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Changes over the night in REM-sleep micro-
structure. A hypothesis of similarity to changes in
dream features reported in the literature
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Summary. The research aimed at a quantitative description of the changes in REM-sleep microstructure throughout the
night. For this purpose, sleep recordings available on the public “PhysioNet” website were analyzed from a chronobio-
logical perspective. This approach was suggested by the fact that two important properties of REM sleep determine
its microstructure: the alternation between phasic and tonic microstates, and the presence of Slow Eye Movements in
addition to Rapid Eye Movements. Although the examined recordings did not include data about dreams, a significant
result of our analyses was the close similarity between the observed highly statistically significant changes in the mi-
crostructure and changes in basic dream features that are amply reported in the literature, including recall, word count,
vividness and emotional content.
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1. Introduction

The research aimed to study the course of REM-sleep mi-
crostructure throughout the night, consisting in the alterna-
tion of sub-stages within the REM-sleep periods. In par-
ticular, we aimed to compare our results, only obtained by
quantitative analyses of the EOG signals, with results, amply
reported in the literature, about the chronobiology of basic
dreaming features. We felt that this comparison could offer
a contribution to the study of the complex relationship be-
tween dreaming and REM sleep.

Our approach was suggested by recent advancements
in three research fields: the search for neural correlates of
dreaming, the chronobiology of dreaming, and the inhomo-
geneity of REM sleep.

Regarding the neural correlates of dreaming, the analysis
of polygraphic sleep recordings has allowed the observa-
tion of significant data (see Nielsen, 2000; Marzano et al.,
2011; Chellappa et al., 2012; Nielsen et al., 2017; Siclari
et al., 2017; Zhang & Wamsley, 2019; other references are
found in a recent review by Scarpelli et al., 2021). Three al-
ternative hypotheses can be distinguished (Scarpelli et al.,
2015), based respectively on one dream generator for all
sleep stages, on two distinct generators for NREM and REM
sleep, or on the existence of covert REM sleep.

As to the chronobiology of dreaming, five different levels
of oscillation have been observed (Nielsen, 2004): ultradian,
circasemidian, circadian, circaseptan, and circatrigintan. In
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particular, as regards the changes throughout the night, an
increase in the amount of dream recall and in the length of
dream reports has been observed for the REM-sleep peri-
ods subsequent to the first, and similar changes have also
been observed for other basic properties of the dreaming
experience, including vividness and emotional content (this
point is comprehensively highlighted in a review by Nielsen,
2010). In addition to perceptual and emotional features, also
the structural properties of the dream experience change
over the night (Cipolli et al., 2015). In the light of the con-
tinuity theory between dreaming and waking life (see, e.g.,
Hobson & Schredl, 2011) and in the light of the hypothesis
of across-the-night changes in the features of this discon-
tinuity (Schredl, 2003), marked differences have actually
been found between early and late night (Malinowski & Hor-
ton, 2014). The chronobiological properties of dreaming are
correlated with important issues, including metabolism (see
Serin & NilUfer, 2019), ageing (see Chellappa et al., 2009),
personality factors (see Randler et al., 2017), and attention
(see Valdez, 2019).

As to the inhomogeneity of REM-sleep, an important phe-
nomenon is the alternation of “phasic” stages (character-
ized by the actual presence of Rapid Eye Movements) and
“tonic” stages. (Of note, to avoid ambiguity due to the exis-
tence of REM-sleep sub-periods with no or poor REMs, in
this paper the expression “REM sleep” will refer to the sleep
stage and the term “REMs” will refer to rapid eye move-
ments.) This alternation, which was observed more than fifty
years ago (see Molinari & Foulkes, 1969), has subsequently
been the subject of a vast amount of research. Among the
most significant results are the following: the thalamocorti-
cal intrinsic loop active during REM sleep (Llinas & Paré,
1991) is specifically active during phasic stages (Wherle
et al., 2007); thresholds for acoustic stimuli are lower dur-
ing tonic stages (Ermis et al,. 2010); in patients affected by
REM Sleep Behavior Disorder, phasic stages trigger a con-
trol mechanism for violent behavior (Frauscher et al., 2009);
activity in the sensorimotor and heteromodal association
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cortices alternate in multi-second periods during REM sleep
(Chow et al., 2013). These and other data are amply dis-
cussed in a recent review (Simor et al., 2021).

A second form of inhomogeneity is seen in the occurrence
of Slow Eye Movements (SEMs), whose frequency proper-
ties are similar to those that are typically present during
sleep stage 1. The occurrence of SEMs in REM sleep, re-
ported in Rechtschaffen & Kales’ (1968) classic manual, has
more recently been the object of specific studies (see Pizza
et al., 2011; Danker-Hopfe et al., 2015). Thus, an analysis
of the ElectroOculoGram (EOG) can allow a form of REM
microstructure to be described, consisting in the alternation
of four sub-stages, respectively characterized by poor pres-
ence of both REMs and SEMs, selective enhancement of
SEMs, selective enhancement of REMs, and enhancement
of both SEMs and REMs (Magrini et al., 2015).

We based our analyses on the criteria of easy repeatabil-
ity and methodological simplicity. In fact, the results can be
easily re-obtained because the EOG signals were down-
loaded from a useful database available from a public web-
site (see the Methods Section), and the analysis procedures
that we used have been published on the open portal of
our Institute (website https://github.com/massimomagrini/
rem_microstructure; Barcaro & Magrini, 2021). The applied
method is conceptually and mathematically simple, being
based on the calculation of two non-dimensional descrip-
tors defined as the ratio of the quasi-instantaneous ampli-
tude to the background amplitude of respectively the SEM
and the REM components of the EOG signal. To assure the
validity of the statistical analyses, we have taken care to
apply exactly the same methodological criteria to all the
subjects.

2. Methods

The analyses were carried out on polygraphic sleep record-
ings downloaded from the CAP sleep database (Terzano et
al., 2001) of the PhysioNet website (Goldberger et al., 2000)
(https://physionet.org/content/capslpdb/1.0.0/). These sig-
nals, although obtained for a specific purpose (the study
of the Cyclic Alternating Pattern in NREM sleep), can also
be useful for other kinds of sleep research. The recordings
were obtained from 16 subjects (respectively indicated as
n1, n2, ..., and n16 on the website) with no neurological
disorders and free of any drugs affecting the central ner-
vous system. We did not analyze n12 and n16 because the
data did not include EOG channels, nor n10 because the
EOG signal presented some artifacts and the application of
criteria for signal removal would have undermined the ho-
mogeneity of the analysis over the subjects. The labels of
the EOG channels that we analyzed are: “ROC-LOC” (n1,
n2, n3, n5, and n11), “EOG dx” (n4), “LOC-A1”" (n6, n7, and
n9), “E0OG-R” (n8), “LOC” (n13, and n14), “EOG-L” (n15).
The analysis procedures were written in the GNU-Octave
language.

The considered REM-sleep periods were those indicated
by the accurate sleep scoring reported on the website. We
adopted the following preliminary criteria for all the analy-
ses: 1) REM-sleep sub-epochs separated by short (4 min
or less) intervals were assigned to the same REM period; 2)
if short sub-epochs (4 min or less) were present in a REM-
sleep period together with a much longer sub-epoch, the
results obtained for the latter were assessed as valid for the
whole REM-sleep period; otherwise, the results obtained for
the sub-epochs were averaged. The number of REM-sleep
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Figure 1. An example is given (subject n1, REM 1) of how
the sub-stages were recognized. From top: the EOG sig-
nal, the correspondent non-dimensional SEM descriptor,
the correspondent non-dimensional REM descriptor, and
the resulting alternation of the sub-stages. In the descriptor
graphs, the threshold value equal to 1 is particularly sig-
nificant, because a necessary condition for a time interval
being assessed as characterized by SEM / REM enhance-
ment is the overcoming of this threshold at least once in the
interval.
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periods was either three (for n3), four (for n2, n4, n5, n8, n13,
and n15), or five (for n1, n6, n7, n9, n11, and n14).

For each of the 13 subjects and each REM-sleep period
(or sub-period considered), the properties of the microstruc-
ture were calculated in four steps:

1) Two band-pass filters (0.2-0.6 Hz, and 1-3 Hz) were ap-
plied to the EOG signal to obtain the SEM component
and the REM component, respectively. These values of
the cutoff frequencies were suggested by data in the lit-
erature (Smith et al.. 1971, Boukadoum & Ktonas, 1986,
Magosso et al., 2007).

2) For each of the two components, the difference was cal-
culated between the average amplitude over a moving
window (AT = 2.5 s) and the average amplitude (AA) over
the whole period (or sub-period) and then divided by AA.
Thus, for each component, a non-dimensional descriptor
was obtained.

3) An interval was recognized as characterized by SEM [or
REM] enhancement if the following two conditions were
met: for each instant of the interval, the SEM [or REM]
descriptor was greater than low-threshold = O; for at least
one instant, the SEM [or REM] component was greater
than high-threshold = 1. This method for the detection
of enhancement intervals is similar to a method that has
been applied for the recognition and quantitative de-
scription of the Cyclic Alternating Pattern (CAP) in NREM
sleep (Navona et al., 2002). For the sake of simplicity, the
values of AT, low-threshold, and high-threshold were the
same as those applied to the analysis of the CAP.

4) Finally, the REM-sleep microstructure was described as
the time alternation of four sub-stages, respectively char-
acterized by: 1) no enhancement of either SEM or REM
activity; 2) selective enhancement of SEM activity; 3) se-
lective enhancement of REM activity; 4) enhancement
of both REM and SEM activity. The percentage of time
spent in each sub-stage was then calculated. By defini-
tion, this percentage was independent from the duration
of the REM-sleep period (or sub-epoch).

REM-sleep microstructure

3. Results

An example of the method applied for the quantitative de-
scription of the microstructure is given in Fig. 1. In addition
to the EOG signal (subject n1, REM 1), the figure shows the
correspondent SEM non-dimensional descriptor, the cor-
respondent REM non-dimensional descriptor, and the time
course of the instantaneous sub-stages.

For each of the four sub-stages, Fig. 2 shows the time
course of the averaged percentages for the various REM-
sleep periods (the average being calculated over the sub-
jects). The trend is visually clear: the percentage for sub-
stage 1 constantly decreases, while the percentages for
sub-stages 3 and 4 (those characterized by REM enhance-
ment) obviously tend to increase. As we will consider, this
trend presents high statistical significance.

Table 1 reports the sum of the percentages of sub-stage 3
and sub-stage 4 for each REM-sleep period of the 13 sub-
jects. For all the subjects (n = 13) except one (x = 1), an
increase occurred from REM 1 to REM 2. If the binomial test
is applied (n = 13, x = 1), the statistical significance is high
(a = 0.0017). Interestingly, the decrease presented by the
only exception (subject n1) was small and was followed by
a remarkable increase in the subsequent REM-sleep period.
Indeed, the increase from REM 1 to REM 3 (n =13, x=0) is
even more significant (a = 0.0001). The increase from REM
2 to REM 3 is significant as well (n =13, x =2, a = 0.0112).
The transition from REM 3 to REM 4 does not exhibit a sig-
nificant trend, while the increase from REM 4 to REM 5 (n =
6, x = 0) is statistically significant (a = 0.0156).

4. Discussion

The quantitative analysis of REM-sleep microstructure high-
lighted a statistically significant trend that consisted in an
increase, throughout the night, of the sub-stages character-
ized by enhancement of the rapid-eye-movement compo-
nent of the EOG signal.

Table 1. For all the subjects and all the REM-sleep periods, the sum is reported of the time percentages of sub-stage 3
and sub-stage 4, i.e., the sub-stages that are characterized by enhancement of the rapid-eye-movement component of

the EOG signal.

REM 1 REM 2
nt 15.48 15.31 (")
n2 21.29 22.28
n3 21.52 21.92
nd 6.22 12.64
n5 15.34 16.24
né 12.31 16.96
n7 12.61 18.32
ns 6.99 9.33
n9 13.22 14.5
n11 13.9 16.07
n13 7.49 8.5
n14 7.66 20.64
n15 9.51 24.3

REM 3 REM 4 REM 5
22.13 22.26 23.66
24.66 22.77 (%)

25.97
13.13 10.63 (")
18.01 18.17
22.07 18.44 (%) 23.09
20.95 18.23 (%) 235
12.35 9.16 ()
16.64 16.14 (%) 18.49
17.31 20.39 22.91
9.41 14.2
19.64 (%) 13.59 (%) 21.41
15.45 (*) 21.13

The asterisks indicate the decreases with respect to the immediately previous REM-sleep period.
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The data that we analyzed included polygraphic signals
and did not include mentation reports; however, the results
indicate a close similarity between the chronobiological
properties of REM-sleep microstructure and the chronobio-
logical properties of basic dream features amply described
in the literature. In fact, a chronobiological approach based
on the features of REM-sleep microstructure may provide
new insight into the complex relationship between dreaming
and REM sleep.

The definition of microstructure is based on two important
properties of REM-sleep: the alternation of tonic and basic
phases, and the presence of SEMs in addition to REMs. We
feel that the chronobiological properties of REM-sleep mi-
crostructure and their close relationship with dream proper-
ties can be a fruitful subject for further research, in particular
in three directions: (a) a better understanding of the role of
SEMs, (b) insight into other kinds of chronobiological fac-
tors, and (c) an analysis of the differences between individu-
als.

As to point (a), SEMs are importantly present in sleep
stage N1, characterized by hypnagogic hallucinations: do
SEMs play a somehow similar role in REM sleep? This ques-
tion is connected to a more general question, which is still
controversial, concerning a possible relationship between
eye movements and the visual properties of dreaming (see
Leclair-Visonneau et al., 2010).

As to point (b), while our study has focused on REM-sleep
variations throughout the night, it would also be interesting
to analyze the microstructural variations inside REM-sleep
periods, and to see whether the transitions between differ-
ent sub-stages are connected to the properties of dream
recall in different instants of REM periods.

As to point (c), the sub-stage percentages, in spite of pre-
senting chronobiological patterns common to the subjects,
present variations in their range (for instance, the values
reported in Table 1 for n4 and n8 are low). Do these differ-
ences depend on the subject or on the psychophysiological
conditions of the subject in the recording night? Is the range
of the respective percentages of the sub-stages connected
to the features of the concomitant dreams?

76 %
Sub-stage 1
74
T2
64
REM1
6 %
Sub-stage 3 I I
REI"u"H
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