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Trial-by-trial variability in perceptual performance on identical stimuli has been related to spontaneous fluctuations in ongoing activity
of intrinsic functional connectivity networks (ICNs). In a paradigm requiring sustained vigilance for instance, we previously observed
that higher prestimulus activity in a cingulo-insular-thalamic network facilitated subsequent perception. Here, we test our proposed
interpretation that this network underpins maintenance of tonic alertness. We used simultaneous acquisition of functional magnetic
resonance imaging (fMRI) and electroencephalography (EEG) in the absence of any paradigm to test an ensuing hypothesis, namely that
spontaneous fluctuations in this ICN’s activity (as measured by fMRI) should show a positive correlation with the electrical signatures of
tonic alertness (as recorded by concurrent EEG). We found in human subjects (19 male, 7 female) that activity in a network comprising
dorsal anterior cingulate cortex, anterior insula, anterior prefrontal cortex and thalamus is positively correlated with global field power
(GFP) of upper alpha band (10-12 Hz) oscillations, the most consistent electrical index of tonic alertness. Conversely, and in line with
earlier findings, alpha band power was negatively correlated with activity in another ICN, the so-called dorsal attention network which is
most prominently involved in selective spatial attention. We propose that the cingulo-insular-thalamic network serves maintaining tonic
alertness through generalized expression of cortical alpha oscillations. Attention is mediated by activity in other systems, e.g., the dorsal
attention network for space, selectively disrupts alertness-related suppression and hence manifests as local attenuation of alpha activity.

Introduction

Recent functional neuroimaging studies have shown that evoked
response variability correlates with ongoing activity fluctuations
and that this variability transpires into perceptual variability (for
review, see Sadaghiani etal., 2010). As a function of the paradigm,
effects of ongoing activity on perceptual performance have been
observed both locally in accordingly specialized areas (Hesselmann
et al,, 2008a,b; Sadaghiani et al., 2009) and in distributed spatial
patterns that resemble resting-state or intrinsic connectivity net-
works (ICNs) (Boly et al., 2007; Sadaghiani et al., 2009). In some
ICNs higher prestimulus activity facilitates and in others it dete-
riorates perceptual performance on upcoming stimuli. In a re-
cent study using near-threshold acoustic stimuli (Sadaghiani et
al,, 2009), we found that prestimulus signal in frontoparietal re-
gions including the intraparietal sulcus (IPS) and frontal eye
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fields biased toward missing subsequent stimuli whereas signal in
auditory cortex but also in a network comprising dorsal anterior
cingulate cortex (dACC), anterior insula and thalamus facilitated
their detection. The former network is well characterized but the
latter has remained more elusive both in terms of topography and
function. Several studies have defined largely similar networks
with slightly varying numbers and locations of constituent ele-
ments (Vincentetal., 2008). And others have attempted to dissect
it into subnetworks linked to executive control, task-set mainte-
nance, or salience (Dosenbach et al., 2006, 2007; Seeley et al.,
2007). Yet, our paradigm with simple detection of meaning-free
sparse stimuli only required maintaining tonic alertness. In ac-
cord with this interpretation, several studies that explicitly
probed tonic alertness found effects in similar brain structures as
we did (Sturm and Willmes, 2001; Sturm et al., 2004).

Here, we sought to further corroborate this functional inter-
pretation. We based our investigation on results from related
settings used to characterize the electroencephalographic signa-
tures of tonic alertness in ongoing activity (Gath et al., 1983;
Makeig and Inlow, 1993; Haig and Gordon, 1998). We reasoned
that if our functional interpretation was correct, in the absence of
any paradigm fluctuations in vigilance as indicated in the electro-
encephalogram should be associated with fluctuations in activity
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of this putative alertness network and vice versa. To test this
hypothesis, we analyzed findings from simultaneous EEG and
fMRI recordings during prolonged task-free resting state ses-
sions. Previous studies have established correlations between on-
going activity in resting state networks and the expression of
oscillatory EEG activity in different frequency bands (Laufs et al.,
2003, 2006; Scheeringa et al., 2008). Remarkably, however, not
even the most comprehensive attempt so far (Mantini et al.,
2007) has reported findings for the network that we postulate to
be involved in maintaining tonic alertness. Here, we fill this gap
by showing that activity in a cingulo-insular-thalamic network is
positively correlated with the GFP of oscillations in the alpha
(and to some extent beta) band of the simultaneously recorded
EEG. This finding matches EEG signatures of tonic alertness
(Gath et al., 1983; Makeig and Inlow, 1993; Makeig and Jung,
1995; Haig and Gordon, 1998; Lockley et al., 2006; Dockree et al.,
2007) and hence corroborates our previous functional interpre-
tation of at least one functional role of this brain network.

Materials and Methods

Subjects and data acquisition. Twenty-seven healthy volunteers (ages: 19—
29; 8 females; 5 left-handed; written informed consent) underwent si-
multaneous EEG and blood oxygen level-dependent (BOLD) fMRI. Data
from one subject (female, right-handed) were excluded from analysis
due to strong head motion. Subjects were requested to rest with eyes
closed, stay awake, and avoid movement.

Three 10 min sessions yielded 300 echoplanar fMRI image volumes
each (Tim-Trio; Siemens, 40 transverse slices, voxel size = 3 X 3 X 3
mm?; repetition time = 2000 ms; echo time = 50 ms, field of view = 192)
and continuous EEG data recorded at 5 kHz from 62 scalp sites (Easycap
electrode cap) using MR-compatible amplifiers (BrainAmp MR and Brain
Vision Recorder software; Brain Products). Two additional electrodes (EOG
and ECG) were placed under the right eye and on the collarbone. Imped-
ances were kept under 10 k() and EEG was time-locked with the scanner
clock. A 7 min anatomical T1-weighted magnetization-prepared rapid ac-
quisition gradient echo sequence (176 slices, field of view = 256, voxel size =
1 X 1 X 1 mm) was acquired at the end of scanning.

fMRI preprocessing. We used statistical parametric mapping (SPM5,
Wellcome Department of Imaging Neuroscience, London, UK; www.fil.
ion.ucl.ac.uk) for image preprocessing (realignment, coregistration with
the structural image, segmentation and normalization to Montreal Neu-
rological Institute stereotactic space and reslicing to 2 X 2 X 2 mm,
spatial smoothing with a 6 mm full-width half-maximum isotropic
Gaussian kernel for single subject as well as group analyses) and estima-
tion of general linear models (GLMs).

fMRI intrinsic functional connectivity. For calculation of ICNs seed
regions were defined as the (subject-specific) gray-matter voxels in a
sphere of 10 mm radius around peaks extracted from previous studies;
right intraparietal sulcus [27 —58 49] for the dorsal attention system (Fox
et al., 2006) and dACC [0 15 40] for the intrinsic alertness system [cen-
tered between [6 1542] and [—6 15 39] as found in intrinsic connectivity
analysis by Sadaghiani et al. (2009)]. For each seed region the high-pass
filtered (1/128 Hz) signal time course was averaged across all respective
voxels and used as a regressor of interest in a separate GLM. Nuisance
covariates of no interest included the global signal of three separate brain
compartments (all white-matter voxels, all gray-matter voxels and all
CSF voxels), all out-of-brain voxels as well as 6 head-motion parameters.
Contrast images corresponding to the seed regressor were created for
each subject and entered into a second level one-sample ¢ test. Maps were
rendered onto an inflated canonical average brain (FreeSurfer, CorTech,
http://surfer.nmr.mgh.harvard.edu).

For the tonic alertness and dorsal attention ICNs as well as their individual
constituent regions, BOLD time courses were extracted (group-level con-
trast, p < 0.01 family-wise error (FWE)-corrected, extent >150 vox-
els) for regression analysis with spectrally resolved EEG power time
courses (see below). Insula, thalamus and basal ganglia constituted a
large cluster and were thus separated by masking with corresponding
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anatomical masks generated by PickAtlas (Wake Forest University
School of Medicine, http://www.fmri.wfubmc.edu/cms/software). Cor-
tical regions were further restricted to the subject-specific intrinsic con-
nectivity maps (first-level, p < 0.005 uncorrected, extent >50 voxels)
and gray-matter mask.

EEG preprocessing. We used EEGlab v.7 (http://sccn.ucsd.edu/eeglab)
and the FMRIB plug-in (http://users.fmrib.ox.ac.uk/~rami/fmribplugin)
for gradient and pulse artifact subtraction. In two subjects, one of three
rest sessions each was excluded due to insufficient EEG quality. The data
were subsequently downsampled to 250 Hz and re-referenced to a com-
mon average reference. The original reference electrode was recalculated
as FCz, yielding a total of 63 EEG channels.

Network-based correlation analysis with the EEG power spectrum. Time-
frequency analysis was computed in Fieldtrip (Donders Institute for
Brain Cognition and Behavior; http://www.ru.nl/fcdonders/fieldtrip).
The time-frequency analysis of power for the regression of regional fMRI
signal onto EEG was performed for all the frequencies up to 30 Hz in
steps of 0.5 Hz. For this we used a multitaper approach (Mitra and
Pesaran, 1999) integrating the power between 1 Hz below and 1 Hz above
the center frequency, and over a 2 s time-interval. This estimate was
repeated for every 0.4 s. The power time courses were converted to
z-scores. As artifact rejection strategy, z-scores larger than 4 were removed
from the time-series. The remaining values were again z-transformed.

For each channel-frequency combination a separate design matrix was
constructed, that included the hemodynamic response function (HRF)-
convolved power time course for that specific channel-frequency com-
bination. We included signal of three separate brain compartments (all
white-matter voxels, all gray-matter voxels and all CSF voxels), of all
out-of-brain voxels and of the motion parameters as nuisance covariates.
This yielded for each frequency channel point a beta value for the EEG power
regressor, which was tested at group level using a single sample ¢ test against
zero. This analysis was repeated for the fMRI time course of the tonic alert-
ness and dorsal attention ICNs as well as each constituent region.

For the signals extracted from the entire ICNs, multiple-comparison
correction was performed using a cluster-based randomization proce-
dure (Maris and Oostenveld, 2007). This effectively controls the Type-1
error rate in a situation involving multiple comparisons. The procedure
allows for the use of user defined test statistics tailored to the effect of
interest within the framework of a cluster-based randomization test.
Here, we used a single sample t test against zero, giving uncorrected
p-values. All data points that did not exceed the preset significance level
of p < 0.05 were zeroed. Clusters of adjacent non-zero channel-
frequency points were computed, and for each cluster a cluster-level test
statistic was calculated by taking the sum of all the individual #-statistics
within that cluster. This statistic was entered in the cluster-based ran-
domization procedure. For each randomization the lowest negative and
highest positive cluster-sum entered a reference distribution. Clusters
that fell within the extreme 2.5% of the negative and positive random-
ization distribution were labeled as significant. In this case, 1000 ran-
domizations were used to compute the reference distribution. Channels
separated by <4 cm were labeled as being adjacent channels. Channel
positions were recorded for each subject. From these data the average
distances over subjects between channel pairs were computed.

Whole-brain fMRI analysis using band-limited EEG-regressors. Power
estimation for the fMRI whole-brain analysis probing BOLD signal cor-
relation with band-specific EEG power fluctuations was based on a Han-
ning tapered FFT on 2 s windows, resulting in a 0.5 Hz resolution in the
power spectrum. Power for each time-point was subsequently averaged
over all channels. Upper alpha band was defined using the physiological
criterion of individual alpha peak frequency as an anchor and 2 Hz width
as suggested by Klimesch (1999). The peak was determined as the peak
power value between 8 and 12 Hz after removing a 1/frequency trend
from the spectrum. The global power time course of upper alpha (from
individual peak bin included to 1.5 Hz above peak) and beta (15-25 Hz
excluding the main residual gradient artifact frequency of 20 Hz * 0.5
Hz) were used for regression analyses.

The power time courses were converted to z-scores. As artifact rejec-
tion strategy, z-scores larger than 4 were removed from the time-series.
The remaining values were again z-transformed.



Sadaghiani et al. e Alpha Oscillations and Tonic Alertness

A

channels

Figure1.

J. Neurosci., July 28, 2010 - 30(30):10243-10250 + 10245

B
tonic alertness upper a
network (9-12 Hz)
_t
o
-
7]
H -
o
0
=
£
o )
ﬁh broad B
of i (17-24 Hz)
fe AN
9 |
et
: | |
cf ! i
]
LN
Hz 10

Channel-frequency spectra for the tonic alertness network. The tonicalertness ICN was defined by applying a seed in dACC (A). fMRI signal time courses extracted from this network were

used for regression analyses with EEG power fluctuations across the spectrum of 1-30 Hz. For all spectra, the x-axis represents EEG frequency, and EEG-channels are organized on the y-axis from top
to bottom in a posterior-to-anterior order. Consistent across all individual regions () and for the entire network (B), positive correlations arise rather selectively in the high alpha band and more
broadly in the beta band. Effects occur rather globally across the majority of EEG-channels and are furthermore characterized by distributed topographies for the network (B). 4, The ICN is defined
atp < 0.01 FWE-corrected, extent =150 voxels, mapped on a canonical average inflated cortical surface and a coronal section [y = — 12]. The individual cortical regions’ spectra are numbered as
depicted on the rendered ICN. Spectra for subcortical areas are titled respectively. B, The translucent mask represents significance after correction. Bold closed channels in the topographies are part

of the significant cluster.

The GFP time courses of upper alpha and beta bands were entered each
into a separate GLM as a parametrically modulated regressor with stick
functions modeling the event duration. Hereby, the power time courses
were convolved with the canonical HRF function. Again, signal of three
separate brain compartments (all white-matter voxels, all gray-matter
voxels and all CSF voxels), of all out-of-brain voxels and of the motion
parameters served as nuisance covariates. Contrast images correspond-
ing to the parametric regressor were created for each subject and entered
into a second level one-sample ¢ test. An auxiliary uncorrected threshold
of p < 0.005 and extent >100 voxels was used. Exceptions where a higher
threshold was used for more fine-grained analysis are stated explic-
itly. Cluster-level corrected results are reported at p < 0.05 corrected
threshold.

Results

To define the intrinsic connectivity network putatively related to
tonic alertness we applied a seed region in the dACC. As in earlier
studies (Dosenbach et al., 2007; Seeley et al., 2007; Sadaghiani et
al., 2009) this resting state functional connectivity network con-
tained bilateral insula, dACC, anterior prefrontal cortex (aPFC),
thalamus and basal ganglia. We extracted the fMRI signal time
course of this network as well as of its individual constituent
regions and performed regression onto EEG power fluctuations
across the spectrum of 1-30 Hz (Fig. 1). Positive correlations with
the BOLD time course occurred rather selectively in the high
alpha band (~10 Hz and above; cf. individual alpha peak fre-
quency ~10 Hz) and more broadly in the beta band (~17-24
Hz). This effect was expressed in the spectral patterns of all con-
stituent regions (Fig. 1 A) and was significant in the network (Fig.
1B). Conversely, these correlations did not appear to be con-
strained to subsets of electrodes but occurred rather globally

across the majority of EEG-channels. This global character was
further confirmed in distributed effects on topography maps
(Fig. 1B). The channel-frequency spectra for the network are
presented in supplemental Figure 1 (available at www.jneurosci.
org as supplemental material) for all 26 individual subjects. The
spectral distribution of correlation of ICN activity with EEG os-
cillations is in accord with previously described EEG signatures of
alertness in the alpha and beta range (Townsend and Johnson,
1979; Gath et al., 1983; Belyavin and Wright, 1987; Makeig and
Inlow, 1993; Makeig and Jung, 1995; Haig and Gordon, 1998;
Lockley et al., 2006).

For comparison, we next mapped in our data set a different
ICN, the dorsal attention system, by applying a seed in right IPS
and confirmed it to contain bilateral IPS, frontal eye fields and
middle temporal motion-sensitive cortex (MT+) (Fig. 2A).
Again, the equivalent analysis was conducted by performing re-
gression analyses with the spectral EEG data and the BOLD time
course of the dorsal attention network and its individual constit-
uent regions. This analysis revealed a selective negative correla-
tion in the alpha and beta bands in all constituent regions (Fig.
2A) as well as the network (Fig. 2 B). The negative correlations
occurred in a broader frequency range and with a lower center
frequency (~7-10 Hz) compared with the positive correlations
of high alpha observed in the intrinsic alertness network. The
negative beta correlations occurred in a more confined and lower
frequency band (~15-18 Hz) compared with the broad positive
beta correlations of the tonic alertness network.

To address the topographic specificity of our network-based
correlations with the EEG spectrum, we next used band-specific
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Figure 2.

Channel-frequency spectra for the dorsal attention network. Dorsal attention ICN was defined by applying a seed in right IPS (A). fMRI signal time courses extracted from this network

were used for regression analyses with EEG power fluctuations across the spectrum of 1-30 Hz. Correlations arise exclusively negatively in lower alpha and beta bands consistently across all regions
of the network (A) and for BOLD signal averaged across the entire network (B). Thresholding and visualization equivalent to Figure 1.

EEG regressors to map correlations with lo- A
cal fMRI signal across the whole-brain vol-
ume. The previously described spectral
correlation with the tonic alertness system
highlighted an effect in the so-called upper
alphaband, a range that has also been linked
to cognitive control and performance in
previous EEG studies (Klimesch, 1999; Kli-
mesch et al., 2007). We targeted for EEG-
correlated fMRI analyses an upper 2 Hz
band of alpha frequency with a lower-
bound anchor on individually determined
peak frequency (on average 9.77 Hz = 0.74).
We tested where in the brain GFP fluctua-
tions in the upper alpha frequency correlate
positively with neural activity fluctuations as
measured by BOLD signal.

The results of the whole-brain correla-
tion with GFP of upper alpha are shown in
Figure 3A. Positive correlations with the BOLD signal displayed a
spatial pattern that strongly overlaps with the separately defined
tonic alertness network (cf. Fig. 1 A). These effects reached signif-
icance (cluster-level corrected, auxiliary uncorrected p < 0.001)
in dACC ([2, 22, 40], p < 0.001, z-score 3.96, 801 voxels), a
subcortical cluster bilaterally including thalamus and caudate
nucleus ( p < 0.001, z-score up to 4.69, 1531 voxels; caudate: [6,
24, 4], [—20 —22 24]; thalamus: [—2 —8 12], [2 —14 12]), right
anterior insula ([42, 8, 6], p = 0.003, z-score 4.36, 243 voxels) and
right aPFC ([34, 42, 22], p = 0.004, z-score 4.09, 228 voxels).
Further correlation with upper alpha band activity was observed
in the cerebellum ([26, —38, —30], p = 0.028, z-score 4.58, 150
voxels; and [—24, —74, —24], p < 0.001, z-score 4.37, 2096
voxels). Given previous concurrent EEG and fMRI studies in-

Figure 3.

upper a positive correlation

B positive correlation

Positive correlation of activity with the global field power of oscillations in the alpha and beta bands. 4, Positive
correlations with upper alpha band power arise selectively within regions of the tonic alertness network including dACC, right
anterior insula, right aPFC, thalamus and basal ganglia. B, Positive correlations with beta band power occur in some regions of the
intrinsic alertness network, notably dACC and subcortical areas. p << 0.005 uncorrected, extent >>100 voxels, mapped on a
canonical average inflated cortical surface and a coronal section [y = —12].

cluding our own that have emphasized interindividual variabil-
ity (Gongalves et al., 2006; Laufs et al., 2006), we illustrate the
homogeneity of the established effect across subjects in supple-
mental Figure 2 (available at www.jneurosci.org as supplemental
material).

Given the aforementioned EEG studies also linking beta band
oscillations to sustained performance (Townsend and Johnson,
1979; Belyavin and Wright, 1987) we next performed analogous
analyses with EEG time courses from that frequency band. Global
beta power (15-25 Hz) positively correlated with some areas of
the intrinsic alertness network (Fig. 3B). These effects were
weaker in size and extent than those observed for the correlations
with upper alpha and achieved significance only in dACC ([—12,
22, 34], p < 0.001, z-score 3.68, 804 voxels) and a large bilateral
subcortical cluster including thalamus and caudate ( p < 0.001,
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Thresholding and visualization equivalent to Figure 3.
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Negative correlation of activity with the global field power of oscillations in the alpha and beta bands. A, Negative
correlations with upper alpha band power occur in the dorsal attention network and visual cortex, especially dorsal visual areas. B,
Negative correlations with beta band power are observed in right extrafoveal and dorsal visual cortex as well as sensorimotor areas.
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3.44, 141 voxels). For the beta band, neg-
ative correlations were found in right,
most dominantly dorsal, visual cortex
([36, —82, 14], p < 0.001, z-score 3.92,
2509 voxels), as well as in sensorimotor
areas (Yuan et al., 2010) including bilat-
eral mesial motor area ([—12, —10, 48],
p < 0.001, z-score 4.19, 933 voxels) and
right and left sensorimotor cortex ([50,
—32, 58], p < 0.001, z-score 3.71, 2500
voxels; and [—46, —36, 62], p < 0.001,
z-score 3.76, 864 voxels).

A comprehensive illustration of the ef-
fects in an individual representative sub-
ject is provided in Figure 5 by plotting for
a single session time courses of upper
alpha GFP and BOLD signal from differ-
ent networks and regions. The HREF-
convolved GFP time course in the upper
alpha band shows similar fluctuations as
the raw BOLD signal time course of the
tonic alertness ICN as well as two of its
constituent regions. Conversely, the
BOLD signal time course of the dorsal at-
tention ICN displays negative correspon-

dACC BOLD

ttention

300
time (s)

100 200 400

Figure 5.

z-score up to 4.05, 3342 voxels; caudate: [—20, —46, 18], [26 6
12]; thalamus [0 —16 16], [—2 —6 10]) as well as in the cerebel-
lum ( p < 0.001, z-score up to 4.97, 7340 voxels).

We also probed negative correlations with upper alpha band
activity and obtained a spatial pattern of fMRI signal fluctuations
that includes the dorsal attention system but also areas belonging
to the visual system, especially dorsal areas (Fig. 4A). In accord
with previous related studies (Goldman et al., 2002; Moosmann
et al., 2003; Laufs et al., 2006), these effects reached significance
(cluster-level corrected, auxiliary uncorrected p < 0.001) in right
and left dorsal visual cortex ([38, —82, 16], p < 0.001, z-score
4.15, 752 voxels; and [—30, —88, 18], p = 0.02, z-score 3.54, 165
voxels), right superior parietal lobe ([46, —28, 58], p < 0.001,
z-score 4.03, 409 voxels), left intraparietal sulcus (IPS; [—28,
—64, 62], p = 0.02, z-score 3.67, 156 voxels) and extrastriate
visual areas of bilateral lingual gyri ([22, —50, 0], p = 0.005,
z-score 3.61, 218 voxels; and [—14, —62, 6], p = 0.037, z-score

Signal time courses and voxelwise mapping of the correlation to upper alpha power for an individual subject. A,
Concurrent EEG and BOLD signal time courses for a session of 10 min. Red: The GFP time course of the individual upper alpha band
after convolution with the canonical HRF. Black/gray, Raw BOLD signal time course for the tonic alertness ICN and two of its
individual regions (aPFC and dACC) as well as the dorsal attention ICN as labeled. The global gray-matter BOLD signal was
subtracted from these traces. The regions correspond to those visualized on the cortical surface in Figure 1A and Figure 24,
respectively. B, Voxelwise mapping of the correlation to upper alpha visualized on the subject’s structural image. Positive corre-
lations with upper alpha band power arise among others in dACC, right and left anterior insula, right and left aPFC, thalamus and
caudate. This first-level effect corresponds to the group-level analysis in Figure 3A. White lines on the sagittal view indicate the
position of the three coronal slices ( y = —10, 16 and 56, respectively). p < 0.005 uncorrected, extent =100 voxels.

) dence to the alpha GFP fluctuations (Fig.
5A). The first-level voxelwise mapping of
the correlation between BOLD signal and
upper alpha GFP delineates the anatomical
pattern corresponding to the tonic alertness
network (Fig. 5B).

In summary, GFP in the alpha and beta
EEG frequency bands showed anatomi-
cally selective correlation with fMRI sig-
nal fluctuations in the tonic alertness
system. Finally, we sought to corroborate
our functional interpretation of the cingulo-
insular-thalamic network in a dataset
acquired in an earlier paradigm setting
(Sadaghiani et al., 2009). We used the net-
work defined through positive correlation
with alpha power (Fig. 3A) as a spatial mask
to extract peristimulus time courses of the
previous activation study. We hypothesized
that if the system as defined here by EEG
correlation underpinned tonic alertness
then it should show the same prestimulus effects as previously found
for the cingulo-insular-thalamic ICN. Indeed, successful detection
of the auditory stimulus compared with misses was preceded by
significantly higher prestimulus activity levels in those areas where
activity correlates with upper alpha band power (Fig. 6A;att=0s,
taoy = 3.37, p = 0.007, paired 2-tailed ¢ test) and hence closely
matched previous results for the related ICN (Fig. 6B, t(,o) = 3.86,
p < 0.005).

Discussion

Spontaneous fluctuations of ongoing brain activity can be ob-
served across a wide range of states, from sleep and even sedation,
anesthesia, and coma over resting wakefulness all the way to ef-
fortful mental activity (Fox and Raichle, 2007). The fluctuations
are spatially organized into ICNs. Their spatial patterns remain
qualitatively robust across the different states but show fine-
grained quantitative changes of connectivity (Horovitz et al.,
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Figure 6.  BOLD signal time courses of the tonic alertness system during an auditory detec-

tion task. Time courses correspond to successful detection (hit) or miss of repeated identical,
near-threshold auditory stimuli (earlier study by Sadaghiani et al., 2009). 4, B, Time courses
were extracted from the network as defined by positive correlation to upper alpha band power
in the current study (4) (cf. Fig. 3A) or by resting state functional connectivity in the subject
group of the auditory experiment (B). The network defined by positive correlations to alpha
shows the same effect as previously observed for the tonic alertness ICN; hits are preceded by
significantly higher prestimulus baseline activity compared with miss trials. Note that the spa-
tial pattern of the network as defined by positive alpha correlations was sufficiently robust to be
applied as a mask in a different subject group. *p << 0.01; dashed line indicates stimulus onset.

2009; Vanhaudenhuyse et al., 2010). EEG has a longstanding tra-
dition in monitoring and actually defining different brain states
but it has also recently been shown to reflect activity fluctuations
occurring within a given state as resting wakefulness. Activity in
different ICNs, as recorded for instance in resting state fMRI
studies, has been tied to power in different EEG frequency bands
or even patterns of power across the EEG spectrum (Mantini et
al., 2007). Here, we have pursued a hypothesis derived from pre-
vious work and focused on slow activity fluctuations in an as of
yet anatomically and functionally insufficiently characterized
ICN comprising dACC, anterior insula, thalamus and aPFC
(Dosenbach et al., 2007; Seeley et al., 2007). Due to typical coac-
tivation of this network with lateral parietal and prefrontal con-
trol regions during paradigm settings, it has stayed elusive
whether or not these systems form a unitary or rather two distinct
functional networks (cf. Dosenbach et al., 2008 vs Vincent et al.,
2008). We show that fluctuations in concurrently recorded elec-
troencephalographic indices of tonic alertness are associated with
slow activity fluctuations in the cingulo-insular-thalamic net-
work. This result hence further supports a functional distinction
of this network from other control regions.

The most consistent previously reported EEG-hallmark of
sustained alertness is the power of alpha oscillations. In a series of
experiments, Makeig and colleagues found that lapses in behav-
ioral performance were accompanied by decreases in near 10 Hz
ongoing alpha power (Makeig and Inlow, 1993; Makeig and Jung,
1995). Similarly, Dockree et al. (2007) found sustained levels of
near 10 Hz alpha to reflect tonic maintenance of attentional re-
sources associated with enhancement of phasic goal-directed
processing. Likewise, increased alpha phase synchrony (Haig and
Gordon, 1998) and power (Gath etal., 1983) have been associated
with shorter reaction times in oddball tasks. And sustained in-
creases in upper alpha power correlate with shorter reaction
times, less lapses in stimulus detection, and negatively with sub-
jective sleepiness ratings (Lockley et al., 2006). While some of the
above findings were obtained in eyes open condition, others were
established with closed eyes, indicating that the positive relation
between enhanced alpha oscillations and performance is consis-
tent across both conditions. In the present study, we found a
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positive correlation of GFP in the upper alpha (and to some
extent beta) band with activity in the cingulo-insular-thalamic
network.

Our findings are overall in accord with results across several
previous studies although no single study has so far established
the correlation that we show here, namely between alpha band
power and an ICN. Positive correlation with alpha band activity
has previously been reported for the thalamus (Goldman et al.,
2002; Moosmann et al., 2003; de Munck et al., 2007; Ben-Simon
et al., 2008; Difrancesco et al., 2008), insula (Goldman et al.,
2002) and dACC (Difrancesco et al., 2008). Apart from higher
power in our study due to a large study group, differences in the
findings may be due to the fact that previous work focused on
posterior rather than global alpha and collapsed over lower and
upper alpha frequencies.

The correlation of activity in the cingulo-insular-thalamic sys-
tem with upper alpha band oscillations as the most robust elec-
troencephalographic marker of vigilance fluctuations suggests
that this system could serve a role in maintaining tonic alertness.
We found similar albeit weaker evidence for beta oscillations that
have also been linked to performance in settings requiring sus-
tained alertness (Townsend and Johnson, 1979; Belyavin and
Wright, 1987).

As previous related studies discussed above, our analyses were
conducted on data recorded during rest where no stimuli or task
requirements interfere with the ongoing activity fluctuations that
manifest in EEG and fMRI. This advantage for the purpose of our
study comes at the price of including no direct measure of per-
ceptual performance in the same dataset. However, the func-
tional interpretation of our findings is supported by previous
functional imaging studies that explicitly manipulated tonic
alertness and found associated effects in an anatomically very
similar network (Sturm and Willmes, 2001; Sturm et al., 2004).
Despite qualitative similarity of those latter findings, the present
ICN mapping and the network defined by alpha power correlation,
this evidence remains indirect. To further validate our conclusions,
we hence analyzed fMRI signal time courses in the EEG-defined
network but in another subject group previously performing a per-
ceptual experiment requiring tonic alertness (Sadaghiani et al,
2009). Notwithstanding structural intersubject variability between
the two study groups, we found that activity in the network linked to
upper alpha band power improved perceptual performance with
higher prestimulus signal preceding hits compared with misses. This
observation further corroborates a close functional correspondence
between the cingulo-insular-thalamic ICN, upper alpha band power
and tonic alertness.

Tonic alertness refers to a sustained function that is distinct
from arousal on the one hand and selective attention on the other
hand (Posner, 2008). While arousal (in the sense of wakefulness
and responsiveness) is subject to very slow (e.g., circadian) and
constitutive modulations and is controlled by the brainstem
(Jones, 2008), attention transiently ensures selective local pro-
cessing of specific features and is tightly linked to activity in dor-
solateral parietofrontal cortices (Driver and Frackowiak, 2001).
In contradistinction to these cognitive functions, tonic alertness
refers to an intermediate capacity that expresses nonselective
readiness for perception and action implemented by a cortico-
subcortical system (Sturm and Willmes, 2001). The anatomy and
function of the cingulo-insular-thalamic network is well suited to
underpin this control process. The nonspecific thalamic nuclei
project very broadly throughout the cortex, qualifying for general
functions such as alerting (Scheibel and Scheibel, 1967). Among
these, the anterior thalamic nucleus projects massively to the
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dACC, a major cognitive control region implementing perfor-
mance monitoring and adaptive top-down control (MacDonald
etal.,, 2000; Kerns et al., 2004). Anterior insula with its reciprocal
connections to the limbic system and ACC constitutes an ana-
tomical and functional connection hub between extended net-
works (Sporns et al., 2007; Sterzer and Kleinschmidt, 2010), and
has been suggested to dynamically control the switching between
internally and externally oriented mental activity (Sridharan et
al., 2008).

But apart from the shared correlation with tonic alertness
what is the relation between this network and global alpha band
power? Note that our findings do not imply the cingulo-insular-
thalamic network as a generator but rather as a modulator of
power in alpha oscillations across the cortex such that this tran-
spires into a GFP signal. Anatomically, thalamo-cortico-thalamic
feedback connections are the basis by which the thalamic com-
ponent of this network might provide an efficient way for con-
trolling global cortical expression of alpha oscillations (Lopes da
Silva et al., 1980). Alpha oscillations were the first distinct pattern
of ongoing brain activity described in human EEG but their func-
tional significance remains debated. Historically, the Berger ef-
fect of alpha disruption by eye opening (Berger, 1929) was taken
as indication that this was an “idling” rhythm of the awake but
unoccupied resting brain (Pfurtscheller et al., 1996). Apparently
in line with this notion, the allocation of selective spatial attention
is associated with reductions in alpha activity spatiotopically
corresponding to attended locations and enhanced stimulus
processing (Rihs et al., 2007). Indeed, we confirmed negative
correlations of alpha power with activity in regions related to the
control of selective attention, conforming to earlier studies (Laufs
et al., 2003).

If interpreted in terms of tonic alertness, our data are none-
theless congruent with an active role for alpha oscillations. We
propose that alertness involves a generalized ‘windshield wiper’
mechanism and that alpha oscillations serve this purpose by
rhythmically and synchronously clearing the flood of sensory
information on a rapid time scale to reduce distraction and hence
enhance detection of novel and relevant sensory information.
This proposed mechanism is compatible with evidence of alpha
synchronization as an active mechanism for inhibitory top-down
control (Klimesch et al., 2007). Enhanced alpha synchronization
has been reported in active suppression of task-irrelevant cortical
regions in diverse contexts including intermodal selective atten-
tion tasks (Foxe et al., 1998), retinotopically specific distractor
suppression (Worden et al., 2000; Kelly et al., 2006), feature-
selective visual working memory tasks (Jokisch and Jensen, 2007),
lateralized somatosensory working memory tasks (Haegens et al.,
2010) and go/no-go suppression of learned motor sequences
(Hummel et al., 2002). In a hierarchical view of attentional function
we therefore suggest that both alertness and selective attention serve
increased sensitivity but deploy antagonistic mechanisms: Due to its
nonselectivity alertness involves what amounts to a suppression and
selective attention a specific and focal disruption of this global effect.
This view is in accord with the interpretation of alpha desynchroni-
zation as a gradual release of inhibition (Klimesch et al., 2007).

The majority of experimental paradigms require the conjunc-
tion of alertness and selective attention due to the use of prespeci-
fied targets. These settings therefore do not permit to clearly
disentangle the contributions from these two attentional func-
tions. For instance, it is not clear whether the expression of alpha
oscillations could also be selective and specifically target pro-
cesses with a high potential for distracting from the task at hand.
We propose that a global mechanism is ecologically more useful
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because not all functional contexts will permit to sharply tune
prior assumptions in terms of what to expect as relevant and what
as distracting. This question, however, will require future dedi-
cated experiments that orthogonalize the requirements for alert-
ness and selective attention. Some preliminary evidence can be
seen in the fact that in our previous study with a nonspatial au-
ditory detection task, there was an antagonistic influence of two
usually conjointly task-positive systems on perceptual perfor-
mance, facilitation by alertness and deterioration by selective spa-
tial attention (Sadaghiani et al., 2009).
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