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Abstract
The cingulate cortex is regarded as the backbone of structural and func-

tional connectivity of the brain. While its functional connectivity has been
intensively studied, little is known about its effective connectivity, its mod-
ulation by behavioral states, and its involvement in cognitive performance.
Given their previously reported effects on cingulate functional connectiv-
ity, we investigated how eye-closure and sleep deprivation changed cingulate
effective connectivity, estimated from resting-state high-density electroen-
cephalography (EEG) using a novel method to calculate Granger Causal-
ity (GC) directly in source space.

Effective connectivity along the cingulate cortex was dominant in the for-
ward direction. Eyes-open connectivity in the forward direction was greater
compared to eyes-closed, in well-rested participants. The difference between
eyes-open and eyes-closed connectivity was attenuated and no longer signif-
icant after sleep deprivation. Individual variability in the forward connec-
tivity after sleep deprivation predicted subsequent task performance, such
that those subjects who showed a greater increase in forward connectivity
between the eyes-open and the eyes-closed periods also performed better on
a sustained attention task. Effective connectivity in the opposite, backward,
direction was not affected by whether the eyes were open or closed or by
sleep deprivation.

These findings indicate that the effective connectivity from posterior to
anterior cingulate regions is enhanced when a well-rested subject has his
eyes open compared to when they are closed. Sleep deprivation impairs this
directed information flow, proportional to its deleterious effect on vigilance.
Therefore, sleep may play a role in the maintenance of waking effective
connectivity.
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Introduction

Efficient communication between distant
cortical areas is an essential characteristic
of the healthy brain and is necessary for
proper cognitive functioning (Deco and
Corbetta, 2011; Deco et al., 2011). Long-
distance communication can be investi-
gated by quantifying the degree of cor-
relation between region-specific activity,
as a measure of functional connectivity
(Deco et al., 2011; Friston, 1994). Func-
tional connectivity is particularly strong
between regions belonging to the default-
mode network (Buckner et al., 2008;
Damoiseaux et al., 2006), whose core
includes regions of the cingulate cortex
(Buckner et al., 2009; Fox et al., 2007;
Heuvel et al., 2008; van den Heuvel et
al., 2011). In addition, the cingulate cor-
tex represents the structural backbone of
the brain network (Greicius et al., 2009;
Hagmann et al., 2008; Honey et al., 2009;
Schmahmann and Pandya, 2006; Vogt
and Pandya, 1987) and is involved in
multiple cognitive functions (Vogt et al.,
1992), including efficient executive con-
trol (Agam et al., 2011; Kantarci et al.,
2011), conscious sensory perception (Por-
tas et al., 2000), the state of conscious-
ness (Barrett et al., 2012; Sämann et al.,
2011), and sleep (Chapter 2 in this the-
sis; Murphy et al., 2009).

Yet, functional connectivity does not
reveal the directed influence of one re-
gion onto another (Friston, 1994). This
form of connectivity is harder to as-
sess from resting-state functional Mag-
netic Resonance Imaging (fMRI) signals
because quantification of effective con-
nectivity is confounded by the interre-
gional variability of the hemodynamic re-
sponse (David et al., 2008) (Smith et al.,
2011). High-density electroencephalogra-
phy (EEG) studies, on the other hand,
have identified a preferential flow of in-
formation from posterior towards anterior

regions during resting wakefulness at the
scalp level (Baccala et al., 2001; De Gen-
naro et al., 2004; Kamiński et al., 1997).
The most challenging limitation in EEG
studies, however, is the poor spatial res-
olution and the potentially spurious ef-
fects caused by volume conduction (As-
tolfi et al., 2007; Gómez-Herrero et al.,
2008; Supp et al., 2007). This limita-
tion has traditionally been circumvented
by methods which estimate, first, activ-
ity at the source level and, subsequently,
the effective connectivity between those
sources (Astolfi et al., 2007; Babiloni et
al., 2005; Ding et al., 2007; Hui et al.,
2010). Unfortunately, this two-step ap-
proach requires very high signal-to-noise
ratio (SNR) to be effective. Noise in the
EEG data results in correlation between
the noise components of the estimated
source signals that introduces bias into
the estimated connectivity values. The
SNR requirements are greatly reduced us-
ing a novel approach we recently intro-
duced and validated (Cheung et al., 2012,
2010). In brief, this approach jointly
solves the equations modeling connectiv-
ity in source space and the physics of
measuring the source activity with EEG
by means of a state-space formulation
and maximum-likelihood estimation tech-
niques. The resulting multivariable au-
toregressive model for the interactions in
source space is used to determine condi-
tional Granger Causality (GC) as a mea-
sure of directed connectivity (Chen et al.,
2006).

In the present high-density EEG
study, we applied this novel technique
to investigate effective connectivity along
the cingulate cortex, its modulation by
behavioral states, and its functional rel-
evance for cognitive performance. The
experimental manipulation involved two
factors known to affect the brain’s activ-
ity and functional connectivity: the open-
ing versus closing of the eyes (Barry et
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al., 2007; Bianciardi et al., 2009; Marx
et al., 2004) and sleep deprivation (Chee
et al., 2011; Gujar et al., 2010; Havas et
al., 2012; Kar et al., 2011). Effective con-
nectivity within the cingulate cortex has
been proven sensitive to various experi-
mental manipulations, such as motor ex-
ecution(De Vico Fallani et al., 2007) and
decision making (De Vico Fallani et al.,
2010).

In addition, we hypothesized that the
alterations in effective connectivity in-
duced by sleep deprivation might be as-
sociated with performance in the cogni-
tive domain that is most sensitive to sleep
deprivation: vigilance, i.e. the ability
to sustain attention to a task over time
(Lim and Dinges, 2008, 2010; Oken et al.,
2006). Sleep deprivation increases reac-
tion times and the frequency of lapses
(Dinges, 1995), which has been attributed
to less efficient communication between
brain areas (Chee et al., 2008; Sadaghiani
et al., 2010) and to changes in activity in
the cingulate cortex (Choo et al., 2005;
Gujar et al., 2010; Tomasi et al., 2009).
Vigilance has been proposed as the cogni-
tive process most sensitive to sleep depri-
vation in adults (Lim and Dinges, 2010)
and the culprit of the performance degra-
dation on other tasks (Lim and Dinges,
2008, 2010; Philibert, 2005). Of note,
there are considerable trait-like individual
differences in the effect of sleep depriva-
tion on vigilance (Rocklage et al., 2009;
Van Dongen et al., 2004, 2012). Pur-
suing the brain mechanisms involved in
these individual differences in vulnerabil-
ity is thus of considerable importance. We
therefore investigated whether individual
differences in cingulate activity changes
elicited by sleep deprivation were predic-
tive of subsequent performance on a vigi-
lance task.

In summary, we tested whether: (I)
Directed connectivity along the cingulate
cortex changes when eyes are open com-

pared to when they are closed; (II) Sleep
deprivation impairs this response; (III)
The impairment in this response predicts
vigilance decrements.

Methods

Participants
Eight healthy adults (five male, age range
20–26, all right-handed) participated in
a two-day experimental protocol, after
giving written, informed consent. The
protocol was approved by the Medical
Ethics Committee of the VU Univer-
sity Medical Center, in accordance with
the Declaration of Helsinki. All partic-
ipants met the following criteria (I) no
self-reported sleep complaints, assessed
using validated questionnaires (Buysse
et al., 1989; Johns, 1991; Soldatos et
al., 2000), (II) non-smoking, (III) no
use of medication, including hormonal
contraceptives, and (IV) no neurological
or psychiatric disorders. All had nor-
mal or corrected-to-normal vision, had
a regular sleep wake rhythm assessed
by actigraphy (Actiwatch, Cambridge
Neuro-Technology Ltd., Cambridge, UK)
during the week before the experiments,
and refrained from caffeine and alcohol on
the day before and during the experiment.

Experimental Protocol
Participants were assessed on two days
separated by 5.1 ± 4.7 days in between
(mean ± s. d.), in a counterbalanced or-
der either after a night of normal sleep or
a night of total sleep deprivation. Suc-
cessful completion of total sleep depriva-
tion was verified using sleep estimates ob-
tained from actigraphy. None of the par-
ticipants had a period of inactivity longer
than 10 minutes, which might indicate a
possible sleep period.
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Figure 6.1: Eight participants were measured on
two different days, one day after a night of normal
sleep (cyan) and one day after a night of sleep de-
privation (red). They performed the same protocol
five times during the day. Each of the five sessions
consisted of four minutes of eyes-closed and eyes-
open resting state and 20 minutes of a vigilance
task. During the vigilance task, participants were
asked to press a button when they noticed that the
plus sign turned into a minus sign.

On each day, five sessions were
recorded at 10:30, 12:00, 13:30, 15:00, and
16:30 (Fig. 6.1). A session consisted of
a four-minute resting-state period: two
alternations of one minute of eyes-closed
and one minute of eyes-open, in a sitting
position in a dimly lit room. Resting-
state EEG was recorded at 1024 Hz, with
a Micromed SD-LTM64 recorder (Mi-
cromed, Mogliano Veneto, Italy), using
a 61-equidistant channel EEG-cap (M10,
Easycap, Munich, Germany), referenced
to Cz. Impedance was kept below 10 kΩ.
The recording of one session of one sub-
ject was lost due to a technical malfunc-
tion.

After the resting-state EEG recording,
participants performed a reaction time
task with stimuli of low contrast, small
size and brief duration (Romeijn and
Van Someren, 2011). The task requires
sustained attention to near-threshold vi-
sual stimuli for 20 minutes and was pro-
grammed in E-Prime ® 2 (Psychology
Software Tools, Pittsburgh, PA). Partici-
pants were instructed to fixate on a small
black crosshair (a plus sign, +) displayed

against a gray background and to respond
as fast as possible when they saw the fix-
ation crosshair turn into a hyphen (a mi-
nus sign, −), by pressing a button with
the index finger of their dominant hand
(Fig. 6.1). The hyphen was presented
for 25 ms and occurred after a random
interval lasting between 4 and 14 sec-
onds (84 ms step resolution). The task
comprised 120 stimuli per session. Non-
responses and reaction times longer than
1 s were labeled as lapses.

Preprocessing
EEG data were re-referenced to the av-
erage, high-pass filtered at 1 Hz cutoff
frequency (2nd-order Butterworth filter),
notch-filtered at 50 Hz, and downsampled
to 256 Hz, in combination with an anti-
aliasing filter. Segments containing arti-
facts, such as muscle activity, eye blinks,
and eye movements, were visually de-
tected and manually rejected.

State-Space Formulation
Estimation of the connectivity between
sources was achieved by means of a state-
space model (Cheung et al., 2010). The
state-space formulation, which has been
used before to improve source reconstruc-
tion (Galka et al., 2004; Yamashita et
al., 2004), offers an intuitive and ele-
gant description of the connectivity at the
source level and consists of two sets of
equations (Fig. 6.2). (I) The connectiv-
ity between the sources is represented as
xi = Azi−1 +wn, where xi is the modeled
source activity at time i, A is the matrix
of Multivariate Autoregressive (MVAR)
coefficients with dimensions M by MP
(with M the number of sources and P
the model order), and w ∼ N (0, Q), the
noise at source level. (II) The observa-
tion of source activity at the scalp elec-
trodes is described as yi = CΛxi + vi,
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x1
x2

y1

y2
y3

Figure 6.2: Description of the algorithm to esti-
mate effective connectivity between sources x1 and
x2, based on the measured signal y1, y2, y3. The
state-space consists of two equations: (I) one equa-
tion describing the interaction between sources (the
green arrows); (II) one equation describing the for-
ward model, i. e. how source activity propagates
from x to y (the magenta arrows).

where C contains forward models for each
cortical region of interest (ROI), Λ repre-
sents the spatial distribution of source ac-
tivity within the ROIs, and v ∼ N (0, R),
the noise at the sensor level. The ma-
trix C is assumed to be known, so the
ROIs should be chosen a priori based on
the research question of interest and pre-
vious literature. The ROIs may also be
chosen based on prior source localization
of the data. If each ROI is represented
by multiple dipoles (and their moments),
then the parameter Λ, estimated from the
data, indicates the weight of each dipole
within the corresponding ROI. In this
manuscript we employed a cortical patch
model for each ROI by building a rank-3
patch basis set from all dipoles within the
ROI following (Limpiti et al., 2006). The
state-space model has the following un-
knowns: (I) the MVAR model coefficients
A for each dipole, (II) the spatial activity
distribution Λ within each ROI, (III) the
covariance structure of the source noiseQ,
(IV) the error term R at the scalp level.

An expectation-maximization algo-
rithm seeks the maximum likelihood es-

timates of the MVAR model coefficients,
the spatial activity distribution compo-
nents within each ROI, and the spa-
tial covariance matrix of the observation
noise. Multiple random initial condi-
tions are used to begin the expectation-
maximization algorithm and the con-
verged solution with maximum likelihood
is selected to minimize the possibility of
convergence to a local minimum. The
parameters of the maximum-likelihood
model are used for the computation of the
connectivity at the source level.

The validity of the state-space ap-
proach has been comprehensively tested
on simulations (Cheung et al., 2012,
2010) and real data (Cheung et al., 2010;
Malekpour et al., 2012). This method has
been shown to be less sensitive to noise
than the two-step procedure, in which
the inverse problem is first solved and
then the MVAR model is estimated from
the source time series (Babiloni et al.,
2005; Hui et al., 2010). Simulations have
demonstrated that the presence of un-
modeled sources does not affect the es-
timation of the amount of directed con-
nectivity between the ROIs (Cheung et
al., 2010). Variability in the precise loca-
tion of the source of interest across par-
ticipants and potential misallocation were
taken into account by explicitly modeling
the spatial distribution of source activity
within the regions of interest with the pa-
rameter Λ.

Granger Causality Calculation
GC reflects the strength of effective con-
nectivity from one region to another by
quantifying how much the signal in the
seed region is able to predict the sig-
nal in the target region (Geweke, 1982;
Granger, 1969). GC is defined as the
log-ratio between the error variance of a
reduced model, which predicts one time
series based only on its own past val-
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ues, and that of the full model, which in
addition includes the past values of an-
other time series. This formulation, how-
ever, requires the estimation of two mod-
els, which is computationally onerous in
the case of the state-space formulation.
Therefore, we calculated GC directly from
the MVAR coefficients and the error co-
variance matrix of the full model in the
frequency domain using the partitioned
matrix technique of Chen et al. (2006).

Forward Model
The forward model was computed from a
template T1 MRI, distributed with SPM8
(Litvak et al., 2011), which was realigned
in MNI space and segmented. Based on
this segmentation, a three-shell boundary
element model (BEM), each consisting of
1500 vertices, was used to calculate the
conduction model of the head (Oosten-
dorp and van Oosterom, 1991) to the elec-
trodes. The dipoles inside the brain mesh
were spaced 7 mm apart.

Selection of the ROIs
The anterior and posterior cingulate cor-
tices belong to the core of the brain net-
work (Barrett et al., 2012; Buckner et
al., 2009; Hagmann et al., 2008; van den
Heuvel et al., 2011), as discussed in the
Introduction, and were selected as re-
gions of interest. Studies relying on prese-
lected ROIs always suffer from the “miss-
ing region” problem, by which it is un-
derstood that the assumption of directed
connectivity between two regions might
be violated by the presence of a hidden
driving region (Valdes-sosa et al., 2011).
Because model complexity and compu-
tational costs would rise exponentially if
we added any potential regions connected
to the main hubs of the brain network
(Hagmann et al., 2008; van den Heuvel et
al., 2011), we strived for the more mod-

Figure 6.3: Locations of the regions of interest in
the cingulate cortex

est goal of modeling effective connectivity
along the cingulate cortex as accurately as
possible. Because the anterior and poste-
rior ROIs are anatomically connected by
the cingulate cortex (Schmahmann and
Pandya, 2006), we included an additional
ROI located on the cingulate cortex be-
tween the anterior and posterior cingulate
regions.

A major reason for the chosen cin-
gulate cortex coordinates was that they
comprise the most unidirectional path
traveled by slow waves (Murphy et al.,
2009): we hypothesized that the regions
with the most prominent asynchronous
backward traveling slow sleep oscillations
may most clearly show a directional re-
sponse to sleep deprivation (Fig. 6.3; An-
terior Cingulate MNI [min x = −3, max x
= 11; min y = 17, max y = 31; min z = 29,
max z = 43]; Middle Cingulate MNI [min
x =−10, max x = 11; min y =−18, max y
=−11; min z = 29, max z = 50]; Posterior
Cingulate MNI [min x = −10, max x = 4;
min y = −64, max y = −53; min z = 22,
max z = 36]). In particular, in Murphy et
al. (2009), slow wave activity propagates
continuously along the cingulate cortex.
The inclusion of the middle cingulate re-
gion allows for a more complete descrip-
tion of the effective connectivity along the
cingulate cortex. GC was calculated for
the backward and forward direction be-
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tween these preselected regions along the
cingulate cortex.

Statistical Analysis
Linear Mixed-Effects Model Formu-
lation

Hypothesis testing was performed using
a linear mixed-effects regression model
(LMEM). LMEM is an extension of the
linear model, which takes into account
the hierarchical structure of the data and
dealing with missing data (Bryk and Rau-
denbush, 2002; Pinheiro and Bates, 2000).
A linear model can be written as y =
Xβ + ε, where y are the observed val-
ues, X the design matrix, β the regression
coefficients, and ε ∼ N (0, σ2I) the error
term. LMEM includes additional terms
which capture the variance belonging to
each level of the hierarchical structure (i.
e. participant or session) and can be writ-
ten as yi = Xiβ+Zibi + εi, where i refers
to one group within a level, Zi is the de-
sign matrix for group i, bi ∼ N (0, ψ) are
the random-effect coefficients and ψ the
covariance matrix of the random effects
(Laird and Ware, 1982). The regression
coefficients β cannot be calculated analyt-
ically but need to be estimated using max-
imum likelihood (ML). The estimated
values of β and the standard error of the
ML estimates are used to calculated z-
values, based on the Wald test. The inclu-
sion of covariates of interest (i. e. ‘alpha
power’, see below) in this formulation is
trivial. Statistical analysis was conducted
using lme4 (Bates et al., 2013), a package
for R 2.12 (R Development Core Team,
2010).

Linear Mixed-Effects Model Imple-
mentation

Data were structured according to their
4-level hierarchical dependency: 3 pair-
ings of the ROIs in each direction (an-

terior cingulate and posterior cingulate;
anterior cingulate and middle cingulate;
middle cingulate and posterior cingulate),
assessed in parallel in each of the 5 ses-
sions, nested in 2 experimental days,
nested in 8 participants. A first regres-
sion model including all assessments in-
vestigated whether GC in the backward
direction is equally strong as GC in the
opposite, forward, direction. Subsequent
regression models investigated each direc-
tion separately. These latter models es-
timated the difference between eyes-open
and eyes-closed conditions on connectiv-
ity, in the recordings obtained after nor-
mal sleep. The effect of sleep depriva-
tion on eyes-open and eyes-closed effective
connectivity was subsequently estimated
using a full 2x2 model, with the factors
‘eyes open’ and ‘sleep deprivation’ (post-
normal sleep and post-sleep deprivation),
and their interaction. We applied log-
transformation to the GC values for all
analyses, so that the residuals were nor-
mally distributed; for clarity, GC values
in Fig. 6.4 are not log-transformed.

To obtain the effects of eye-opening
and sleep deprivation on integrated mea-
sures of forward and backward effective
connectivity along the cingulate cortex,
GC values between the three regions of
interest (ACC: anterior cingulate cortex;
MCC: middle cingulate cortex; PCC: pos-
terior cingulate cortex) in the direction of
interest were included as parallel observa-
tions in the linear mixed-effect models.

This procedure, however, does not re-
veal whether the effects of eye-opening
and sleep deprivation may be restricted to
a smaller part of the cingulate cortex only.
Therefore, we performed post-hoc analy-
ses separately on each of the six individual
GC values (anterior-posterior, anterior-
middle, and middle-posterior in each di-
rection) to assess whether the changes in
effective connectivity due to eye-opening
and sleep deprivation were more pro-
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nounced in some parts of the cingulate
cortex.

Alpha Power
The factors that were manipulated in
our study (‘eyes open’ and ‘sleep de-
privation’) are known to strongly affect
resting-state EEG alpha power (8–12 Hz)
(Corsi-Cabrera et al., 1992; Ferreira et
al., 2006). Therefore, we considered it
necessary to rule out the possibility that
their estimated effects on effective connec-
tivity were merely secondary to changes
in alpha power. Alpha band power was
calculated using Welch’s method (pwelch
in Matlab). Recordings were divided in
overlapping 2 s windows, multiplied by a
Hamming window, and the power spec-
trum was averaged over the 8–12 Hz fre-
quency band and over the 12 parietal elec-
trodes with the largest alpha power across
all participants. We first investigated
whether changes in GC values mirrored
changes in alpha power by use of the same
two-factor model as described above, now
estimating the effects of eye opening and
sleep deprivation on log-transformed al-
pha power. Secondly, in order to formally
test the possible confounding effect of al-
pha power, we included alpha power as a
covariate of no interest in the full model
and evaluated whether it affected the es-
timated effects of ‘eyes open’ and ‘sleep
deprivation’ on GC.

Vigilance Prediction from
Resting-State Granger Causal-
ity
In order to investigate the functional rele-
vance of individual differences in resting-
state effective connectivity along the cin-
gulate, participants performed a brief-
stimulus reaction time task (Romeijn and
Van Someren, 2011). Using LMEM, we
first investigated whether sleep depriva-

tion indeed impaired the performance on
this vigilance task, quantified as the mean
reaction time and the number of lapses in
each session. While the distribution of
reaction times did not deviate from nor-
mality, the number of lapses per session
followed a Poisson distribution and was
accordingly modeled in the linear mixed-
effects model. Based on the observation
that vulnerability to sleep deprivation
varies greatly across people (Rocklage et
al., 2009; Van Dongen et al., 2004, 2012),
we hypothesized that sleep-deprived par-
ticipants with the most marked lack of
increase in effective connectivity to eye-
opening would be the ones to perform
worst on the brief-stimulus reaction time
task. For each subject, averages over the
five post-sleep deprivation sessions were
calculated both for the performance mea-
sures (reaction times and lapses) and for
the relative change (ratio) of GC in the
forward direction during the eyes-closed
relative to eyes-closed periods. Only the
direction along the cingulate cortex that
was significantly affected by the factors
‘eyes open’ and ‘sleep deprivation’ was in-
cluded in the analysis. The individual ra-
tios of the GC values between the eyes-
open and the eyes-closed periods were cor-
related with their mean reaction times
and the number of lapses.

Results
Resting-state activity during eyes-open
and eyes-closed periods was recorded with
high-density EEG, after one night of nor-
mal sleep and after one night of sleep de-
privation, in counterbalanced order. Us-
ing a novel technique to estimate effective
connectivity at the source level, we calcu-
lated GC in each direction between each
of the anterior, middle, and posterior cin-
gulate ROIs. The three forward GC esti-
mates were included at the lowest level of
the linear mixed-effect regression models
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to obtain an integrated measure of for-
ward GC along the cingulate. The three
backward GC estimates were included at
the lowest level of the linear mixed-effect
regression models to obtain an integrated
measure of backward GC along the cingu-
late.

Dominant Forward Effective
Connectivity

On average over the five sessions after
normal sleep and the five sessions af-
ter sleep deprivation, GC was higher in
the forward cingulate direction as com-
pared to the backward direction (differ-
ence estimate 0.503 GC, standard error
0.054, z-value = 9.250, p-value < 0.001),
in line with previous findings on effective
connectivity over scalp electrodes during
wakefulness (De Gennaro et al., 2004;
Kamiński et al., 1997).

Increase in Forward Effec-
tive Connectivity During Eyes-
Open

We investigated whether, after normal
sleep, effective connectivity was differ-
ent in the eyes-open period as compared
to eyes-closed period. Forward GC was
higher during eyes-open than during eyes-
closed (difference estimate 0.381 GC, s. e.
0.100, z-value = 3.816, p-value < 0.001,
blue bars in Fig. 6.4C). In the opposite,
backward, direction, GC was not different
between eyes-open and eyes-closed (differ-
ence estimate −0.133 GC, s. e. 0.096, z-
value = −1.388, p-value = 0.16, blue bars
in Fig. 6.4D; ‘eyes open’ * ‘direction’ in-
teraction effect p-value = 0.001).

Lack of Increase in Effective
Connectivity After Sleep De-
privation
In counterbalanced order, subjects under-
went actigraphy-verified total sleep depri-
vation during the night preceding one of
the two recording days. The increase in
forward connectivity, elicited by the eyes-
open condition when subjects were well-
rested, no longer occurred when subjects
were sleep-deprived (after sleep depriva-
tion, difference estimate between eyes-
open and eyes-closed 0.023 GC, s. e.
0.104, z-value = 0.218, p-value = 0.83,
red bars in Fig. 6.4C; ‘eyes open’ * ‘sleep
deprivation’ interaction effect p-value =
0.014). As was the case after normal
sleep, GC in the backward direction was
not affected by the eyes-open condition af-
ter sleep deprivation (sleep deprived ver-
sus normal sleep difference estimate 0.122
GC, s. e. 0.100, z-value = 1.215, p-value
= 0.23; ‘eyes open’ * ‘sleep deprivation’
interaction effect p-value = 0.18, red bars
in Fig. 6.4D).

Post-Hoc Analysis on GC Be-
tween Individual ROIs Within
the Cingulate
The preceding analysis estimated the ef-
fects of eyes-opening and sleep depriva-
tion on integrated measures forward and
backward effective connectivity along the
cingulate cortex. In order to evaluate
whether effects of eye-opening and sleep
deprivation may be restricted to a smaller
part of the cingulate cortex only, we
performed post-hoc analyses separately
on each of the six individual GC values
(anterior-posterior, anterior-middle, and
middle-posterior in each direction). After
normal sleep, eye-opening increased for-
ward GC from PCC to ACC (p-value =
0.001) and from PCC to MCC (p-value
= 0.01), but not from the MCC to ACC
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Figure 6.4: Effective connectivity along the cingulate cortex is affected by eyes closure and sleep depriva-
tion, but only in the forward direction. (A-B) GC effective connectivity estimates were calculated between
three areas in the cingulate cortex, in the forward (A) and backward (B) direction. (C-D) Effective con-
nectivity is higher in the forward compared to backward direction. (C) GC during resting state EEG in
the forward direction after normal sleep (blue) and sleep deprivation (red). Forward effective connectivity
increases during eyes-open periods, as compared to eyes-closed, in well-rested subjects. This eyes-open
increase is suppressed after sleep deprivation. Error bars represent s. e. m.. (D) Effective connectivity
in the backward direction was influenced neither by eyes-closure nor by sleep deprivation. Error bars
represent s. e. m..

(p-value = 0.37). After sleep deprivation,
eye-opening did not affect forward GC be-
tween any of the individual CC ROIs (all
p-value > 0.74). Backward GC between
the individual ROIs was not affected by
eye-opening or sleep deprivation (all p-
value > 0.42). These results indicate that
eye opening and sleep deprivation in par-
ticular affect effective connectivity from
the posterior cingulate cortex.

Alpha Power Does not Affect
Cingulate Connectivity
Sleep deprivation strongly attenuated
eyes-closed alpha power (difference es-
timate −0.347 log(µV2), s. e. 0.093, z-
value = −3.725, p-value < 0.001) but

not eyes-open alpha power (difference es-
timate 0.056 log(µV2), s. e. 0.050, z-value
= 1.110, p-value = 0.27), as reported pre-
viously (Corsi-Cabrera et al., 1992). Im-
portantly, sleep deprivation affected alpha
power and the forward GC in orthogonal
ways: it affected alpha power only during
the eyes-closed period and effective con-
nectivity only during the eyes-open pe-
riod. This difference rules out the pos-
sibility that the sleep deprivation-elicited
suppression of the eyes-open increase in
forward effective connectivity is merely
secondary to alpha power modulation. To
formally test absence of involvement of al-
pha power modulation, we verified that
its inclusion as a covariate of no inter-
est in the regression models on the mod-
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ulation of effective connectivity did not
change outcomes. The eyes-open increase
in forward GC was confirmed to still be
highly significant after normal sleep (es-
timate 0.649 GC, s. e. 0.157, z-value =
4.123, p-value < 0.001) and absent after
sleep deprivation (estimate 0.095 GC, s.
e. 0.119, z-value = 0.799, p-value = 0.43;
‘eyes open’ * ‘sleep deprivation’ interac-
tion effect p-value = 0.002).

Impairment of Forward Con-
nectivity After Sleep Depriva-
tion Predicts Vigilance
In order to investigate the functional rele-
vance of the sleep deprivation-induced at-
tenuation of the increase in forward effec-
tive connectivity over the cingulate with
when the eyes are open, we tested the par-
ticipants on a brief-stimulus reaction time
task (Romeijn and Van Someren, 2011)
immediately following the resting state
periods. The task requires 20 minutes
of continuous sustained attention to near-
threshold stimuli. We confirmed previous
behavioral findings (Dinges, 1995; Lim
and Dinges, 2008; Philibert, 2005) that
sleep deprivation increased the average re-
action time by 43.40 ms (s. e. 10.40, z-
value = 4.173, p-value < 0.001) and the
number of lapses by a factor of 2.30 (=
e0.832, s. e. 0.203, z-value = 4.087, p-value
< 0.001).

Participants with a relatively pre-
served forward eyes-open/eyes-closed GC
ratio after sleep deprivation performed
better on the subsequent vigilance task,
as indicated by the shorter reaction times
(−128.9 ms/GCratio, s. e. 46.2, z-value
= −2.789, p-value = 0.032) and lower
number of lapses (−0.361 #/GCratio, s.
e. 0.148, z-value = −2.447, p-value =
0.014). For completeness, the same re-
gression was estimated for the normal
sleep condition. The lack of significance
of the regression coefficients for either re-

action time (−3.69 ms/GCratio, s. e. 48.9,
z-value =−0.075, p-value = 0.94) or num-
ber of lapses (−0.208 #/GCratio, s. e.
0.226, z-value = −0.918, p-value = 0.36)
suggests that the association is revealed
only after perturbation of the system by
sleep deprivation.

Discussion
Effective connectivity along the cingulate
cortex, a primary structural and func-
tional pathway of the human brain, is
strongly modulated by behavioral state
and sleep deprivation. We here demon-
strate that: (I) effective connectivity is
higher in the forward direction, as com-
pared to the backward direction; (II) ef-
fective connectivity increases when the
eyes are opened only in well-rested sub-
jects and only in the forward direc-
tion; (III) sleep deprivation attenuates
this eyes-open enhancement of forward
effective connectivity; (IV) the sleep
deprivation-induced attenuation of for-
ward effective connectivity enhancement
is not a confound of alpha power modu-
lation; (V) in sleep-deprived participants,
individual differences in the ratio of for-
ward connectivity during eyes-open ver-
sus eyes-closed periods predict individual
differences in vigilance performance.

Dominant Forward Effective
Connectivity
The cingulate cortex has been identified
as the major backbone of anatomic con-
nectivity of the human brain (Hagmann
et al., 2008; Heuvel et al., 2008; van den
Heuvel et al., 2011). This structural
connectivity underlies and reflects strong
functional connectivity along the cingu-
late cortex (Buckner et al., 2009; Honey
et al., 2009), as demonstrated in resting-
state fMRI studies (Fransson and Marr-
elec, 2008; Greicius et al., 2003). Using
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source-level EEG analysis, we here show
for the first time that connectivity along
the cingulate cortex is in fact asymmet-
ric because GC in the forward direction
was stronger than GC in the backward
direction over all conditions under inves-
tigation.

The predominance of a forward effec-
tive connectivity has been consistently re-
ported at the scalp level in several EEG
studies (De Gennaro et al., 2004, 2005;
Kamiński et al., 1991, 1997). Because of
its central role in the brain network, the
cingulate cortex might constitute one of
the major underlying pathways contribut-
ing to the forward connectivity observed
at the scalp level. In support of this inter-
pretation, sleep deprivation affects both
effective connectivity at the scalp level
(De Gennaro et al., 2005) and, as here
demonstrated, in source space along the
cingulate cortex.

Increase in Forward Effec-
tive Connectivity During Eyes-
Open
Even the simple experimental manipula-
tion of asking participants to keep their
eyes open versus closed strongly affects
the spontaneous activity and connectiv-
ity in neuronal networks, as shown in nu-
merous studies quantifying fMRI fluctua-
tions (Bianciardi et al., 2009; Marx et al.,
2004, 2003; McAvoy et al., 2008; Yang et
al., 2007), EEG power (Barry et al., 2007;
Ben-Simon et al., 2008; Berger, 1929),
and the topology of functional EEG net-
works (Koenis et al., 2013; Laufs et al.,
2003; Stam and de Bruin, 2004). Our
observations refine these global findings
by demonstrating a very specific effect of
eye closure on effective connectivity along
the cingulate cortex. Forward connectiv-
ity was selectively enhanced during the
eyes-open period, while backward con-
nectivity was not different between peri-

ods of eyes-open and eyes-closed resting
state. In particular, this effect was most
pronounced for the directed connectivity
arising from the posterior cingulate cor-
tex. Only after normal sleep — but not
after sleep deprivation — eye opening sig-
nificantly increased GC from the poste-
rior to the anterior and middle cingulate
cortex, without significantly changing GC
from middle to anterior cingulate cortex.
These findings suggest that forward di-
rected connectivity leaving the posterior
cingulate cortex is particularly sensitive
to sleep deprivation.

At the scalp level, changes in connec-
tivity in the anterior and posterior direc-
tions have been interpreted as reflecting
the information flow along forward con-
nections (De Gennaro et al., 2004, 2005;
Kamiński et al., 1991), which subserves a
bottom-up transfer of information to pre-
frontal association areas (De Gennaro et
al., 2004; Kamiński et al., 1995). Our
study identifies the cingulate cortex as
the pathway where effective connectiv-
ity is increased specifically during the
eyes-open condition, therefore suggesting
that this condition triggers an increase
in information flow in the forward direc-
tion. An alternative interpretation that
is equally justified by the GC technique
is that bottom-up transfer of information
to more anterior association areas does
not change, but rather the responsivity of
these areas to incoming information (Bar-
rett et al., 2012).

Lack of Increase in Effective
Connectivity After Sleep De-
privation
Sleep deprivation strongly affects func-
tional connectivity, either assessed during
resting state (Havas et al., 2012; Koenis
et al., 2013; Sämann et al., 2011) or dur-
ing task execution (Acharya et al., 2010;
Kar et al., 2011; van der Helm et al.,
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2011; Weissman et al., 2006). We here
add to these findings a specific effect of
sleep deprivation on effective connectivity
from the posterior cingulate to the ante-
rior cingulate areas. The enhancement of
effective connectivity elicited by opening
of the eyes if subjects were well-rested was
selectively suppressed after sleep depriva-
tion. On the other hand, backward GC
was not affected by sleep deprivation.

The loss of forward connectivity dur-
ing eyes-open could reflect impaired com-
munication between brain regions. As
described above, decreased connectivity
may indicate a degraded output of trans-
mitting regions, poorer responsivity of the
target regions, or both. Sleep depriva-
tion has been shown to affect both the
sending regions, i. e. brain areas primar-
ily involved in processing sensory input
(Chee et al., 2008; Corsi-Cabrera et al.,
1992; Kong et al., 2011), and the receiv-
ing regions, i. e. areas associated with
higher cognitive functioning (Cajochen et
al., 1999; Chee et al., 2008; Drummond
et al., 2005; Lythe et al., 2012; Thomas
et al., 2000). The impairments associ-
ated with sleep deprivation observed in
the present study and previous studies
(Chee et al., 2011, 2008; Lima et al., 2010;
Weissman et al., 2006) may result from
attenuated effective connectivity, which
GC can aptly quantify.

Our findings on waking connectivity
after sleep deprivation complement pre-
vious research on changes in connectiv-
ity associated with sleep. A predomi-
nant backward information flow can be
observed during sleep onset (De Gennaro
et al., 2004) and is a defining character-
istic of the traveling slow waves during
sleep as well (Massimini et al., 2004; Mur-
phy et al., 2009; Riedner et al., 2007).
Sleep deprivation might shift the effec-
tive connectivity towards a more sleep-
like state: the dominant direction of the
cingulate connectivity, which is forward

during well-rested wakefulness, becomes
increasingly backward, the dominant di-
rection during sleep (De Gennaro et al.,
2005).

It is tempting to consider the pos-
sibility that the pronounced dominance
of backward directionality during sleep
might play a functional role in the main-
tenance of optimal information flow dur-
ing wakefulness. The slow waves that are
characteristic of non-rapid eye movement
(NREM) sleep preferably travel along the
cingulate cortex in the backward direc-
tion (Kamiński et al., 1997; Massimini et
al., 2004; Murphy et al., 2009; Riedner et
al., 2007). This indicates that a preferred
backward gradient exists with respect
to the timing of the neuronal network-
wide burst firing that underlies the slow
waves. Consequently, within the network
of bidirectional neuronal connections in
the cingulate (Vogt et al., 1992; Vogt
and Pandya, 1987), more frontal neurons
will on average more frequently enter the
burst mode just prior to when more cau-
dal neurons enter the burst mode. Burst
mode firing is highly conducive to the in-
duction of changes in synaptic strength
(Axmacher et al., 2006; Poe et al., 2010;
Rosanova and Ulrich, 2005) and synaptic
scaling has indeed been proposed as a pri-
mary function of slow waves (Tononi and
Cirelli, 2006). There is a strong depen-
dence of plasticity on the relative timing
of pre- and post-synaptic activity, known
as spike timing-dependent plasticity (Bi
and Poo, 1998; Song and Abbott, 2001).
The phenomenon has also been demon-
strated in human tissue, be it with devi-
ations from the original interpretation of
a simple Hebbian rule (Testa-Silva et al.,
2010; Verhoog and Mansvelder, 2011). It
is thus conceivable that the dominantly
unidirectional traveling of slow waves dur-
ing slow wave sleep affects the synap-
tic strength of backward projections sys-
tematically differently than it affects the
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synaptic strength of forward projections.
Along this line of reasoning, we pro-

pose that the preferential front-to-back
traveling of slow waves along the cingu-
late cortex could result in a directional
bias in their modulatory effect on synap-
tic strength. According to this frame-
work, our findings suggest that slow waves
might benefit mostly the forward connec-
tivity pathways. The bias and its pro-
posed underlying mechanism is amenable
to testing in neuronal network models
(Hill and Tononi, 2005), as well as in ex-
perimental protocols employing the selec-
tive suppression (Landsness et al., 2009;
Mo et al., 2006; Raymann et al., 2008; Van
Der Werf et al., 2009) of slow waves.

Impairment of Forward Con-
nectivity After Sleep Depriva-
tion Predicts Vigilance
People vary greatly in their sensitivity to
sleep deprivation, as measured by its ef-
fect on vigilance (Chee and Tan, 2010;
Chee et al., 2008; Goel et al., 2011; Lythe
et al., 2012; Mander et al., 2010; Van Don-
gen et al., 2004, 2012). The brain func-
tional mechanisms underlying the trait-
like individual differences remain to be
elucidated. Given our finding that sleep
deprivation attenuated the eyes-open re-
sponse of forward effective connectivity
that was seen if subjects were well-rested,
we investigated whether the individual
susceptibility to the effect of sleep depri-
vation on vigilance could be predicted by
individual differences in how well the ef-
fective connectivity response to eye open-
ing was preserved after sleep deprivation.
Our findings indicate that participants
that are able to maintain a relatively pre-
served forward effective connectivity re-
sponse to eye-opening even when sleep de-
prived had a better vigilance, indicated by
shorter reaction times and fewer lapses.
Thus, after sleep deprivation, an individ-

ual’s eyes-open increase in effective con-
nectivity represents a predictor of subse-
quent vigilance.

This significant correlation was ob-
served only after sleep deprivation. It is a
common observation that individual dif-
ferences become relevant, and therefore
measureable, only after perturbation of
the system, in this case by means of sleep
deprivation (Doran et al., 2001; Van Don-
gen et al., 2004). In fact, the same mea-
sure of effective connectivity did not pre-
dict the behavioral performance on the
vigilance task after normal sleep, when
the difference in the forward effective con-
nectivity between the eyes-open period
and eyes-closed period was the largest.
In fact, this difference might represent a
baseline shift in effective connectivity be-
tween the well-rested and sleep deprived
conditions. While well rested, partici-
pants had more than enough reserve ca-
pacity to deal with the lengthy vigilance
task. However, after sleep deprivation,
this reserve capacity was depleted and
only those participants who could main-
tain some degree of forward effective con-
nectivity were able to keep a discrete level
of vigilance.

Forward GC estimates the extent to
which anterior regions are responsive to
the information coming from posterior
areas. Efficient communication between
brain areas, especially along the forward
axis of the cingulate cortex, is essential
for task execution (Agam et al., 2011;
Hampson et al., 2006) and detection of
near-threshold stimuli (Sadaghiani et al.,
2010). Lapsing, i. e. the failure to re-
spond to stimuli, has been attributed to
an impairment in the processing of stim-
uli by prefrontal regions (Chee and Tan,
2010; Chee et al., 2010; Lim and Dinges,
2010). Furthermore, structural differ-
ences in white matter connectivity along
the cingulate cortex quantified with diffu-
sion tensor imaging (DTI) correlate with
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performance on error monitoring (Cohen,
2011; Westlye et al., 2009) and executive
functions (Kantarci et al., 2011), suggest-
ing a role for the cingulate cortex in the
successful transmission of information be-
tween posterior and prefrontal cortical ar-
eas (Chee et al., 2008). Based on our
findings, we propose that optimal perfor-
mance on the vigilance task requires not
only intact structural and functional con-
nectivity of the cingulate cortex, but also
unimpaired effective connectivity modu-
lation of eyes-open as compared to eyes-
closed in the forward direction.

Conclusions
The predominant direction of GC along
the cingulate cortex during waking rest-
ing state is forward. During an eyes-open
resting state, forward effective connectiv-
ity is significantly stronger than during an
eyes-closed resting state. Sleep depriva-
tion causes a selective attenuation of this
increase in forward effective connectivity.
Individual differences in the capacity to
maintain the eyes-open effective connec-
tivity increase even after sleep deprivation
predicts subsequent preservation of per-
formance on a sustained vigilance task.
Forward effective connectivity thus ap-
pears to be an accurate marker of vigi-
lance at an individual subject level. We
propose that sleep, and more specifically
the slow waves that travel over the cin-
gulate in a predominantly backward di-
rection, could be essential for the mainte-
nance of optimal waking effective connec-
tivity.
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