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Recent developments in automatic scoring
of rodent sleep
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ABSTRACT

Sleep research carried out on rat and mouse model led to the publication of more than 5000 papers in the last 15
years”, of which more than 500 in 2014. Wake-sleep scoring represents a crucial step of the work performed in pre-
clinical sleep laboratories; it is a time consuming task and a potential source of errors affecting research outcomes.
Several algorithms have been developed to perform automatic sleep scoring. Automatic scoring can accelerate the
work of researchers substantially. Moreover, the use of sleep scoring algorithms facilitates the direct comparison
of the results produced in different laboratories, with clear advantages from the viewpoint of the advancement of
science and reduction of the number of animals used for research.

The intent of this review is to provide the readers with the last developments in scoring in rodent sleep and to stress
about the need of a cross-lab and cross-species validated algorithm.

* Pubmed (http://www.ncbi.nlm.nih.gov/pubmed) records indicate 5322 papers including the words “sleep” and
either “rat”/’rats” or “mouse”/”mice” in the title or abstract published between 2000 and 2014, with 513 papers
published in 2014 (query made on July 25th 2015).
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related movement disorders and other sleep disor-
ders. Among these groups are included conditions
such as narcolepsy, hypersomnia, sleep apneas,
snoring, bruxism, periodic limb movements, REM
sleep behavior disorders, shift-work, sleepwalking
and sleep paralysis. From the scientific viewpoint,
the study of the wake-sleep cycle and its altera-
tions is of interest to molecular biologists (genetic
and epigenetic alterations; cf. Dauvilliers and Tafti
(2008); Palagini et al. (2015); Paterson et al. (2011);

Sleep as a topic of growing interest in
biomedical research

The study of the physiology and pathophysiology of
the wake-sleep cycle is an expanding research field.
The elevated number of sleep disorders undoubtedly
fuels this interest. According to the International
Classification of Sleep Disorders of the American
Academy of Sleep Medicine (Sateia, 2014), 95

different sleep disorders have been identified until
now. These disorders were grouped into 7 main
classes: insomnia, sleep-related breathing disorders,
central disorders of hypersomnolence, circadian
rhythm sleep-wake disorders, parasomnias, sleep-

Toth and Bhargava (2013) for recent examples)
in addition to physiologists and neuroscientists
(autonomic, metabolic, cardiovascular, respiratory,
thermoregulatory, motor, inflammatory systems; cf.
Amici et al. (2014); Dengler et al. (2015); Floras
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(2015); Romeijn et al. (2012); Spiegel et al. (2009)
for recent examples). In summary, sleep research is
at the intersection among different areas of medicine
and basic science, explaining why this field is con-
stantly expanding.

Mice and rats in sleep research

The use of animal model is critical in biomedical
research because the level of complexity of the
interactions between molecules, cells, organs and
systems can hardly be understood by looking at
the single components. Moreover, animal models
allow researchers to test the safety and efficacy
of new therapies before applying them on human
subjects (Paterson et al., 2011). Among animal
models, rodents offer several advantages: rats and
mice are relatively cheap to buy and maintain, their
size is small and their life cycle is short (Paterson et
al., 2011; Toth and Bhargava, 2013). Research on
mice has received impulse after 2002, when mouse
DNA was completely sequenced (Mouse Genome
Sequencing et al., 2002). This has allowed the
development of hundreds of genetically-modified
mouse strains that have been used in many differ-
ent research areas. In particular, the development
of genetically-modified mouse models reproducing
specific sleep disorders accelerated the understand-
ing of these diseases and their correlates (Toth and
Bhargava, 2013). A successful example was the
generation of two engineered mouse models, in
which two different genetic approaches were applied
to stop the production of the orexin peptides or to
selectively kill the orexinergic neurons (Chemelli
et al., 1999; Hara et al., 2001). These genetically-
modified mice show a narcoleptic phenotype very
closed to those of human patients, and have been
key to foster the understanding of narcolepsy patho-
physiology. For example, cardiovascular derange-
ments during sleep (Bastianini et al., 2011) and
electroencephalographic anomalies during cataplexy
(Bastianini et al., 2012) have been discovered on
these mice and later translated to human patients
with narcolepsy/cataplexy (Grimaldi et al., 2012;
Vassalli et al., 2013).

In addition to mice, rats are useful models especially
in sleep research because their bigger size (rats are
10 times heavier than mice) allows scientists to

more easily study specific brain areas by means of
electrophysiological and pharmacological manipula-
tions (cf. Cerri et al. (2013); Luppi et al. (2013) for
recent examples). Indeed, most of the experiments
showing the effects on sleep of specific neurotrans-
mitters, such as histamine, adenosine, and serotonin,
and their receptors have been performed on rats (cf.
Bergmann et al. (1987); Sharma et al. (2014) for
relevant examples). Pharmacological and immu-
nohistochemical studies on rat brains significantly
contributed to our understanding of the brain circuits
involved in the regulation of the wake-sleep cycle
(Luppi et al., 2013).

The translation of results obtained on rats and
mice to human subjects has some limitations. First,
rodents are nocturnal animals with polyphasic dis-
tribution of sleep (NREM and REM) stages. Wake-
sleep cycle is thus more fragmented in rodents than
in human subjects and the sleep phase in rodents
is more largely represented by NREM sleep than
in human subjects. Finally, in human subjects, the
NREM sleep state is typically divided in 3 to 4
different stages (Paterson et al., 2011; Toth and
Bhargava, 2013). Conversely, although a distinct
pre-REM sleep state has been described in mice
(Glin et al., 1991) and rats (Gottesmann, 1996),
NREM sleep is generally not divided in stages in
rodents. Despite these discrepancies, rodents and
human subjects share many electroencephalographic
(EEG) and regulatory characteristic of wake-sleep
cycle. A more substantial yet rarely appreciated
limitation is that despite the intensive use of mice
and rats in basic sleep research, a large consensus
on the criteria to discriminate wake-sleep states in
rodents is still missing. Explicit and quantitative
consensus criteria would represent a great advan-
tage to compare and interpret results across differ-
ent laboratories and species. The lack of a common
method of sleep analysis undoubtedly contributes to
discrepancies among results published by different
research teams. This issue has long been recognized
as critical for human sleep research. Accordingly,
the American Academy of Sleep Medicine has
recently designed a web page, where users can score
sleep states based on raw tracings and compare the
results with those of a golden standard (http://www.
aasmnet.org/isr/). It would be extremely useful to
extend this procedure also to data obtained on ani-
mal models.
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Manual Vs. Automatic Sleep Scoring

Usually, sleep studies on either human subjects or
rodents are performed on the basis of the EEG and
electromyogram (EMG) activity. Due to the technical
complexity associated with the small size of rodents,
the electrooculogram (EOG) is recorded on human
subjects but usually not in these species (Ronzhina
et al., 2012). As the time spent to score sleep is pro-
portional to the duration of the recording period, a
growing interest in reducing human intervention in
the scoring procedure is spreading among the sleep
research community. Several commercial systems for
automatic sleep scoring in humans are already avail-
able. Unfortunately, all these systems contain decision
algorithms which are based on the Rechtschaffen and
Kales scoring rules thus splitting NREM sleep into
4 distinct stages. Moreover, some of them need the
EOG signal to correctly perform the sleep discrimina-
tion (Ronzhina et al., 2012). For these reasons, auto-
matic algorithms for sleep scoring in humans can not
be directly used in basic sleep research.
Consequently, numerous automated systems for
sleep scoring in rodents have been developed and
validated (Brankack et al., 2010; Robert et al.,
1999; Rytkonen et al., 2011; Sunagawa et al., 2013;
Veasey et al., 2000). Nonetheless, most basic ani-
mal sleep laboratories still construct hypnograms
based on visual inspection of polygraphic record-
ings performed by expert investigators (El Helou et
al., 2013; Gondard et al., 2013; Kantor et al., 2013).
Manual scoring of sleep states is thought to ensure
precise characterization of wake-sleep behavior,
and has the undeniable advantage to promote the
identification of unexpected EEG events (Bastianini
et al., 2011; Silvani et al., 2014). On the other hand,
manual sleep scoring is lengthy, causing a marked
slowdown in productivity, and the unavoidable
subjectivity of wake-sleep state discrimination may
hinder the replication of results. Finally, training
investigators to discriminate wake-sleep states is a
long process, which can limit but hardly avoid vari-
ability between different researchers, even in the
same team (Ronzhina et al., 2012).

The development of automatic sleep scoring algo-
rithms based on consensus criteria, robustly validated
across different laboratories and possibly applicable
to different species would be of great help for the
sleep community. These algorithms would acceler-

ate sleep studies, improve replicability of results by
avoiding subjectivity in sleep discrimination, and
possibly be applied in real time for sleep deprivation
protocols (Libourel et al., 2015; Vivaldi and Bassi,
2006). Sleep scoring algorithms may also combine
conventional discrimination of wake-sleep states with
novel techniques of sleep EEG analyses, such as the
cluster state-transition analysis (Diniz Behn et al.,
2010), fostering new discoveries in sleep research.

RecentValidated Algorithms for Automatic
Sleep Scoring

The firsts algorithms for automatic sleep scoring in
rodents were proposed in the *70 (Kohn et al., 1974).
Since then, new and increasingly evolved algorithms,
either commercial or open-source, have been pro-
posed (Brankack et al., 2010; Rytkonen et al., 2011;
Sunagawa et al., 2013; Veasey et al., 2000). Automatic
sleep scoring algorithms can be divided into two main
groups: unsupervised and supervised. Unsupervised
algorithms discriminate sleep states using rules such as
Bayesan probability or artificial neural network clas-
sification methods defined before the staging process.
Supervised algorithms need human interactions to
manually set wake-sleep state cutoffs or to manually
score a subset of data for each subject before proceed-
ing to the analysis of the remaining data. Therefore,
unsupervised algorithms typically result less flexible
to different recording setups and they hardly perform
satisfactorily on outliers subjects, whereas supervised
algorithms inevitably suffer to some extent from
subjectivity. Most of the more recent automatic algo-
rithms belong to the latter group (Brankack et al.,
2010; Crisler et al., 2008; Gross et al., 2009; Kreuzer
et al. 2015; Louis et al., 2004; Rytkonen et al., 2011;
Veasey et al., 2000). Fewer unsupervised algorithms
have been recently proposed but they resulted compu-
tationally intensive (Sunagawa et al., 2013) and have
been tested on a limited number of animals (Libourel
et al., 2015; Sunagawa et al., 2013; Stephenson et al.,
2009; Costa-Miserachs et al., 2003). Finally none of
these algorithms (Table I), even those showing very
good performance (Crisler et al., 2008; Kreuzer et al.
2015; Rytkonen et al., 2011; Sunagawa et al., 2013),
have been tested on independent datasets (i.e. cross-
laboratory validation) (Rytkonen et al., 2011) and
different species (Brankack et al., 2010; Crisler et al.,
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2008; Gross et al., 2009; Libourel et al., 2015; Louis
et al., 2004; Sunagawa et al., 2013; Stephenson et al.,
2009; Costa-Miserachs et al., 2003).

An example of cross-aboratory and cross-
species validated automatic algorithm
for sleep scoring: SCOPRISM

Recently, we proposed a new open-source algorithm
(Matlab) for sleep scoring in mice called SCOPRISM
(Bastianini et al., 2014). Briefly, SCOPRISM operates
in two main steps with a changeable time resolution,
with a default epoch length of 4 s. Initially, sleep scor-
ing is performed according to two local properties of
each recorded epoch: the ratio between EEG spectral
power in the 6 (6-9 Hz) and & (0.5-4 Hz) frequency
ranges, and the root mean square (rms) of the EMG
signal. In the second step, a series of rules that take
into account not only the local EEG/EMG properties
but also the information on EEG and EMG in adja-
cent epochs, are used to refine the initial scoring. The
fraction of epochs characterized by each given combi-
nation of the two local properties (EEG 6/0 ratio and
EMG rms) is plotted in the first step as 3D surface
(Figure 1). This plot typically included a peak at high
values of EMG rms, which corresponds to episodes
of wakefulness, and a second peak at low EMG rms
and EEG 0/9 ratio values corresponding to episodes
of NREM sleep. Finally, REM sleep corresponds to
epochs with low EMG rms and high EEG 6/0 ratio
values. SCOPRISM automatically finds the EMG
rms values to discriminate between wakefulness and
sleep states and adapts it to each new subject. On the
other hand, the discrimination between sleep states
(NREM and REM sleep) is performed using a fixed
value of the EEG 6/0 ratio equal to 1, meaning equal
EEG spectral power in the theta and delta frequency
ranges, which are prominent during REM sleep and
NREM sleep in rodents, respectively.

SCOPRISM validation was performed on a large
population of mice (including different strains of
genetically-modified mice) that allowed us to detect
some limits of this algorithm (Bastianini et al., 2014).
However, we took advantage of the identification of
the rare outliers and developed a flow-chart with spe-
cific rules for the correct application of SCOPRISM.
Moreover, for the first time we performed a cross-
laboratory (analyzing and comparing data of mice

recorded in 3 different laboratories) and cross-species
(analyzing and comparing data recorded on mice and
rats) validation of our algorithm (Bastianini et al.,
2014). The overall accuracy, specificity and sensitiv-
ity values of the internal validation of SCOPRISM
(97%, 95%, and 94%, respectively) were very similar
with those calculated on mouse data from different
laboratories (1% lab: 96%, 97% and 97%, respec-
tively; 2 lab: 92%, 91% and 88%, respectively) and
on rats (89%, 87%, and 95%, respectively).

One of the most interesting peculiarities of this algo-
rithm is that even though it is a fully automatic (unsu-
pervised) system, it allows experimenters to perform
a post-hoc supervision. Indeed, together with a matrix
containing the automatic sleep scoring, SCOPRISM
also provides the 3-D plot of the epoch distribution and
a second plot indicating the specific EMG boundary
region used for the mouse under study. On the base of
these 2 plots, following the flow-chart we proposed,
the experimenters can evaluate SCOPRISM reliability
before looking at the results of the sleep analysis. This
characteristic is novel for an automatic sleep-scoring
algorithm and may be particularly useful because it
ensures objectiveness, adaptability to each experimen-
tal subject and prevention of possible bias introduced
by human intervention. Finally, SCOPRISM is the
automatic sleep scoring algorithm with the highest
overall (considering wakefulness, NREM and REM
sleep states together) accuracy (agreement) when com-
pare to manual scorer (Table I).

In light of these characteristics, we believe that
SCOPRISM and algorithms with similar properties
(open-source, post-hoc supervised, and validated
across laboratories and species) may significantly help
automate and standardize sleep scoring in rodents. It
must be stressed that no algorithm is perfect and
definitive in itself, and a large consensus is mandatory
before accepting an algorithm as a standard research
tool. In line with this view, it is critical that algorithms
such as SCOPRISM are made freely available so that
researchers in other laboratories apply them to their
own raw data and improve them in this endeavor.

Final Summary

Sleep is a growing area of interest because this
physiological behavior is a common topic in many
different areas of biomedical research (Sateia, 2014).
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Fig. 1. - Panel A shows the typical distribution profile of recorded 4-s epochs as a function of their electromyogram
(EMG) root mean square values (x axis) and on the ratio between 6 (6-9 Hz) and & (0.5-4 Hz) spectral power of the
electroencephalogram (EEG, y axis). On the z axis, a colorimetric scale represents the fraction of epochs charac-
terized by each given combination of EMG and EEG values. For the sake of clarity, the y axis scale was tfruncated
at 6/6 = 3. Panel B shows a bidimensional view of the same epoch distribution. Gray areas correspond to boundary
regions (undetermined state attribution), which are used by the algorithm to discriminate between wakefulness
(W). non-rapid-eye-movement sleep (N) and rapid-eye-movement sleep (R). Panel C shows a bidimensional plot
of the fraction (density) of 4-s epochs as a function of EMG only; arrows indicate the limits of the boundary region
between W and sleep states. Reproduced from (Bastianini et al., 2014), with permission.
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Indeed, sleep pathophysiology touches upon derange-
ments at the molecular level (Dauvilliers and Tafti,
2008) as well as to the level of more complex physi-
ological systems (Silvani et al., 2013; Spiegel et al.,
2009). Consequently, it is likely that many research-
ers whose primary interests are distant from the
sleep field will at some point include sleep in their
experimental projects. Since a significant part of sleep
research is performed on rodents, the development of
an automatic algorithm to discriminate wake-sleep
states validated across different laboratories and spe-
cies would be of great help. The advantages in using
an automatic algorithm for sleep scoring in rodents
are not limited to the acceleration of the studies, but
also include increased objectiveness and reproduc-
ibility of the results. Many automatic algorithms for
sleep scoring have been proposed in the last few years
(Brankack et al., 2010; Crisler et al., 2008; Gross
et al., 2009; Kohn et al., 1974; Louis et al., 2004;
Rytkonen et al., 2011; Sunagawa et al., 2013; Veasey
et al., 2000). However, even those with excellent
performances have not been validated across different
laboratories or animal species (Table I). Recently, we
have published SCOPRISM (Bastianini et al., 2014),
a new automatic algorithm for sleep scoring validated
both in mice and rats on datasets of 3 different labo-
ratories and we made its script freely available. We
thus believe that SCOPRISM could represent a first
step in the development of a widely diffused standard
automatic algorithm for sleep scoring.
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