Subsequently, the subjects were allowed to go back to sleep
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until their next REM episode. A questionnaire was then filled
in one last time by the subject on their final awakening on
the subsequent morning. The number of dream experience
(DE) and no dream experience (NE) reports for each subject
is shown in Table 1.

Signal Processing

All the signals were recorded with a sampling rate of 512
Hz. EEG and autonomic signals from one female subject
were discarded because of low quality.

For each REM segment, the polysomnographic acquisition
corresponding to the 5-min period before awakening the
subject was divided into nonoverlapping windows of 30 s. In
this way, for each 30-s window, we obtained one sample of
each feature extracted from any signal acquired during the
experimental protocol [EEG, HRV, systolic arterial pressure
(SAP), or diastolic arterial pressure (DAP)]. The 30-s windows
related to corrupted signals were discarded from successive
analyses. Subsequently, two groups of signals were consid-
ered: 30-s windows that were followed by a dream recall
upon awakening (dream experience, DE) and 30-s windows
upon awakening that did not result in any dream recall (no
dream experience, NE).

A further analysis was performed again using 30-s win-
dows that were shifted by 5 s over time to cover all the 5 min
of REM phase for each acquisition. In this way, a detailed
time-variant analysis of the main parameters extracted from
the central and autonomic nervous dynamics was carried
out to observe the differences in activity over time in the two
groups.

In Processing of EEG signals, we describe the method used
for processing the EEG signal segments acquired during the
last 5 min before awakening. The signal processing methods
described in Processing of ANS signals have been applied to
each window of HRV, SAP, and DAP signals.

Processing of EEG signals.
The processing of the EEG signal followed a standard pipe-
line (35): band-pass filtering, bad channel rejection, artifact
removal after wavelet-enhanced independent component
analysis (wICA), and data re-referencing to the common av-
erage (34). All the preprocessing steps were implemented
using MATLAB software and EEGLAB toolbox.

More specifically, the first step involved derivation of
the normed joint probability of average log power from 1
Hz to 70 Hz; thus, channels belonging to the external 1%
distribution tails were marked as bad channels and

rejected. Subsequently, EEG series below 0.5 Hz and
above 50 Hz were band-pass filtered by using the multi-
taper regression (35), thus removing electrical main fre-
quency and LF noise. The subsequent step involved the
application of wICA decomposition, which is able to
detect and reject muscular and ocular activities and dis-
continuities (35). A machine learning algorithm was also
applied to recognize artifacts in wICA-derived compo-
nents (35). To recover the rejected channels, a spherical
interpolation algorithm, which exploits neighbor EEG
data, was used. Eventually, the time-varying average
from all channels was derived to re-reference the EEG se-
ries (i.e., average referencing).

Power spectral density (PSD) of each EEG channel was
estimated using the well-known Welch method. Specifically,
we used a Hamming window of 2,048 samples (4 s) overlap-
ping for 75% (3 s) to achieve a good time resolution.

The obtained PSD was then filtered to obtain the time
course of the power in the five standard frequency bands:

� d band from 0.5 to 4 Hz,
� h band from 4 to 8 Hz,
� a band from 8 to 12 Hz,
� b band from 12 to 30Hz, and
� c band from 30 to 50Hz.
Moreover, in a previous study (11), a novel index was

defined to discriminate the dreaming experience from
the nondreaming one; we used this index in this study.
It is defined as the HF/LF ratio, where HF is the PSD in
the frequency range of [20–50] Hz, and LF is the PSD in
the d band. The HF/LF ratio could be derived as a time
series by using the time course of both the PSDs
involved.

Processing of ANS signals.
We used the automatic algorithm developed by Pan–
Tompkins to automatically identify the RR series from the
ECG (36). Artifacts and ectopic beats were corrected using
Kubios HRV software. Blood pressure signals were prepro-
cessed using a 0.05–40 Hz Butterworth-approximated band-
pass filter. A shape-preserving piecewise cubic interpolation
at the standard rate of 4 Hz was applied to all series.

By analyzing ANS time series, we computed the
smoothed pseudo Wigner–Ville distribution (SPWVD) of
data corresponding to the last 5 min before awakening
(37). Subsequently, we divided each time-frequency spec-
trum into windows of 30 s and calculated the mean PSD
within LF and HF bands. With regards to HRV analysis,
we used the standard ranges, that is, from 0.04 to 0.15 Hz
for the LF band and from 0.15 to 0.4 Hz for the HF band.
The frequency ranges used for DAP and SAP were as fol-
lows: from 0.07 to 0.13 Hz for LF power analysis (Mayer
wave-related) and from 0.13 to 0.4 Hz for HF power analy-
sis (38, 39).

The following features were extracted from each HRV,
SAP, and DAP:

� LF power n.u., the power in LF band in normalized units
(LFpower/LFpower þ HFpower);

� HF power n.u., the power in HF band in normalized
units (HFpower/LFpower þ HFpower); and

� LF/HF, the ratio between the power values in LF band
and HF band.

Table 1. Number of DE and NE reports reported by each
subject after awakenings

Subject ID DE NE

Subject 1 1
Subject 2 1 1
Subject 3 1
Subject 4 3 2
Subject 5 1
Subject 6 2 1
Subject 7 3
Subject 8 2

DE, dream experience; NE, no dream experience.
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Brain-heart interaction estimation.
We estimated functional directional BHI by exploiting the
synthetic data generation (SDG) model proposed in a previ-
ous study (32). It consists of a mathematical model that
assesses the bidirectional modulations between EEG oscilla-
tions in a given frequency band and heartbeat-derived series
for either HF or LF bands. The formulation models the EEG
power time series as an adaptive Markov process amplitude
model and the heartbeat dynamics through an integral pulse
frequency modulation model (32). The two mathematical
models are then combined into a unifiedmodel, wherein the
coupling coefficients quantify the functional BHI in different
directions and different combinations of frequency bands
from both signals. To quantify the interaction parameters,
the least squares method and Poincar�e plot features were
used. A comprehensive mathematical formulation can be
found in a previous report (32).

The SDG method provides the possibility of estimating
real-time BHI changes using the time resolution of the power
series as an input. The SDG method was tested under strong
sympathovagal elicitation; it showed peculiar bidirectional
BHI dynamics (32).

Statistical Analysis

For each REM segment, we divided the time series into
nonoverlapped windows of 30 s. Consequently, 10 samples
were obtained for each feature derived from ANS and EEG
signals. A total of 130 windows of 30 s that were followed by
a dream recall upon awakening (dream experience, DE) and
50 windows of 30 s upon awakening that did not result in
any dream recall (no dream experience, NE) were consid-
ered. Data segments belonging to REM periods before each
awakenings are considered as independent samples. To elu-
cidate statistically significant differences between the DE
and NE groups, we used the Mann–Whitney nonparametric
statistical test, with a significance level fixed at 5%.

With regard to EEG, the values of power in each frequency
band (i.e., d, h, a, b, and c) were compared between the two
groups (i.e., DE and NE). EEG electrodes found significant
underwent a thorough statistical analysis, in which Mann–
Whitney test was applied to each bin of 0.25 Hz, in a range
between 0.5 and 50 Hz. Moreover, Mann–Whitney test on
the 30-s windows estimated was performed to the HF/LF ra-
tio. HF/LF ratios of the entire time course (i.e., before the
windowing operation) were also compared between the DE
and NE groups over time; we extracted the mean value of
HF/LF ratios from 30-s windows with a 5-s time-shift.

All the P values extracted from EEG analysis were adjusted
using a permutation test correction with 1,000 permuta-
tions. A further cluster-mass permutation test (40) was per-
formed to calculate the minimum dimension of cluster to be
considered as significant (with 0.05% of significance) that
has been successively imposed (minimum cluster size found
equal to 3).

With regard to the ANS signals, the values of frequency pa-
rameters (LF n.u., HF n.u., LF/HF) extracted from 30-s time
windows of HRV, SAP, and DAP signals were subjected to
Mann–Whitney statistical test. Subsequently, for each fre-
quency parameter, we extracted mean values from 30-s win-
dows with a 5-s time-shift. Therefore, we computed a

statistical analysis over the 5 min of REM period, applying a
Mann–Whitney statistical test between NE and DE groups
every 5 s.

Regarding BHI estimates, statistical analyses similar to
those performed to compare EEG and ANS estimates were
performed. Specifically, we extracted mean values from 30-s
windows with a 5-s time-shift. Therefore, we computed a sta-
tistical analysis over the 5-min REM period, applying a
Mann–Whitney statistical test between NE and DE groups
every 5 s. All the P values extracted from BHI analysis have
been adjusted using a permutation test correction with 1,000
permutations.

In this study, the use of nonparametric tests is justified by
the non-Gaussian distribution of samples, which was deter-
mined using Shapiro–Wilk test.

RESULTS

EEG Signal Analysis

There were significant differences between EEG power
values of the dream experience (DE) and no dream experi-
ence (NE) groups. The results obtained in the conventional
frequency bands (d, h, a, b, c) were computed over the 5-min
period preceding the awakening and are shown in Fig. 1.

During a dream experience, we observed a significant
decrease in spectral power over the parieto-occipital areas
encompassing the entire frequency spectrum. This region is
larger in h, a, and b bands than in d and c bands. This region
is symmetric in high-frequency bands (i.e., b and c bands)
and more evident on the left hemisphere in LF bands (i.e., d,
h, and a). Spectrum obtained by channel O1, which is located
in the occipital region, is shown as example. Moreover, a sig-
nificant increase of median EEG power, across all frequency
bands, was detected by a cluster of electrodes belonging to
the centrofrontal areas lateralized to the left prefrontal
region. Channel F3 is one such cluster (Fig. 1).

Figure 2A shows the HF/LF values of the EEG series. The
topographic images depict a broad centroparietal region
highlighting a statistically significant difference between the
DE and NE groups. As a general result, the ratio seems to be
higher during the DE phase than during the NE phase.

ANS Signal Analysis

Concerning the statistical analysis of autonomic signals in
the frequency domain, considering nonoverlapping 30-s
windows, we found interesting differences between the
groups NE and DE. Table 2 shows the P values obtained from
Mann–Whitney statistical tests on LF power n.u., HF power
n.u., and LF/HF values of HRV, SAP, and DAP time series.
Results showed significant differences in HRV (P < 0.01) and
SAP (P < 0.05) features between the two groups. Boxplots of
HRV and SAP values in DE and NE groups are reported in
Figs. 3 and 4, respectively. Median values of the normalized
power in HF band were lower in the DE group than in the NE
group. For both HRV and SAP signals, LF power n.u. and LF/
HF values were significantly higher in the DE group than in
NE group. Frequency analysis of DAP series did not reveal
statistically significant differences between the DE and NE
groups.
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Time-Varying Analysis and BHI Estimation

All traces appear homogeneous under the DE and NE con-
ditions up to 265 s before the awakening (Fig. 2B). ANS pa-
rameters extracted from HRV, DAP, and SAP series were
compared between the DE and NE groups using Mann–
Whitney nonparametric test. With regard to LF power in nor-
malized units (LF power n.u.) of DAP signals, the significant
time window was centered in the range of [�265, �250] s
(Fig. 2B). Mann–Whitney test showed that LF/HFDAP values
were significantly higher in the DE group than in the NE
group within the same time window. The HF power in nor-
malized units (HF power n.u.) values within the same time
window were different between the two groups; however, in
this case, the values were higher in the NE group than in the
DE group.

SAP frequency parameters showed similar trends. However,
no statistically significant differences were found.

Regarding the EEG signals, the time course of the HF/LF
ratio corresponding to channel C2 is presented in Fig. 2B.
The reported channel was selected among those found sig-
nificant in Fig. 2A. A significant and clear difference between
the two experimental conditions can be noted in the time
windows [�175, �155] and [�100, �90] before awakening
fromREM sleep.

Analysis of the temporal dynamics of HRV frequency pa-
rameters revealed a significant difference centered in the
[�130, �115] s window preceding the awakening, with higher
values observed in the DE group than in the NE group (Fig.
2B). Median values of LF power n.u.HRV were higher in the
DE group than in the NE group, whereas those of HF power
n.u.HRV were lower in the DE group than in the NE group.

Figure 2B shows the BHI estimated using the SDGmethod,
particularly in the heart-to-brain direction, involving the HF

and c bands, for HRV and EEG (channel C2), respectively.
After approximately 120 s, the DE group showed a greater
increase in HF-to-c interplay than did the NE group, and this
trend is maintained until few seconds before the awakening.
Mann–Whitney test revealed a significant difference
between the groups in a 40-s time window (i.e., between
�135 s and�95 s before the awakening).

DISCUSSION

In this study, we conducted a comprehensive analysis of
dream-related CNS-ANS physiological patterns with a partic-
ular focus on the differences between awakenings with and
without memories of dreams (DE vs. NE). We investigated
central and autonomic dynamics during REM periods
using continuous arterial blood pressure signals acquired
from nine healthy subjects simultaneously during poly-
somnography monitoring using a 64-channel EEG system.
Furthermore, we estimated functional BHI using an ad
hoc computational model. The aim of the study was to
uncover a causal brain-body network associated with dream
reports. Accordingly, we studied brain and cardiovascular
signals both separately and through advanced methods for a
functional BHI estimation. An overall timeline of CNS and
ANS activation was also proposed. The experimental proto-
col was designed to divide the acquisitions into two groups,
as described previously (11): one group involved recall of a
dream experience after awakening (DE) and the other group
did not involve dream recall (NE). The aim of the study was
to identify differences in physiological parameters extracted
from CNS signals (i.e., EEG), ANS signals (i.e., HRV, SAP, and
DAP), and their directed functional interaction between the
two groups.
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Regarding EEG signal analysis, Mann–Whitney nonpara-
metric test was used to compare power spectral density
(PSD) values of the EEG signals related to the DE and NE
group, considering each 0.25-Hz frequency bin within the
range of 0.5–50 Hz. A permutation test was used to adjust
the significance threshold. In this study, we found that 41
EEG channels presented significant differences in the EEG

power values between the two groups. Our results corrobo-
rate those reported by Siclari et al. (11) that observed a
decrease in LF activity associated with dream experience in
the parieto-occipital region and an increase in high-fre-
quency power (f > 20 Hz) in the frontal areas (Fig. 1). In the
study by Siclari et al. (11), a “hot posterior zone,”which refers
to an increase in the activity in the central and posterior
right hemisphere, was reported; similar findings were
observed in the current study. This can be observed in Fig.
2A, wherein the results corresponding to the coefficient HF/
LF—which was proposed in the study by Siclari et al. (11)—
are presented. Previous studies suggested the lateralization
of EEG activity to the right hemisphere, which is more
involved in visuospatial functioning (41), during dreaming
experience. More specifically, the right hemisphere has been
found to be activated during nonconscious emotional per-
ception (42).

This activation in the right hemisphere in the DE group
was also reported in c band. The relationship between
c-band activity and emotions has already been investigated
in a previous study and an increase in activity was found to
be associated with emotionally and socially relevant stimuli,
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to bottom) were determined by time series analysis of data acquired in the 5 min before awakening: mean diastolic blood pressure (DBP), LF in normal-
ized units (LF n.u.) of diastolic arterial pressure (DAP) series, HF/LF ratio of the electroencephalography (EEG) signal acquired from channel C2, LF/HF ra-
tio of heart rate variability (HRV) series, and brain-heart interaction (BHI) estimated using the synthetic data generation (SDG) method in the direction
from the heart to the brain, i.e., from HRV-HF oscillations to the EEG-c oscillations from C2 electrode. Red- and blue-colored trend lines represent the DE
and NE groups, respectively; the P values have been adjusted for multiple comparisons using permutation test. C: statistically significant differences
between the DE and NE groups along the time for the 4 features are shown in B. a.u., arbitrary unit; N.S., not significant.

Table 2. Results from a Mann–Whitney statistical test
applied to LF power n.u., HF power n.u., and LF/HF com-
puted from the HRV, SAP, and DAP signals to discern DE
and NE groups

Mann–Whitney P Values

HRV SAP DAP

LF power n.u. 0.0049 0.0304 0.1172
HF power n.u. 0.0049 0.0304 0.1172
LF/HF 0.0049 0.0304 0.1172

Bold characters indicate significant P < 0.05. DAP, diastolic arte-
rial pressure; DE, dream experience; HF, high frequency; HRV,
heart rate variability; LF, low frequency; NE, no dream experience;
n.u., normalized unit; SAP, systolic arterial pressure.

ACTIVATION OF BRAIN-HEART AXIS: A TRIGGER FOR DREAMING

R956 AJP-Regul Integr Comp Physiol � doi:10.1152/ajpregu.00306.2020 � www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Unipi / Celdes (131.114.071.212) on October 28, 2024.

http://www.ajpregu.org


for example, response to negative facial expressions (43) and
familiar versus unfamiliar faces (44).

Regarding the processing of autonomic signals, HRV se-
ries was extracted from ECG, whereas the series constituted
by the amplitudes of systolic and diastolic peaks, that is, SAP
and DAP, were extracted from arterial blood pressure signals.
The parameters extracted from HRV and SAP series using
frequency domain features showed statistically significant
differences between the two groups (Table 1 and Figs. 1 and
2). An overall increase in sympathetic activity in association
with dream experience recall was observed, as indicated by
an increase in LF power n.u. and LF/HF values in both HRV
and SAP series analyses. A parallel decrease in vagal activity
can be deduced from a significant decrease in HF power n.u.
and HF power.

The increase in sympathetic activity is a conventional
response to arousing stimuli, as anger- or fear/anxiety-
inducing situations (45). In our previous studies, we demon-
strated the efficiency of ANS signals as markers of moods
and emotions (46–50). It can be hypothesized, at a specula-
tive level, that these findings can be related to emotion
arousal during dreams. In the study by Merritt et al. (51), for
example, the 95% of dream reports was associated with a
specific emotional content, and anxiety was identified in the
32% of dream recalls.

Consistently with the hypotheses, we found statistically
significant results from time-varying analysis of frequency
parameters extracted from CNS and ANS series. As shown in
Fig. 2, dynamics of the three examined systems, that is, CNS,

cardiac system, and vascular system, differ significantly
between the two groups in discernible time windows.
Specifically, we found a significant early variation in the
low-frequency components of diastolic pressure (LFn.u.DAP),
265 s before the awakening from the REM phase. This varia-
tion can be attributed to an independent peripheral phe-
nomenon, possibly because of thermal oscillations or
fluctuations of hormonal concentrations (30). Subsequently,
with regard to EEG signals, a significant difference was
found in the median trend of HF/LF of the C2 channel �3
min before awakening ([�175, �155] s before the awakening).
The succession of these two significant changes in activity
over time, where the first is peripheral and the second is
related to the CNS, supports the hypotheses presented by
Hobson and McCarley (30). According to their ascending
activation theory, dreaming experience is a function of sen-
sory motor information that arises from peripheral signals
and is then relayed from the brain stem to the cerebral cor-
tex. However, in our findings, a relevant change in HRV dy-
namics follows the first variations in the EEG. Therefore, it
can be hypothesized that after activation at the brain level
attributable to dream experience, a top-down interaction
causes a canonical autonomic activation found in the signifi-
cant variation of LF/HF ratio in the HRV. More specifically,
results from the heart-to-brain interaction analysis suggest
that the interactions between CNS and ANS associated with
dreaming experience are bidirectional and exhibit dynamic
changes. As a matter of fact, in the same scalp region that
showed enhanced EEG signals (i.e., C2 electrode), BHIHF!c
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Figure 3. Box-plots of heart rate variability (HRV) features defined in the frequency domain that resulted significantly different in the comparison
between the two groups (P< 0.05). Red color indicates the dream experience (DE) group, and blue color indicates the no dream experience (NE) group.
HF, high frequency; LF, low frequency; n.u., normalized unit.

DE NE
0

0.2

0.4

0.6

H
F

 p
ow

er
 n

.u
.

DE NE

0.4

0.6

0.8

1

LF
 p

ow
er

 n
.u

.

DE NE

0

20

40

60

LF
/H

F

SAP
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the two groups (P< 0.05). Red color indicates the dream experience (DE) group, and blue color indicates the no dream experience (NE) group. HF, high
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depicts a clear increasing trend in the DE group, whereas in
the NE one a constant behavior is shown. The difference is
statistically significant in a time window defined by 135 s to
95 s before the awakening. Notably, such a time window
comes after the significant period depicted by ANS-LF/HF
ratio and before the second significant time window from
the EEG-HF/LF analysis, thus enhancing a persistent periph-
eral action over the brain dynamics during dreaming experi-
ence. However, it cannot be excluded that our data also fit
other hypotheses concerning the information flow between
CNS and ANS sleep mentation (52, 53).

The major limitation of this preliminary study is the
reduced number of data samples from independent subjects.
This limitation led us to consider data segments preceding
each awakening with or without recall of dreams as inde-
pendent samples. With the appropriate statistical power,
paired statistics could be properly applied also to discern
physiological dynamics based on the sex and emotional con-
tent of dreams. Therefore, future endeavors will be directed
at increasing the number of subjects, also investigating a
within-subject normalization and comparing the effect of
dreams in CNS-ANS dynamics in REM and NREM stages
through a paired analysis. Furthermore, it is necessary to
investigate the valence of such physiological axis in modu-
lating dream experience.
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