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Abstract
The slow waves of sleep arise from the alternation of periods of relative

neuronal silence and periods of high excitability that appear to travel over
the cortex. Intriguingly, slow waves travel preferentially from anterior to
posterior cortical regions. It has been proposed that phasic activity of sub-
cortical regions that modulate cortical excitability may be involved in state
transitions. The neuronal mechanisms contributing to the directional prefer-
ence of traveling, however, remain elusive. Since the active phase of the cor-
tical slow wave is preceded by phasic activity in the locus coeruleus (LC), we
hypothesized that the LC, due to the anteroposterior gradient of the length
and consequently axonal propagation duration of its cortically projecting
fibers, might depolarize frontal cortical neurons slightly earlier than more
posterior neurons and thus prime the cortex for a preferential propagation
of slow waves along the anterior-to-posterior axis.

High-density electroencephalography (EEG) and functional Magnetic
Resonance Imaging (fMRI) were recorded in 14 participants while sleeping.
Slow waves were automatically detected and classified according to their
direction of propagation on the scalp as traveling either in the anterior-to-
posterior or posterior-to-anterior direction. Statistical parameter mapping
(SPM) analysis was used to evaluate to which extent these two event types
were preceded by phasic activation in the posterior brainstem.

A brainstem area compatible with the right LC was significantly activated
in association with slow waves traveling in the anterior-to-posterior direction,
but not significantly with slow waves traveling in the opposite, posterior-to-
anterior, direction. Phasic activity might thus contribute to the bias of slow
waves to travel in an anterior-to-posterior direction.
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Introduction

Slow waves are the largest sponta-
neous waves in the electroencephalogra-
phy (EEG) and the defining marker of
deep non-rapid eye movement (NREM)
sleep. They arise from the alternation
of periods of low neuronal activity, the
down–states, and periods of burst firing
and widespread neuronal activation, the
up–states (Metherate et al., 1992; Steri-
ade et al., 1993a, 2001). High-density
scalp EEG recordings in sleeping humans
have revealed an intriguing spatiotempo-
ral property of the slow wave: it be-
haves like a traveling wave, reflecting
cortical activity spreading from a small
number of particularly excitable cells to
the rest of the cortical network (Massi-
mini et al., 2004). Although slow waves
can emerge spontaneously at any loca-
tion of the cortex and travel in any di-
rection over the scalp, there is a remark-
able dominance of waves traveling in the
anterior-to-posterior direction (Riedner et
al., 2007). EEG source analysis has indi-
cated that slow waves emerge most domi-
nantly in anterior regions of the cingulate
cortex and insula and subsequently travel
along the cingulate cortex (Murphy et al.,
2009). This observation was supported
by scalp EEG and intracranial recordings
obtained simultaneously during sleep to
confirm that the preferential starting lo-
cations of the slow waves were located in
frontal regions of the brain (Botella-Soler
et al., 2012). The underlying mechanisms
of the preference of slow waves to emerge
from rostral regions and to propagate to-
wards posterior regions, however, are still
unclear.

One possibility is that the propagation
of slow waves emerges purely from the
cortico-cortical interaction between neu-
ronal populations. However, the best
available estimate of travel speed of the
slow waves, as quantified in intracra-

nial recordings, is about 1 m/s (Botella-
Soler et al., 2012). This is orders of
magnitude faster than expected if the
traveling was mediated by local cortico-
cortical connectivity only (Sanchez-Vives
and McCormick, 2000). This observation,
among others, supports the hypothesis
of an involvement of subcortical struc-
tures in the fast spread of slow waves over
wide cortical areas (Amzica and Steriade,
1995). Possible candidates for this fa-
cilitating role are the thalamus (Crunelli
and Hughes, 2010; MacLean et al., 2005;
Rigas and Castro-Alamancos, 2007; Ushi-
maru et al., 2012), the cholinergic neu-
rons in the basal forebrain (Nunez, 1996),
and subthalamic nuclei, such as the
pedunculopontine nucleus (PPN) (Mena-
Segovia and Bolam, 2011; Mena-Segovia
et al., 2008) and the dorsal raphe nucleus
(Schweimer et al., 2011).

We propose that, because of its promi-
nent projections over the cortex and the
timing of its firing, the locus coeruleus
(LC), a pontine nucleus which is the prin-
cipal source of norepinephrine (NE) in
the brain, might play an important role
in the emergence of slow waves in ante-
rior regions and in their posterior prop-
agation. Traditionally, firing character-
istics of LC neurons have been regarded
to closely track the behavioral state, such
that neurons are very active during wake-
fulness, partially active during NREM
sleep and minimally active during rapid
eye movement (REM) sleep (Aston-Jones
and Bloom, 1981; Berridge and Water-
house, 2003; Hobson et al., 1975). How-
ever, there has been increasing evidence
that the LC is phasically active during
slow wave sleep. A study that com-
bined EEG with functional Magnetic Res-
onance Imaging (fMRI) in sleeping hu-
mans points towards transient activations
in the posterior pons, including the LC, in
association with scalp slow waves (Dang-
Vu et al., 2008). In unrestrained rats,
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simultaneous recording of unit activity
of LC neurons and cortical EEG showed
phasic activity of LC neurons preceding
the onset of cortical up-states by ~50 ms
(Eschenko et al., 2012). Eschenko et al.
suggested that the LC may well be in-
volved in promoting or facilitating down-
to-up state transitions, i. e. contribute to
the triggering and synchronization of cor-
tical up–states.

We considered this phasic LC activity
particularly intriguing with respect to the
anterior-to-posterior preference of travel-
ing slow waves. A considerable part of its
projections follow the same anterior-to-
posterior sequence over the cerebral cor-
tex, with shorter axonal branches reach-
ing the orbitofrontal pole and increasingly
longer axonal branches proceeding in an
anterior-to-posterior direction (Nieuwen-
huys, 1985). If cortical release of NE
due to phasic activity of the LC dur-
ing NREM sleep could indeed increase
the probability of neuronal depolariza-
tion and trigger the onset of a slow wave,
as clearly suggested by previous findings
(Dang-Vu et al., 2008; Eschenko et al.,
2012), this would be more likely to oc-
cur in frontal cortical areas first, where
NE is first released. In addition to the
proposed bias for the first ignition of
slow waves, NE release could also bias
propagation of traveling waves along the
anterior-to-posterior direction. After the
frontal release of NE with the shortest de-
lay after neuronal firing in the LC, release
from longer axonal branches to increas-
ingly posterior areas will occur with in-
creasing delay (Aston-Jones et al., 1985;
Sakaguchi and Nakamura, 1987). The es-
timated average speed of traveling waves
of ~1 m/s (Botella-Soler et al., 2012) in-
deed matches the estimated average con-
ductance velocity of axons of LC neurons
in primates (Aston-Jones et al., 1985).
Subcortical triggering of synchronized ac-
tivity in a particular cortical site that sub-

sequently propagates out of the initiation
sites has been reported before in in vitro
calcium imaging studies of coronal mouse
brain slices (Conhaim et al., 2010).

We here investigate the possibility
that phasic activity of the LC in the sleep-
ing human brain primes the cortex to fa-
vor an anterior-to-posterior direction of
traveling cortical slow waves. This hy-
pothesis implicates that, in particular, the
slow waves traveling in an anterior-to-
posterior direction are preceded by pha-
sic activity in the LC, while slow waves
not traveling in this direction are not.
Because the trajectory of the slow waves
can only be determined with high-density
EEG and activity in the brainstem in
healthy human participants can only be
quantified using fMRI, we took advan-
tage of combined EEG/fMRI recordings
during sleep and compare the activity in
the pons preceding anterior-to-posterior
slow waves and posterior-to-anterior slow
waves.

Methods
The data in this study were collected for a
previously published article (Dang-Vu et
al., 2008).

Participants
Twenty-five healthy, right-handed sub-
jects (11 females; age range, 18–25
years; mean age, 21.96 years) gave writ-
ten informed consent and received finan-
cial compensation for their participation
in this study, which was approved by
the Ethics Committee of the Faculty of
Medicine, University of Liege. No partic-
ipants had any history of traumatic, psy-
chiatric, or sleep disorders, as assessed by
a semi-structured interview. All partic-
ipants were non-smokers, moderate caf-
feine and alcohol consumers, and on no
medications. None of them complained
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of excessive daytime sleepiness or sleep
disturbances. Before the experimental
night, the participants followed a three-
day constant sleep schedule, assessed by
wrist actigraphy (Actiwatch, Cambridge
Neuro-Technology Ltd., Cambridge, UK)
and sleep diaries. Volunteers were re-
quested to refrain from all caffeine- and
alcohol-containing beverages and intense
physical activity for three days before par-
ticipating in the study and were not sleep-
deprived. During the experimental night,
subjects reported to the laboratory at
21:00.

EEG Acquisition

The EEG caps included 62 scalp elec-
trodes referenced to FCz, as well as one
electro-oculogram channel and one elec-
trocardiography (EKG) channel. By us-
ing abrasive electrode paste (ABRALYT
2000; Falk Minow Services, Herrsching-
Breitbrunn, Germany), electrode-skin
impedance was kept < 5 kΩ, in addi-
tion to the 5 kΩ resistor built into the
electrodes. EEG was recorded in the
scanner room simultaneously with fMRI
acquisition during the first half of the
night, by using two magnetic resonance
(MR)-compatible 32 channel amplifiers
(BrainAmp MR plus; Brain Products
GmbH, Munich, Germany) and a MR-
compatible EEG cap (BrainCap MR; Falk
Minow Services, Herrsching-Breitbrunn,
Germany) with 64 ring-type electrodes.
Data were transferred outside the scan-
ner room through fiber optic cables to
a personal computer, in which the EEG
system running Vision Recorder Software,
version 1.03 (Brain Products GmbH, Mu-
nich, Germany) was synchronized to the
scanner clock. The EEG was digitized
at 5000 Hz with 0.5 µV resolution. Data
were analog-filtered by a band-limiting
low-pass filter at 250 Hz (30 dB/octave)
and a high-pass filter with a 10 s time

constant corresponding to a high-pass fre-
quency of 0.0159 Hz.

fMRI Acquisition
To minimize movement-related EEG ar-
tifacts, the subject’s head was immobi-
lized in the head coil by a vacuum pad.
The participants were asked to relax and
try to sleep in the scanner, while fMRI
and EEG data were acquired continu-
ously. For each participant, an fMRI
time series and a high-resolution MR im-
age were acquired with a 3 T Allegra
MR scanner (Siemens Medical Solutions,
Erlangen, Germany). Multislice T2*-
weighted fMRI images were obtained with
a gradient echo-planar sequence by us-
ing axial slice orientation (time of rep-
etition [TR] = 2460 ms; time to echo
[TE] = 40 ms; flip angle [FA] = 90°;
voxel size = 3.4 mm× 3.4 mm× 3 mm;
matrix size = 64 x 64 x 32). The high-
resolution T1-weighted 3D MP-RAGE
image was acquired with a gradient echo-
planar sequence (TR = 1960 ms; TE
= 4.35 ms; FA = 8°; voxel size =
0.9 mm× 0.9 mm× 0.9 mm; matrix size
= 256 x 192 x 176). Participants were
scanned during the first half of the night,
starting at around midnight. A subject
stayed until he or she indicated by button
press the desire to leave, or for a maxi-
mum of 4000 scans (~164 min).

EEG Analysis
The sleep-EEG analyses were conducted
using FASST (Leclercq et al., 2011), a
toolbox for fMRI artifact rejection and
sleep scoring in Matlab 7.13 (MathWorks,
Natick, MA). EEG were re-referenced to
the average of the mastoids. Scanner
gradient artifacts were removed by us-
ing adaptive average subtraction (Allen
et al., 2000). Artifacts due to the ballis-
tocardiogram (BCG) were removed with
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constraint independent component analy-
sis (ICA) (Leclercq et al., 2009).

Sleep scoring was performed on
20 s epochs following standard criteria
(Rechtschaffen and Kales, 1968). Peri-
ods of stable sleep in stage NREM 2, 3,
and 4, free of artifacts, were included in
the subsequent analyses. Fourteen par-
ticipants, out of twenty-five, had stable
NREM sleep periods and were included
in the subsequent analysis.

As the events of interest were anterior-
to-posterior traveling slow waves and
posterior-to-anterior traveling slow waves,
we first detected all the slow waves in the
sleep periods and then assigned them to
one of the two categories based on their
traveling direction. Because Dang-Vu et
al. (2008) reported that larger slow waves
(those with amplitude > 140 µV), and not
delta waves (75–140 µV), were associated
with phasic pontine activation, we only
considered slow waves with negative peak-
to-positive peak amplitude larger than
140 µV. The algorithm implemented in
FASST follows the standard detection
method for slow waves (Massimini et al.,
2004): (I) EEG recordings are averaged
over four non-overlapping areas of the
scalp (anterior electrodes: F3, F1, Fz, F2,
F4, FC1, and FC2; left electrodes: FC5,
FC3, C5, C3, C1, CP5, and CP3; right
electrodes: FC6, FC4, C6, C4, C2, CP6,
and CP4; posterior electrodes: CP1, CPz,
CP2, P3, P1, Pz, P2, and P4); (II) Each
average signal is filtered in the frequency
band 0.2–4 Hz; (III) The algorithm identi-
fies segments in which a downwards zero
crossing is followed by an upwards zero
crossing by 0.25–1.25 s and the negative
peak is less than −20 µV; (IV) Slow waves
must have an upwards slope > 90 % of the
maximum slope and a negative peak-to-
positive peak amplitude > 140 µV, where
the positive peak follows the upwards zero
crossing by a maximum of 2 s. The peak
surface negativity, which reflects the tran-

sition to the up–state (Massimini et al.,
2004; Steriade et al., 1993b), of the elec-
trode where the negative peak was first
detected was detected was used as time
stamp of the slow wave.

The traveling direction of each slow
wave was determined based on the trajec-
tory of the negative peaks over the cortex,
using custom Matlab code. The temporal
occurrences of the negative peaks at all
the electrodes can be described as a 3-
D topographical map, where the location
of each electrode defined the position in
the 2-D space and the depth is the de-
lay in ms in respect to the first electrode.
The peak of this topographical landscape
is the electrode where the negative peak
first appears and the deepest point is the
last electrode where the slow wave is ob-
served. Based on the gradient, the Mat-
lab function stream2 calculated a stream-
line at each point in the map and we took
the longest streamline as the trajectory of
the slow wave. Depending on whether the
streamline proceeds mostly towards the
posterior electrodes or towards the ante-
rior electrodes, we defined the slow wave
as ‘anterior-to-posterior’ or ‘posterior-to-
anterior’, respectively. In this way, each
electrode where a slow wave was detected
is assigned a time delay as compared to
the negative peak of the first electrode.

To identify the brain activity specifi-
cally associated with the slow waves and
not with other events occurring during
sleep, we modeled the contribution of
spindle to the blood oxygen level depen-
dent (BOLD) response as event of no in-
terest. Spindles were detected automat-
ically in FASST (Leclercq et al., 2011),
based on a previously reported algorithm
(Mascetti et al., 2013a,b; Mölle et al.,
2002). The signals at electrodes Fz, Cz,
and Pz were band-pass filtered between 11
and 20 Hz and transformed in root mean
square (RMS) values on a sliding rectan-
gular window of 100 ms. On this trans-
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formed timeseries, the algorithm detected
the intervals that were above a threshold
set at 95 % of the mean RMS for each elec-
trode. Intervals that remained above the
threshold for at least 400 ms were consid-
ered spindles, and the time stamp for each
spindle was given by the middle point be-
tween the start and the end of the spin-
dle (i. e. when the sliding window RMS
value goes above and below the threshold,
respectively).

fMRI Analysis
fMRI analysis was conducted using
SPM8 (Statistical Parametric Map-
ping software, University College of
London, London, UK; available at:
http://www.fil.ion.ucl.ac.uk/spm/)
in Matlab 7.13 (MathWorks, Natick,
MA). The fMRI time series were re-
aligned to the mean image to correct for
head motions and co-registered to the T1
structural image. The T1 structural im-
ages were realigned to the MNI template
brain and the same transformation was
used to realign the individual fMRI im-
ages to the MNI space, after interpolation
to a 3-D grid of 2 mm× 2 mm× 2 mm
voxel size. All the coordinate values
are therefore in MNI space, in 2 mm
intervals. The co-registration by means
of the T1 structural image allows for a
precise alignment of the fMRI images
in the MNI space, which is essential
for deep brain structures, such as the
brainstem. The realigned T1 images
for each participants were averaged to
compute an average structural image,
against which all the results are plotted.

To compensate for respiratory,
cardiovascular and other potential ar-
tifacts, which might affect the activity
especially in the brainstem region, we
applied FMRIB’s ICA-based Xnoisei-
fier (FIX) to the fMRI volumes (Griffanti
et al., 2014; Salimi-Khorshidi et al.,

2014). FIX (version 1.06 beta) is
an automatic solution, implemented
in FSL 5.0.6 (Smith et al., 2004,
http://www.fmrib.ox.ac.uk/fsl/)
with Matlab 7.13 (MathWorks, Natick,
MA) and R 3.0.2 (R Development Core
Team, 2010), for denoising fMRI data
via accurate classification of ICA com-
ponents. After ICA decomposition of
the fMRI timeseries, components are
divided in ”brain activity” or ”noise”,
such as motion artifacts, non-neuronal
physiology, and scanner artifacts, ac-
cording to a standard datasets used to
train the classifier. As last step, fMRI
volumes are cleaned up by removing
components representing noise. As part
of the FIX procedure, the fMRI images
were spatially smoothed with a Gaussian
kernel of 4 mm full width at half maxi-
mum (FWHM), a low value to allow for
a more precise localization of the brain
activity.

The analysis of fMRI data, based on
a mixed-effects model, was conducted in
two steps, accounting for intraindividual
(fixed effects) and interindividual (ran-
dom effects) variance. The two events
of interest were the anterior-to-posterior
slow waves and the posterior-to-anterior
slow waves, marked in time by the first
negative peak for each slow wave. To
model out generators of neuronal activ-
ity commonly present during sleep, sleep
spindles were included in the design ma-
trix as events of no interest. Because the
BOLD response in the brainstem was not
expected to track the customary hemody-
namic response function (HRF) (Astafiev
et al., 2010), we employed 5 sets of 2 s
long finite impulse response (FIR) bases
(Poldrack et al., 2011, p. 78). The 16 pa-
rameters (5 for the anterior-to-posterior
slow waves, 5 for posterior-to-posterior
slow waves, 5 for the spindles, 1 for the
constant) were included in the statistical
parametric map (SPM) for each period of
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Figure 3.1: Estimated mean durations of anterior-to-posterior and posterior-to-anterior slow waves. For
each slow wave, we computed the time delay between the negative peak of the first electrode and the
negative peak of the other electrodes. Based on the aggregated time delay and electrode locations, we
classified slow waves in anterior-to-posterior and posterior-to-anterior and calculated the kernel density
estimation of their durations.
Anterior-to-posterior slow waves (darker line) had a longer mean duration than posterior-to-anterior slow
waves (lighter line), whereby the shaded areas indicate the standard error of the mean. In particular,
there were more anterior-to-posterior slow waves of duration between 119 and 140 ms, as indicated by
the solid grey bar on the x-axis.

stable sleep. Low-frequency drifts were
removed by implementing a high-pass fil-
ter with a cutoff period of 128 s in the de-
sign matrix. We constrained our search
to a region of interest (ROI) encompass-
ing the posterior brainstem by applying
an inclusive mask of size 6.064 cm3. Se-
rial correlations in the fMRI signals were
estimated with an autoregressive (order
1) model.

The main effects of the types of
slow waves were tested with linear con-
trasts, generating an SPM. We exam-
ined five contrasts of interest: (I): BOLD
signal in the brainstem associated with
the anterior-to-posterior traveling slow
waves; (II): BOLD signal in the brain-
stem associated with the posterior-to-
anterior traveling slow waves; (III): differ-
ence in BOLD signal in the brainstem be-
tween anterior-to-posterior traveling slow
waves and posterior-to-anterior traveling
slow waves; (IV): difference in BOLD
signal between anterior-to-posterior and
posterior-to-anterior slow waves only in
the voxels that were significantly associ-

ated with the anterior-to-posterior slow
waves (i. e. contrast (I)). (V): differ-
ence in BOLD signal between anterior-to-
posterior and posterior-to-anterior slow
waves only in the voxels that were signif-
icantly associated with the posterior-to-
anterior slow waves (i. e. contrast (II)).
We computed the contrast for models (I)
and (II) by averaging the SPMs of in-
terest over periods. We computed the
contrast for model (III) by subtracting
the SPMs of the anterior-to-posterior slow
waves with the SPMs of the posterior-
to-anterior slow waves, and averaging the
difference maps over periods in each par-
ticipant. The contrast for model (IV) was
computed similarly to that of model (III),
but the analysis was computed for all the
FIR bases inside an functionally defined
ROI of the voxels that were significant
in contrast (I). The analysis of contrast
(V) was identical to that of contrast (IV),
but we limited our analysis to those voxels
that were significant in contrast (II).

These individual contrast images were
entered in a second-level analysis. The
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second-level analysis consisted of an
ANOVA with the basis set (five levels) as
factors. The error covariance was not as-
sumed to be independent between param-
eters, and a correction for non-sphericity
was applied. Results are shown at p-
value ≤ 0.05 using a family-wise error
rate (FWER) correction and, for com-
pleteness, at p-value ≤ 0.001 without cor-
rection.

Results
Brainstem fMRI BOLD signal associ-
ated with the anterior-to-posterior and
posterior-to-anterior traveling slow waves
was analyzed over periods of stable sleep
in stage NREM 2, 3, and 4. Four par-
ticipants had a single sleep period, five
participants had two separate sleep peri-
ods, and five participants had three sleep
periods.

We first analyzed the properties
of anterior-to-posterior and posterior-to-
anterior traveling slow waves, only based
on the EEG recordings. The num-
ber of anterior-to-posterior traveling slow
waves and the number of posterior-
to-anterior slow waves were not differ-
ent (paired t-test p-value = 0.22, num-
ber of anterior-to-posterior slow waves:
195.43 ± 162.22; number of posterior-
to-anterior slow waves 213.86 ± 144.68).
Anterior-to-posterior slow waves were of
longer duration (paired t-test p-value
= 0.002, mean duration of anterior-
to-posterior slow waves: 109.83 ms ±
4.46 ms; mean duration of posterior-to-
anterior slow waves 104.14 ms ± 5.13 ms).
To confirm this observation, we esti-
mated the probability density of the
mean duration of anterior-to-posterior
and posterior-to-anterior slow waves in
the time interval between 0 and 200 ms
for each participant. At each time point,
a paired t-test compared the probabil-
ity of having slow wave of certain dura-

tion. p-values were corrected by control-
ling the false discovery rate (FDR) (Ben-
jamini and Hochberg, 1995). As shown
in Fig. 3.1, there were more anterior-to-
posterior slow waves than posterior-to-
anterior slow waves in the interval be-
tween 119 and 140 ms, but not in the
other intervals.

Analysis of the main contrast of inter-
est (I) indicated that anterior-to-posterior
slow waves were associated with signifi-
cant activity in 4 out of the 6064 voxels
encompassing the brainstem ROI (F(5,
65) = 8.84, z-value = 4.62, corrected
p-value = 0.002, Fig. 3.2A). Although
the spatial resolution of the fMRI does
not allow us to unequivocally determine
whether these belong to the LC, the
MNI coordinates of the significant vox-
els ([4, −36, −24], [4, −38, −24], [2,
−36, −24], [4 −36 −26], due to the
2 mm× 2 mm× 2 mm voxel size) are in
agreement with the previously reported
coordinates for the LC using fMRI and
contrast-based magnetic resonance imag-
ing (MRI) techniques in humans (Astafiev
et al., 2010; Henckens et al., 2012; Keren
et al., 2009; Liddell et al., 2005; Payzan-
LeNestour et al., 2013; Sterpenich et al.,
2006). The activated region remained
limited to the neuronal region which is
compatible with the location of the LC,
even at the more liberal threshold of un-
corrected p-value ≤ 0.001, which resulted
in 9 significant voxels (Fig. 3.2B). The ac-
tivation in contrast (I) showed an increase
in activity over the five FIR bases in
association with the anterior-to-posterior
traveling slow wave (estimated effect and
s. e. m. for the first FIR base: 0.066
(0.030); for the second FIR base: 0.061
(0.027); for the third FIR base: 0.051
(0.022); for the fourth FIR base: 0.011
(0.021); for the fifth FIR base: 0.058
(0.020)).

Analysis of contrast (II) showed that
posterior-to-anterior slow waves were not
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Figure 3.2: fMRI activity in the brainstem asso-
ciated with anterior-to-posterior slow waves, with
(A) and without (B) correction for multiple com-
parisons. The activation map is superimposed onto
a study-specific template structural MRI, obtained
by averaging the images after realignment in MNI
space. The low degree of blurriness indicates that
the realignment was satisfactory. (A) At the thresh-
old of p-value ≤ 0.05, corrected for multiple com-
parisons, 4 voxels were significantly activated in as-
sociation with the appearance of the anterior-to-
posterior slow waves. The area showing a signifi-
cant fMRI activation is compatible with the location
of the right locus coeruleus (LC) in humans. (B)
Even at the more liberal threshold of uncorrected
p-value ≤ 0.001, the activation is limited to the
pontine area compatible with the location of the
LC.

associated with a significant fMRI acti-
vation in the brainstem at the corrected
p-value ≤ 0.05. We then compared the
brain activation associated with anterior-
to-posterior with the brain activation of
posterior-to-anterior slow waves, for con-
trast (III). However for this comparison
no voxel was significant after correcting
for multiple comparisons. For contrast
(IV), we tested the same difference be-
tween these two types of slow waves as
above, but only in an ROI defined by
the 4 voxels that were significant in con-

trast (I) (i. e. in association with anterior-
to-posterior slow waves). We observed
that the BOLD activation was larger for
anterior-to-posterior traveling slow waves
as compared to posterior-to-anterior trav-
eling slow waves in the functionally de-
fined ROI in the fifth FIR base (esti-
mated effect 0.027, p-value = 0.01). Con-
trast (V) was planned to be run on the
ROI of the voxels that were significant in
contrast (II). However, because no vox-
els were active in the posterior brainstem
in association with posterior-to-anterior
slow waves, contrast (V) could not be
computed.

Discussion
Brainstem nuclei are known to regulate
cortical states, during wakefulness and
sleep. During sleep, firing in the LC is
phase-locked just prior to the appearance
of slow waves (Eschenko et al., 2012). Be-
cause the axonal branching of neuronal
projections of LC onto the cortex follows
an anterior-to-posterior direction, we hy-
pothesized that its firing could facilitate
anterior-to-posterior traveling slow waves.
In this combined EEG/fMRI sleep study
in humans, we investigated whether ac-
tivity in the LC is specifically associated
with anterior-to-posterior traveling slow
waves, but not necessarily with posterior-
to-anterior ones. We observed that the
transition from the down–state to the up–
state of anterior-to-posterior slow waves
is associated with significant activity in
a circumscribed area of the brainstem.
The location of this area is compatible
with the coordinates of the LC in humans,
as reported in previous MRI and fMRI
studies (Astafiev et al., 2010; Henckens et
al., 2012; Keren et al., 2009; Liddell et
al., 2005; Payzan-LeNestour et al., 2013;
Sterpenich et al., 2006). Consistent with
our hypothesis, posterior-to-anterior slow
waves were not associated with a signifi-
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cant fMRI response in the brainstem, at
a corrected p-value ≤ 0.05. The direct
comparison between anterior-to-posterior
and posterior-to-anterior slow waves was
not significant after correcting for mul-
tiple comparisons. However, the voxels
that were significantly activated in asso-
ciation with the anterior-to-posterior slow
waves had a small but significantly larger
BOLD response for anterior-to-posterior
slow waves as compared to posterior-to-
anterior slow waves.

Role of the Locus Coeruleus

The LC exerts a much larger influence
on the brain state than its small size
might suggest. Its central role in regu-
lating brain functions is due to the im-
portance of NE in modulating neuronal
activity and due to its widespread effer-
ents to multiple cortical and non-cortical
regions (Marzo et al., 2009; Sara, 2009).
In fact, its firing is necessary to maintain
cortical excitability (Carter et al., 2010;
McCormick et al., 1991; Segal and Man-
dell, 1970). Unlike wakefulness, where the
brain has a constantly high level of acti-
vation, NREM sleep is characterized by
an alternation of periods of cortical neu-
ronal silence, the down–states, and peri-
ods of high cortical neuronal activity, the
up–states (Destexhe et al., 2007; Steri-
ade et al., 1993a). Due to the stochastic
properties of the action potentials, neu-
rons might fire even during the down–
state. When this sparse firing generates
a cascade that activate a sufficiently large
neuronal population, a transition from
the down–state to the up–state occurs
(Chauvette et al., 2010; Destexhe et al.,
1999; Luczak et al., 2007; Volgushev et
al., 2006). Highly temporally precise re-
lease of excitatory neurotransmitters dur-
ing the down–state can be expected to fa-
vor this transition. During a slow wave,
a majority of neurons in the LC show a

phasic increase in their firing just prior to
the increase in firing of prefrontal cortical
neurons (Eschenko et al., 2012).

Intriguingly, because of the anatomi-
cal structure of the LC efferents, which
proceed from the orbito-frontal cortex
caudally along the cingulate cortex, NE
will be released first at more rostral re-
gions, and then at more medial and pos-
terior regions. In our interpretation, this
subtle, but consistent time delay due to
the anatomical position could facilitate a
transition to the up–state in frontal re-
gions first and subsequently in more pos-
terior regions. At the whole-brain level,
this process would result in a slight bias
in, firstly, the emergence of slow waves
in frontal regions and, secondly, in their
preferential anterior-to-posterior trajec-
tory of traveling, findings that have been
reported in multiple high-density EEG
studies (Finelli et al., 2001; Massimini et
al., 2004; Riedner et al., 2007).

This hypothesis is consistent with a
number of observations regarding the re-
gions involved in the generation of the
slow waves. The cortical regions that re-
ceive direct innervation from the LC, be-
fore other location in the brain, are the
anterior cingulate cortex and the insula
(Gompf et al., 2010; Nieuwenhuys, 1985).
These two regions have consistently been
linked to the emergence of slow wave ac-
tivity, using high-density EEG (Murphy
et al., 2009), structural MRI (Buchmann
et al., 2011; Saletin et al., 2013) and fMRI
(Dang-Vu et al., 2008). In particular,
white matter properties of the anterior
cingulate cortex and the orbito-frontal
cortex have been associated with the up-
ward slope of the slow waves, which rep-
resent the transition from the down–state
to the up–state (Chapter 2), suggesting
that conduction delays might be determi-
nant in shaping the propagation of the
slow wave over the cortex.
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Functional Perspectives

The concurrent action of phasic NE re-
lease and slow wave activity may con-
tribute to memory consolidation during
slow wave sleep (Diekelmann and Born,
2010; Sara, 2009). In animals, firing in
the LC increases during slow wave sleep
two hours after learning (Eschenko and
Sara, 2008). In an fMRI study in hu-
mans, sleep spindles, which tend to occur
on the positive deflection of the slow wave
(Chapter 4 in this thesis; Mölle et al.,
2002), are associated with activation in
an area compatible with the LC during a
nap following a memory task (Bergmann
et al., 2012). This transient increase of
LC activity in association with sleep oscil-
lations might therefore favor memory con-
solidation after learning. This hypothesis
is supported by studies showing that ad-
ministration of an NE antagonist impairs
consolidation of memories thought to be
dependent on slow wave activity (Gais et
al., 2011; Groch et al., 2011).

The preferential traveling of slow
waves in the anterior-to-posterior direc-
tion might be involved in the maintenance
of waking effective connectivity. It has
been recently shown that one night of
sleep deprivation impairs the directed in-
formation flow from posterior to anterior
regions which is normally present dur-
ing eyes-open resting states, with dele-
terious consequences for sustained atten-
tion (Chapter 6). These findings suggest
a role of slow wave traveling on daytime
directed information flow associated with
optimal sustained attention. Future stud-
ies should elucidate the combined contri-
bution of LC activity and slow wave trav-
eling on other cognitive functions, in par-
ticular memory consolidation.

Limitations of the Current
Study

While our findings point to an intricate
relationship between LC and anterior-
to-posterior slow waves, it is important
to recognize that the sluggishness of the
BOLD response poses an insuperable
limit to our ability to determine a tem-
poral order of the fMRI and EEG events.
The time course of the estimate BOLD
response of the LC activity is in the or-
der of seconds, while slow waves usually
wax and wane within less than a sec-
ond. Although our method does not allow
us to assess causality and the direction
of the interaction, recent animal studies
strongly support the temporal order of LC
activity preceding prefrontal neuronal ac-
tivity during slow waves. By recording
simultaneously neurons in the LC and in
the medial prefrontal cortex, Eschenko et
al. (2012) were able to identify that fir-
ing in this brainstem nucleus precedes the
firing in cortical regions and suggested
that this interaction contributes to the
down–state-to-up–state state transition.
However, even by taking advantage of
techniques with very high spatial resolu-
tion, such as intracranial recordings, we
should not assume that the influence is
strictly unidirectional, as cortical regions
are likely to modulate the firing of the LC
during sleep (Lestienne et al., 1997).

Apart from limitations in temporal
resolution, fMRI is also limited with re-
spect to spatial resolution. The precise lo-
calization of the LC in human MRI stud-
ies has been object to considerable at-
tention (Astafiev et al., 2010; Keren et
al., 2009), because of the importance of
NE in maintaining cortical excitability
and its involvement in many brain func-
tions (Sara, 2010; Sara and Bouret, 2012).
To maximize the spatial resolution, the
present study applied a smoothing kernel
of 4 mm FWHM, and we confirmed that
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the realignment of the brainstem struc-
ture was accurate, as it can be observed
from the averaged structural MRI used
as background in Fig. 3.2. The locations
of the significant area in MNI space cor-
respond, albeit only unilaterally, to val-
ues that have consistently been reported
in the literature (Astafiev et al., 2010;
Henckens et al., 2012; Keren et al., 2009;
Liddell et al., 2005; Payzan-LeNestour et
al., 2013; Sterpenich et al., 2006). Finally,
the concern that fMRI signal might arise
from non-neural origin is allayed by the
precaution of applying advanced denois-
ing algorithms, such as FIX to remove
residual artifacts, and by the observation
that, even at a more liberal threshold, the
significant activity is limited within the
tissue of the pons, without leaking into
the fourth ventricle (Fig. 3.2B).

Even with these limitations, we were
able to identify phasic activity in the LC
in association with anterior-to-posterior
slow waves and not with posterior-to-
anterior slow waves, in agreement with
our hypothesis. The direct contrast be-
tween these two types of slow waves, how-
ever, was not significant after correcting
for multiple comparisons, although there
was a significant difference if the analysis
was limited to the voxels that were acti-
vated in association with the anterior-to-
posterior slow waves. This negative find-
ing is most likely due to high variability
in neuronal firing in the LC. Eschenko
et al. (2012) reported that only 50% of
LC neurons were phase-locked to the cor-
tical oscillation. It should be noticed
that slow wave generation has stochas-
tic properties, which may be biased, but
certainly not fully determined, by LC ac-
tivity, slow waves might arise separately
from the phasic events that take place in
the brainstem (Valencia et al., 2013).

Conclusions
The present findings add to the notion
that phasic release of NE by the LC may
favor the transition from the down–state
to the up–state of the slow waves that
characterize deep sleep. This study is
the first to support the novel hypoth-
esis that, because LC projections pro-
ceed from anterior-to-posterior cortical
regions, NE release would increase ex-
citability of target cortical regions in pre-
frontal regions first and in posterior re-
gions later, resulting in a bias in favor
of anterior-to-posterior slow waves. We
observed that an area encompassing the
LC showed phasic activity at the down–
to up–state transition of the anterior-to-
posterior traveling slow waves, but not for
posterior-to-anterior traveling slow waves.
Because both slow wave sleep and NE
are involved in off-line cognitive process-
ing, future studies should address the role
of the directed traveling of slow waves
in cognition, notably sustained attention
and memory consolidation.
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