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A B S T R A C T

Abnormal sleep oscillations have recently been proposed as endophenotypes of schizophrenia. However, opti-
mization of methodological approaches is still necessary to standardize analyses of their microstructural charac-
teristics. Additionally, some relevant features of these oscillations remain unexplored in pathological conditions.
Among others, slow wave traveling is a promising proxy for diurnal processes of brain connectivity and excitabil-
ity. The study of slow oscillations propagation appears particularly relevant when schizophrenia is conceptual-
ized as a dys-connectivity syndrome. Given the rising knowledge on the neurobiological mechanisms underlying
slow wave traveling, this measure might offer substantial advantages over other approaches in investigating brain
connectivity.Herein we: 1) confirm the stability of our previous findings on slow waves and sleep spindles in
FDRs using different automated algorithms, and 2) report the dynamics of slow wave traveling in FDRs of Schiz-
ophrenia patients. A 256-channel, high-density EEG system was employed to record a whole night of sleep of 16
FDRs and 16 age- and gender-matched control subjects. A recently developed, open source toolbox was used for
slow wave visualization and detection. Slow waves were confirmed to be significantly smaller in FDRs compared
to the control group. Additionally, several traveling parameters were analyzed. Traveled distances were found to
be significantly reduced in FDRs, whereas origins showed a different topographical pattern of distribution from
control subjects. In contrast, local speed did not differ between groups.Overall, these results suggest that slow
wave traveling might be a viable method to study pathological conditions interfering with brain connectivity.

© 2018

1. Introduction

At the turn of the 20th Century, Eugen Bleuler coined the term
schizophrenia (SCZ) from the greek σχίζω (schizo, divided) and φρήν
(phren, brain/mind), suggesting the presence of a dis-integration of fun
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damental brain-mind functions in affected patients. Over the past
20 years, a growing number of authors returned to this original concep-
tualization and described SCZ as a network disorder (Tononi and Edel-
man, 2000) for which neuroimaging findings are currently laying a bi-
ological foundation (Giraldo-Chica and Woodward, 2017; Kambeitz
et al., 2016).

Non-Rapid Eye Movement (NREM) sleep brain oscillations, sleep
spindles and sleep slow waves, are thought to reflect the anatomi-
cal and functional integrity of the thalamocortical system (Steriade,
2003) and have been increasingly associated with neuronal plasticity
mechanisms (Diekelmann and Born, 2010). These sleep oscillations
may represent a preferential window of observation for dynamic EEG
brain connectivity, due to the absence of fluctuating levels of attention

https://doi.org/10.1016/j.schres.2020.03.025
0920-9964/© 2018.
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and interfering symptoms that are known to influence experimental out-
comes during wakefulness.

Sleep spindles typically appear on EEG recordings at the onset of
stage 2 NREM sleep (N2) as phasic, waxing-and-waning “spin-
dle”-shaped 12–16 Hz oscillations. These oscillations originate in the
Reticular Thalamic Nuclei but are synchronized by a complex exci-
tatory-inhibitory interplay between the thalami and the cortex (von
Krosigk et al., 1993; Fuentealba and Steriade, 2005; Timofeev et
al., 2000; Bonjean et al., 2011; Piantoni et al., 2016).

Slow waves, the hallmark of NREM stage 3 (N3), are high voltage
1–4 Hz waves arising from the synchronous alternation between active
(up) and quiescent (down) firing states of large neuronal ensembles
(Steriade, 2003). Slow wave generation has typically been attributed
to the cortex (Steriade et al., 1993), although growing literature sug-
gests a role for the thalamus in their full expression (Lemieux et al.,
2014; Crunelli et al., 2015; Gent et al., 2018a). Slow waves propa-
gate across the scalp in highly reproducible patterns, typically along the
antero-posterior axis (Massimini et al., 2004). These oscillations and
their traveling have been linked to the integrity of white matter tracts
(Buchmann et al., 2011; Piantoni et al., 2013; Kurth et al., 2017;
Schoch et al., 2018) and increasing evidence suggests they might be a
fingerprint of brain connectivity (Kurth et al., 2017).

Sleep oscillations have been extensively explored in SCZ, and im-
paired spindle density has been the most consistent finding (Castel-
novo et al., 2016, 2018; Zhang et al., 2019; Kaskie and Ferrarelli,
2019). However, results are not unanimous, especially among the few
papers addressing early-course psychosis. The literature on slow waves
is less conspicuous and findings lack consistency, perhaps due to phar-
macological and/or methodological confounding effects (see Castel-
novo et al., 2018 for a discussion on this topic). One study of five un-
medicated SCZ patients reported reduced slow wave density and ampli-
tude which was most prominent in the first cycle, in the context of a loss
of physiological homeostatic decrease across cycles (Hiatt et al., 1985).
Reduced delta power, slow wave number and density (only in the first
cycle) were confirmed in a larger sample including 19 drug-naïve pa-
tients (Keshavan et al., 1998). A trend towards reduced delta sleep
was also reported in another small sample of drug–naïve patients diag-
nosed with Schizophreniform Disorder ( Poulin et al., 2008). A clear
slow wave sleep (SWS) deficit was found in 15 unmedicated, chronic
SCZ patients with profound disturbances of sleep continuity and archi-
tecture (Yang and Winkelman, 2006). Reduced delta power was also
reported in a sample of early-course psychosis patients but it did not sig-
nificantly differentiate SCZ from other psychotic disorders (Manoach et
al., 2014). Furthermore, some authors attempted to clarify the relation-
ship between slow waves and cognitive processing in SCZ. Reduced SWS
was found to correlate with visuospatial memory impairment in SCZ pa-
tients (Göder et al., 2004); the same group also reported a reduction
of delta power in the same population, restricted to temporal and oc-
cipital channels (Göder et al., 2006). More recently, preserved slow
wave densities and amplitudes were reported in chronic, medicated pa-
tients who did, however, lack learning-dependent coordination of slow
wave activity across the cortex (Bartsch et al., 2019). Notably, a re-
duced slow wave density in channels overlying a vast pre-frontal area
has been recently reported using high–density electroencephalography
(hdEEG) in early-course psychosis (Kaskie et al., 2019).

Sleep abnormalities have also been investigated in SCZ First-De-
gree Relatives (FDRs) (D'Agostino et al., 2018; Schilling et al.,
2016; Manoach et al., 2014; Sarkar et al., 2010; Keshavan et
al., 2004), who exhibit neuroanatomical (Capizzano et al., 2011),
neurofunctional (Giraldo-Chica and Woodward, 2017; Kambeitz
et al., 2016; Whitfield-Gabrieli et al., 2009), neurophysiological
(Earls et al., 2016) and neurocognitive (Sitskoorn et al., 2004;
Snitz et al., 2005) profiles similarly to their affected relatives. We

previously reported subtle abnormalities of sleep oscillations in this
population that may represent a marker of susceptibility to SCZ
(D'Agostino et al., 2018).

Despite a generally positive progression, the field of sleep oscillations
in the SCZ spectrum remains largely open to debate due to partially in-
consistent results. As with several other biomarkers, this might be re-
lated to the intrinsic heterogeneity of the selected samples in terms of
clinical stage and presentation, genetic load and medication regimens.
Moreover, the majority of available studies employed different analysis
methods that somewhat limit the possibility of comparing data (Castel-
novo et al., 2018).

To address this methodological issue, here we aimed to confirm our
previous findings on sleep oscillation abnormalities in FDRs through a
standardized and easily reproducible approach which employs a novel
and accessible tool for the detection of sleep oscillations. We also aimed
to explore the feasibility of adopting slow wave traveling as an effective
measure of brain dysconnectivity in SCZ by evaluating its use in FDRs.

2. Materials and method

2.1. Participants

Sixteen adult healthy FDRs of patients diagnosed with SCZ (50%
males, age 48.5 ± 14.2) and sixteen age- and gender-matched control
subjects (50% males, age 49.8 ± 12.7) with no personal or family his-
tory of psychiatric disorders were included in the analyses. History of
developmental, neurologic, psychiatric and sleep disorders and use of
any drug interfering with CNS functioning were excluded. The same
population was used in our previous publication on sleep spindles and
slow waves (D'Agostino et al., 2018), where further details on cog-
nition, perceptual experiences and general medical status are available.
The study was approved by the San Paolo Hospital ethics committee
and by the University of Wisconsin Health Sciences Institutional Review
Board.

2.2. Sleep EEG data acquisition

All-night sleep recordings were acquired with a hd-EEG system (Elec-
trical Geodesic Sensor Net for long-term monitoring, 256 channels).
Lights-out was within one hour of the participants' reported bedtime,
and subjects were allowed to sleep ad libitum. EEG recordings were
scored according to AASM criteria (Iber et al., 2007) and reviewed
by a sleep expert (AC). All EEG signals were collected at 500 Hz and
high-pass filtered at 0.1 Hz. Recording procedures and pre-processing
routines used to remove bad channels and artifacts were detailed else-
where (D'Agostino et al., 2018).

2.3. NREM sleep oscillations analysis

Microstructural sleep oscillatory activity was analyzed with an
open-source, Matlab-based user-friendly toolbox that offers the possibil-
ity to standardize the detection procedure (Mensen et al., 2016). The
toolbox allows us to specify a large number of parameters for the de-
tection of slow waves (e.g. the amplitude threshold, the minimum slow
wave length or the minimum traveled distance to classify an EEG oscil-
lation as a slow wave). Thanks to the optimization of its Matlab code, it
also offers the possibility to rapidly compare outputs. Results were con-
sistent across methods as assessed by an exploratory preliminary analy-
sis (see Fig. 1). Findings on mastoid-referenced data obtained using pa-
rameters proposed as “default” by the toolbox will be presented here.
The algorithm and the parameters employed to detect slow waves is de-
tailed extensively elsewhere (Mensen et al., 2016) and will be briefly
summarized here.
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Fig. 1|. A comparison of two slow wave detection methods.Method 1 is based on the slow wave detection algorithm described by Riedner et al., 2007 (Riedner et al., 2007), which
was used in our previous work (D'Agostino et al., 2018). Method 2 is the output obtained with the novel toolbox (https://github.com/Mensen/swa-matlab) using default parameters
described in Methods section (A) and a set of parameters chosen to reproduce previous analysis as closer as possible to Method 1 (B). Intergroup-comparison results were comparable
between the 2 methods.FDR: first degree relatives; Control: age and gender matched control group. Density: number of sleep slow waves over time (minutes). Amplitude: negative peak
amplitude in mcV.

The canonical wave was derived from the calculation of the nega-
tive envelope — i.e. the mean activity of the most negative 2.5% of
channels at each sample independently in the time series. Individual
slow waves in the canonical wave were detected starting from its lo-
cal minima, that were also used as initial points to inspect further wave
properties. Data-driven, dynamic amplitude thresholds were applied (5
standards deviations of the median amplitude). Defaults for the mini-
mum and maximum wavelength for the canonical wave were 250 ms
and 1250 ms, respectively. A correlation method was used for the de-
tection of slow waves at each individual channel, i.e. slow waves at the
single-channel level were detected by cross-correlating the negative por-
tion of the canonical wave with the individual channels over a specified
time window.

Traveling properties of each slow wave were derived from a delay
map obtained interpolating individual delays over the scalp (across “ac-
tive” channels) on a 40 ∗ 40-unit grid. Although delay maps already of-
fer meaningful information about traveling, average delay maps might
be influenced by a number of factors, as the direction of traveling and
traveled distance. Therefore, we decided to investigate three other trav-
eling parameters: origins, traveled distance and local speed.

All potential streamlines for each traveling wave were calculated us-
ing each channel's coordinates as a seed to examine the optimal stream-
lines to and from the channel. Only 3 streamlines are retained by the
toolbox: (1) the one with the longest linear displacement (the distance
between the starting and ending points of the wave), (2) the one with
the longest distance traveled (the cumulative sum of all coordinates of
the line) if different from the longest displacement, and (3) the stream
of most angular deviation from the longest displacement. Given the
current lack of a standardized method or theoretical background to
choose a streamline over others, we used the first one (1) in line with
other authors that previously published on this topic (Massimini et

al., 2004; Kurth et al., 2017). All potential waves that traveled for
less than a minimum traveling time (set at 40 ms, i.e. approximately
0.8 cm considering a traveling speed of 2 m/s from previous studies)
were discarded.

Origins were calculated as the first point of each streamline. As
streamlines were calculated on a 40 ∗ 40 grid, in order to plot them we
then recalculated the number of origins at each electrode as the sum of
the origins in the grid falling within a radius equal to the distance be-
tween each neighboring electrode (stable in the system of coordinates
adopted for Electrical Geodesic Sensor Net).

To calculate the local speed (i.e. the speed of a wave at each partic-
ular electrode), the highest possible number of streamlines was needed
to cover the entire scalp. Therefore, we implemented the toolbox saving
all streamlines in the final output along with the three described above.
Local speed was estimated from the 40 ∗ 40 grid delay map, calculating
the space unit grid divided by the time gradient, i.e. the difference be-
tween two consecutive tiles of the grid, on the x and y axes. We than
calculated the local speed vector in units/s for each tile as the vector
sum of the x and y speed vectors.

Of note, we focused our analysis on whole-night stage 3 sleep and
repeated an exploratory analysis for sleep stage 3 in first cycle, because
this latter sleep period was comparable between the two groups in terms
of sleep architecture (see Supplementary Figs. 1 and 2).

Although the main focus of the study was on sleep slow waves, we
also performed a confirmatory analysis on sleep spindles (see Supple-
mentary Fig. 3). The toolbox allows to detect sleep spindles by imple-
menting a published Wavelet-based algorithm that has been found to
outperform other 4 (published) automated spindles detectors, including
the one reported in our previous study (Warby et al., 2014).

For topographical analysis, we applied statistical nonparametric
mapping and a suprathreshold cluster analysis to control for multiple

https://github.com/Mensen/swa-matlab
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comparisons (Nichols and Holmes, 2002) using an appropriate
threshold t-value (t = 2.042, corresponding to ɑ = 0.05 for the given
degrees of freedom) with fixed number of combinations (n = 50,000).

3. Results

Slow wave density during whole-night NREM sleep was compara-
ble between FDRs and the control group, whereas slow wave amplitude
was reduced in FDRs with both slow wave detection algorithms (see
Fig. 1), validating our previous results. Findings on density (absence
of significant differences in absolute and normalized values) and ampli-
tude (a large cluster of 85 channels showing reduced absolute values,
p = 0.0152) were stable during sleep stage 3 (see Fig. 2). Likewise, we
were able to confirm the lack of spindle density deficits in FDRs com-
pared to control subjects, and the reduction of spindle power (see Sup-
plementary Fig. 1 for details) we previously found in the same sample
using a completely different algorithm.

Findings related to slow wave traveling during stage N3 are sum-
marized in Fig. 2. FDRs showed increased mean delay values over
the midline from central to posterior regions and increased values over
frontal regions. However, when looking at absolute topographical maps
these findings only showed a trend towards significance (18 channels,
p = 0.0907 after multiple-comparison correction). Normalized values
(z-scores obtained subtracting the mean and dividing for the standard
deviation) reached significance over the midline cluster (25 channels,
p = 0.0099, after multiple comparison correction). No correlation was
observed between mean delay and amplitude values.

The topographical map of origins, expressed as a percentage of the
sum of values across channels (a measure of normalization), showed
a significant increase over frontal regions (n = 13, p = 0.001) and a
strong decrease over midline central and posterior regions (9 channels,
p = 0.012 and 8 channels, p = 0.021, respectively). These results par-
alleled the distribution of the delay maps, that showed much shorter

Fig. 2|. Topographical maps of slow wave parameters during whole night sleep stage N3.FDR: schizophrenia first degree relatives. Control: age and gender matched control group. t-Stats:
map showing the individual electrode t-value (two-tailed, unpaired) maps for the comparison between FDR and control subjects in terms of absolute values. First row: slow wave density
(number per hour of N3 sleep) at each channel. Second row: slow wave mean amplitude (average of negative peaks values for each channel). Third to six rows: topographical maps of
slow wave traveling parameters. Third row: slow wave average delays (delays at individual channels obtained correlating the canonical wave to individual channel slow waves). Fourth
row: slow wave origins (expressed as density, i.e. number of slow waves per minute). Fifth row: local speed (the speed of a wave at each particular electrode). Blue: FDR < control. RED:
FDR > control. White dots: significance (p < 0.05) at the cluster level (after multi-comparison correction). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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delays in the front compared to the back. In contrast, local speed was no
different between groups.

As shown in Fig. 3, traveled distance differed significantly between
FDRs and control subjects (2-tailed unpaired t-test, p = 0.043). As am-
plitude and traveled distance are known to be modulated by across-night
dynamics, we performed the same analyses during the first NREM sleep
cycle, where N3 activity is maximal. We were able to confirm similar
findings when N3 sleep of the first NREM sleep cycle was analyzed (see
Supplementary Figs. 1 and 2).

4. Discussion

A significant reduction in slow wave amplitude combined with an
unaltered slow wave density confirmed our previous slow wave report
in SCZ FDRs (D'Agostino et al., 2018). We previously noticed that,
unlike the consistency of findings reported across SCZ samples for sleep
spindles, slow wave data remain controversial, possibly due to the di-
verse methodological approaches employed by different groups (Castel-
novo et al., 2018). Conducting replication studies is critical to es-
tablish credible scientific evidence, even when converging lines of ev-
idence and solid theoretical hypotheses support original data (Nicker-
son, 2018).

We also observed a reduction of slow wave traveled distances in
the FDR sample compared to healthy individuals with a negative fa-
miliar history. Shorter propagation distances likely reflect dysfunctional
long-range connectivity among distributed cortical regions. Evidence
suggest that slow wave propagation parameters are linked to white mat-
ter microstructure (Kurth et al., 2017), whereas new research has be-
gun to unveil a role for the thalamus in the coordination of sleep oscil-
lations (Gent et al., 2018a). Specifically, recent optogenetic research
revealed that burst activation of centro-medial thalamic neurons mimics
Up-states in the cingulate cortex and enhances diffuse synchronization
of cortical slow waves during sleep through a relay in the antero-dorsal
thalamus (Gent et al., 2018b).

We previously hypothesized that disrupted cortical synchronization
might increase the risk of developing SCZ, although thalamic dysfunc-
tion reflected by the well-established impairment of sleep spindle gen-
eration may be necessary for the disease onset. Current results do not
contradict this interpretation as it seems plausible that both cortico-cor-
tical and thalamocortical connectivity regulate slow wave traveling. Al-
though further research is needed, a larger impairment in slow wave

Fig. 3|. Traveled slow wave distance during whole night sleep stage N3.Distance was cal-
culated as the line of longest displacement. Units of measurement are referred to a grid of
40 ∗ 40 tiles. FDR: schizophrenia first degree relatives. Control: age and gender matched
control group.

traveling associated with major abnormalities in sleep spindle density is
expected in patients with SCZ.

We also reported abnormality of slow wave origins in FDRs, with an
increase over frontal regions and a strong decrease over midline central
and posterior regions compared to control subjects. Should these proper-
ties of slow wave traveling be confirmed in SCZ patients, they might re-
flect the connectivity impairment that has extensively been shown dur-
ing wakefulness. Although several hypotheses remain to be tested and
these preliminary results only support a speculative discussion, we sug-
gest that the increased number of slow wave frontal origins in FDRs
might be a compensatory mechanism for the relative lack of central and
posterior activity and the global reduction of speed and traveled dis-
tance. Further studies exploring slow wave traveling and its origins in
SCZ patients are necessary to confirm this hypothesis.

Finally, SWS is crucial for the consolidation of memories (Stickgold,
2005) and has been specifically associated with the consolidation of de-
clarative memories (Marshall et al., 2006). Although sleep-dependent
consolidation was not tested in our sample, other studies have shown
FDRs share similar deficits with patients during a word-pairs associa-
tion task (Denis et al., 2018) and in declarative memory (Whyte et
al., 2005). Future studies should assess whether reduced amplitude and
propagation dynamics of slow waves in FDRs also reflect the specific ab-
normalities of memory processing observed in this population.

The present study has some limitations. First, the sample size was
relatively small (N = 16 in each group), albeit in line with available
studies including whole-night sleep data in FDRs, which range from 13
to 19 (Sarkar et al., 2010; Manoach et al., 2014; Schilling et al.,
2016). Furthermore, this has been considered adequate to detect large
effect sizes, while desensitizing inference to small effect sizes, for clas-
sical inference based on α (Friston, 2012). Another potential limita-
tion was that the sleep macrostructure was found to differ between the
two groups. Altered parameters such as duration of stages N2 and N4,
reduced TST and low sleep quality have previously been reported in
FDRs compared to healthy control populations (Sarkar et al., 2010;
Manoach et al., 2014; Schilling et al., 2016). However, we have
previously shown that differences in architecture are unlikely to affect
slow-wave analysis due to the lack of difference observed between the
two samples in terms of density (D'Agostino et al., 2018). In order to
control for this potential bias, similar results have been replicated for the
first cycle, within which sleep architecture parameters were comparable
between groups (see Supplementary Figs. 2 and 3). Finally, although our
analysis should be considered confirmatory, we acknowledge that other
results might be obtained with different samples even if the same meth-
ods are applied. This limitation reflects the intrinsic variability of the
population studied, which putatively differs in terms of genetic suscep-
tibility to SCZ across samples.

Despite these limitations, the use of standardized and open source
methods for the analysis of sleep oscillations is critical to boost repro-
ducibility of results and comparability across studies. Overall, the re-
sults of the current analysis on slow wave traveling are encouraging and
could unfold a novel path for future research in patients with SCZ and
related disorders. Although functional MRI measures have clearly be-
gun to dissect abnormal connectivity in SCZ, the slow temporal resolu-
tion of hemodynamic responses is known to limit this technique (Houck
et al., 2017). EEG-based measures can complement imaging findings
to capture the full extent of functional connectivity abnormalities in
SCZ. In addition to the exquisite temporal resolution of all EEG mea-
sures, sleep parameters reflect the spontaneous activity of a brain de-
tached from its environment, which reaches its peak of autonomous
“offline” processing during slow waves sleep. Along with several other
groups, we encourage access to this privileged window of enquiry to
further unravel the neural circuitry underlying SCZ. Emerging findings
will eventually allow us to design novel pharmacological and non-phar



UN
CO

RR
EC

TE
D

PR
OO

F

6 A. Castelnovo et al. / Schizophrenia Research xxx (xxxx) 1–7

macological strategies to alleviate symptoms by targeting sleep abnor-
malities (Zhang et al., 2019; Kaskie et al., 2019).

5. Conclusions

The study of slow wave traveling is rapidly evolving into a success-
ful, noninvasive analysis method of brain connectivity that might en-
hance the understanding of neurodevelopmentally abnormal trajectories
(Kurth et al., 2017). This pattern has never been studied in disorders
typically associated with disrupted brain connectivity such as SCZ.

The refined spatiotemporal resolution of hd-EEG signal coupled with
the lack of wake-related confounds during sleep make traveling slow
wave oscillations a highly promising candidate marker for SCZ. Future
studies will need to confirm the stability of our findings in larger sam-
ples of FDR, as well as to assess slow wave traveling deficits in SCZ pa-
tients, which may lead to the discovery of pathogenetic and prognostic
biomarkers for SCZ and related psychotic disorders.
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