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Infra-Slow EEG Fluctuations Are Correlated with
Resting-State Network Dynamics in fMRI
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Ongoing neuronal activity in the CNS waxes and wanes continuously across widespread spatial and temporal scales. In the human brain,
these spontaneous fluctuations are salient in blood oxygenation level-dependent (BOLD) signals and correlated within specific brain
systems or “intrinsic-connectivity networks.” In electrophysiological recordings, both the amplitude dynamics of fast (1-100 Hz) oscil-
lations and the scalp potentials per se exhibit fluctuations in the same infra-slow (0.01-0.1 Hz) frequency range where the BOLD
fluctuations are conspicuous. While several lines of evidence show that the BOLD fluctuations are correlated with fast-amplitude dynam-
ics, it has remained unclear whether the infra-slow scalp potential fluctuations in full-band electroencephalography (fbEEG) are related
to the resting-state BOLD signals. We used concurrent fbEEG and functional magnetic resonance imaging (fMRI) recordings to address
the relationship of infra-slow fluctuations (ISFs) in scalp potentials and BOLD signals. We show here that independent components of
fbEEG recordings are selectively correlated with subsets of cortical BOLD signals in specific task-positive and task-negative, fMRI-defined
resting-state networks. This brain system-specific association indicates that infra-slow scalp potentials are directly associated with the
endogenous fluctuations in neuronal activity levels. fbEEG thus yields a noninvasive, high-temporal resolution window into the dynamics
of intrinsic connectivity networks. These results support the view that the slow potentials reflect changes in cortical excitability and shed

light on neuronal substrates underlying both electrophysiological and behavioral ISFs.

Introduction

Spontaneous slow fluctuations (0.1-1 Hz) and infra-slow fluctu-
ations (ISFs; 0.01-0.1 Hz) are ubiquitous in brain dynamics. In
electrophysiological recordings, these fluctuations have been ob-
served both in single-unit and multiunit firing rates (Werner and
Mountcastle, 1963; Albrecht and Gabriel, 1994; Ruskin et al.,
1999, 2003; Allers et al., 2002), as well as in amplitude envelopes
of fast (>1 Hz) activities in microelectrode field potentials
(Leopold et al., 2003), electrocorticography (ECoG) (Monto et
al., 2007; Ko et al., 2011), magnetoencephalography, and electro-
encephalography (EEG) (Linkenkaer-Hansen et al., 2001). Sev-
eral studies show that firing-rate fluctuations are strongly
correlated with the amplitude envelope fluctuations in distinct
brain systems (Allers et al., 2002; Hughes et al., 2011), which
suggests a mechanistic relationship between these phenomena.
Direct current (DC)-coupled or “full-band” EEG (fbEEG) ap-
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proaches have shown that the cortical potentials (Aladjalova,
1957; Norton and Jewett, 1965) and scalp potentials (Aladjalova,
1964; Trimmel et al., 1990; Marshall et al., 1998; Vanhatalo et al.,
2004; Monto et al., 2008) exhibit ISFs. These slow potential fluc-
tuations are tightly correlated with amplitude envelope fluctua-
tions of faster activities (Aladjalova, 1957; Vanhatalo et al., 2004;
Monto et al., 2008).

A large body of fMRI data also shows that blood oxygenation
level-dependent (BOLD) ISFs are correlated or anti-correlated
among specific constellations of cortical regions, termed resting-
state networks (RSNs) or intrinsic-connectivity networks, char-
acterized by a dynamic small world-like network architecture for
large-scale brain activity (Biswal et al., 1995; Lowe et al., 1998;
Damoiseaux et al., 2006; De Luca et al., 2006). Similar to the
infra-slow potential fluctuations, BOLD signals correlate with the
amplitude envelopes of concurrently acquired EEG oscillations
(Leopold et al., 2003; Goldman et al., 2002; Mantini et al., 2007;
Sadaghiani et al., 2010). This suggests that spontaneous EEG po-
tential and BOLD ISFs could be correlated and reflect the same
underlying neuronal dynamics. However, so far only indirect ev-
idence supports this hypothesis.

First, active task performance for tens of seconds evokes in
parallel a negative potential shift and a positive shift in BOLD
response in concurrent recordings (Leistner et al., 2007, 2010).
Second, spontaneous ~0.1-0.5 Hz fluctuations in ECoG record-
ings have a spatial correlation pattern that is similar to BOLD
signals (He et al., 2008). Third, event-related slow potentials are
topologically and phenomenologically similar to BOLD re-
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sponses in several cognitive tasks (Khader et al., 2008). Finally,
ISFs in a subset of scalp EEG contacts share phenomenological
similarities, such as task reactivity and association with attention-
deficit/hyperactivity disorder symptoms (Helps et al., 2010), with
the BOLD ISFs in the default-mode network (DMN) and may
be source localized to DMN structures (Broyd et al., 2011).
Nevertheless, the issue of whether the spontaneous BOLD
fluctuations are directly correlated with concurrent endoge-
nous infra-slow scalp potentials under task-free conditions
has remained unresolved.

In the present study, we used concurrent fbEEG and fMRI
recordings to address this missing link. We found that indepen-
dent components of spontaneous infra-slow fbEEG fluctuations
were selectively correlated with fMRI-BOLD signals in specific
RSNs. These data suggest that scalp potential ISFs and BOLD
resting-state dynamics are reflections of the same underlying
neurophysiological phenomenon.

Materials and Methods

Subjects. Twenty-one healthy, nonsmoker volunteers (mean age, 24.1 =
2.8 years; 7 females) participated in the study, which was approved by the
Ethics Committee of Oulu University Hospital. Written informed con-
sent has been obtained from each subject individually, in accordance
with the Helsinki declaration. All participants (mild-to-moderate caf-
feine consumers, based on self-reports of consumption of coffee, tea, and
soft drinks) were instructed to abstain from caffeine intake since the
night before the study (15-18 h). Each simultaneous resting-state fbEEG
and fMRI recording lasted 8 min and 30 s.

fUEEG recordings. The electroencephalogram was recorded using Ag/
AgCl electrodes placed according to the international 10—-20 system with
a 32-channel MR-compatible BrainAmp system (Brain Products). Two
additional channels were used to record electrocardiogram and electro-
oculogram. The impedance of each electrode was <10 k(), which was
obtained by scraping the epithelium of the skin. The EEG data-sampling
rate was 5000 Hz on-line, and the bandpass was from DC to 250 Hz. The
quality of the fbEEG signal was tested outside the magnet room by an
experienced physicist (P.L. or K.S.). The subjects were transferred to the
magnet room and carefully placed in the 8-channnel head coil with care-
ful padding to maximize the stability and comfort. They were instructed
to simply lay still inside the scanner with their eyes closed, think of
nothing particular, and not to fall asleep. The BrainAmp SyncBox was
used to ensure that the fbEEG amplifier and the scanner are in synchrony
via a transistor—transistor logic pulse.

FMRI acquisition. The functional data were collected on a GE Signa 1.5
tesla whole-body system with an eight-channel receive coil, with an EPI
gradient echo sequence (TR, 1800 ms; TE, 40 ms; 280 time points; 28
oblique axial slices; slice thickness, 4 mm; interslice space, 0.4; covering
the whole brain; FOV, 25.6 X 25.6 cm, with 64 X 64 matrix; and flip
angle, 90°). T1-weighted scans were imaged using 3D fast spoiled gradi-
ent echo (FSPGR) BRAVO sequence (TR, 12.1 ms; TE, 5.2 ms; slice
thickness, 1.0 mm; FOV, 24.0 cm; matrix 256 X 256; and flip angle, 20°)
to obtain anatomical images for coregistration of the fMRI data to stan-
dard space coordinates. Physiological signals (heart rate and respiratory
volume) were recorded using the scanner’s built-in photoplethysmo-
graph placed on a finger of the right hand, and respiratory belt.

fUEEG data preprocessing. fbEEG recordings were processed off-line
using the Brain Vision Analyzer (version 2.0, Brain Products). Gradient
artifacts due to static and dynamic magnetic field during MRI data ac-
quisition were removed using the average artifact subtraction (AAS)
method (Allen et al., 2000). The ballistocardiographic (BCG) artifacts
were removed with the same AAS method (Allen et al., 1998). At this
point, an experienced physicist (K.S.) verified that there were neither
gradient nor BCG artifacts left in the data.

FMRI data preprocessing. Head motion in the fMRI data was corrected
using multiresolution rigid-body coregistration of volumes, as imple-
mented in FSL 3.3 MCFLIRT software (Jenkinson et al., 2002). The
default settings used were as follows: middle volume as reference; a three-
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stage search (8 mm rough + 4 mm, initialized with 8 mm results + 4 mm
fine grain, initialized with the previous 4 mm step results) with final
trilinear interpolation of voxel values, and normalized spatial correlation
as the optimization cost function. Brain extraction was performed for
motion-corrected BOLD volumes with optimization of the deforming
smooth surface model, as implemented in FSL 3.3 BET software (Smith,
2002) using threshold parameters f = 0.5 and ¢ = 0; and for 3D FSPGR
volumes, using parameters f = 0.25 and ¢ = 0. After brain extraction, the
BOLD volumes were spatially smoothed with the fslmaths tool, 5 mm
FWHM Gaussian kernel.

fUEEG independent components analysis and spectral analysis. {bEEG
data were exported to MATLAB (MathWorks) where the independent
components analysis (ICA) was calculated with EEGLAB (version
9.0.0.2b; Delorme and Makeig, 2004) using the Infomax algorithm (Bell
and Sejnowski, 1995), which is recommended in EEGLAB tutorial with
sub-Gaussian sources detection. The maximum number of components
(32) was used, and the resulting components were downsampled to
match the fMRI sampling frequency 0.55 Hz (1/1.8 s) by getting an
average value of each of the 1.8 s periods. tbEEG independent compo-
nents (ICs) were characterized by a 1/f power spectra that had (mean *
SEM) Hurst exponents of 0.269 % 0.026 and 0.265 % 0.020, respectively,
for ICs corresponding and not corresponding to BOLD RSN (see below;
difference not significant at p > 0.9, ¢ test). The spectra did not reveal
conspicuous frequency-dependent differences between RSN and non-
RSN ICs.

BOLD RSN definition. For BOLD data, we calculated group probabi-
listic ICA (PICA) as implemented in MELODIC (Beckmann and Smith,
2004). The same number of components, 32, was used as in the fbEEG
ICA decomposition. First, artifact components (e.g., CSF and blood pul-
sation) motion and white matter were removed. Secondary PICA was
performed on the artifact-removed BOLD group data using the same
model order of 32, and the resulting components were thresholded
(BOLD_ICcleaned) using the same histogram mixture modeling as in
fbEEG-fMRI maps to obtain the same threshold level in both mea-
surements. From the BOLD_ICcleaned, eight well known and ro-
bustly detectable RSN components (Damoiseaux et al., 2006; Seeley et
al., 2007) were selected (BOLD_RSNthresh) and binarized with fs-
Imaths tool (BOLD_RSNbin). The IC definition was based on the
expertise of one of the authors (V.K.). The selected networks were
visual lateral (VIS LAT), default mode in posterior cingulate cortex
(DMNpcc), dorsal attention (DAN), default mode in ventromedial
prefrontal cortex (DMNvmpf), salience (SAL), secondary somatosen-
sory cortex (S2), primary motor cortex (M1), and executive (EXEC;
see Fig. 2). A list of regions in which BOLD signal correlated with the
respective EEG IC is presented in Table 1.

fVEEG ICs and BOLD correlation. Correlation maps between fbEEG IC
time series and preprocessed BOLD data were calculated with FSL (ver-
sion 4.1.4) FEAT by using fbEEG ICs as regressors (fbEEG-fMRI maps).
Hemodynamic convolution (gamma function with default settings) was
included. After that, the correlation maps were thresholded using histo-
gram mixture modeling as implemented in MELODIC (fbEEG-
fMRIthresh maps). The histogram mixture modeling enables unique
thresholding for each fbEEG-fMRI map based on inferences from two
additional gamma functions in addition to Gaussian modeling. Gauss-
ian—gamma mixture modeling was used because the intensity distribu-
tion of the independent components was non-Gaussian, and, hence,
simple thresholding based on z-scores cannot accurately control the
false-positive rate. In mixture modeling, noise is modeled with the
Gaussian, and positive and negative neuronal activity with the two
gamma functions is used to model the tails of the distribution. The prob-
ability density functions of these models are then evaluated under the
alternative hypothesis, and a posterior probability of activation is ob-
tained. A posterior probability of 0.5 is used for symmetrical control over
the false-positives and false-negatives (Beckmann and Smith, 2004). The
fbEEG-fMRIthresh maps were then binarized using the fslmaths tool in
FSL (fbEEG-fMRIbin maps).

To identify within each subject the fbEEG IC that was best correlated
with each BOLD_RSNthresh, we calculated spatial correlation coeffi-
cients between all fPEEG-fMRIbin maps and each of the selected eight
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Table 1. Peak coordinates and cluster sizes of regions where the BOLD signal was correlated with the respective EEG IC

EEGIC x y z Aea Maximum ¢score  Nygyes == SD Noveriap == SDReal  Noyeap = SDRAND  fslcc == SDReal  fslcc == SDRAND  ttest p value

VIS Lat 5 10 40 V2 2.46 20,671 = 10,676 4668 = 2983 1416 = 1048 0.19 £ 0.10 0.06 = 0.01 2.26E—05
28 16 38 V2

DAN 64 22 58 LOC 1.98 17,762 £ 10,027 5175 % 3037 1008 == 895 0.19 = 0.09 0.08 £ 0.02 8.58E—07
66 73 63 MG

DMNvmpf 46 97 47 FP 1.92 18,345 £ 11,462 4276 = 2344 1268 = 924 0.17 £ 0.1 0.07 £ 0.02 8.50E—04

Sal 40 64 73  PreMot 201 23,555 10,945 4863 = 2223 1148 = 888 0.16 £ 0.07 0.08 £ 0.02 2.26E—04
7270 34 IFG

S2 12 49 48 S2/PO 1.95 21,770 = 11,884 4774 £ 2653 1119 = 845 0.15 £ 0.08 0.08 = 0.01 8.89E—07
16 70 36 Broca
78 47 53 SMG

M1 4 5 68 M 212 22,141 £ 11,958 3768 = 2649 1190 = 825 0.16 = 0.11 0.07 £ 0.01 1.27E—07

EXEC 62 92 46 P 1.94 18,768 = 10,860 2646 + 1714 1435 = 954 0.14 = 0.08 0.06 == 0.01 1.93E—05
28 84 52 P
4 80 50 CinG

DMNpcc 4 30 50 PreCun 216 18,853 = 10,443 4180 = 2207 1348 = 972 0.18 £0.12 0.07 £ 0.01 1.59E—05

68 24 49 LOC
22 28 49 10C
Peak coordinates [Montreal Neurological Institution (MNI)] are reported for cluster componentsin descending volume order for at least 90% of cumulative volume. CinG, Cingulate gyrus (anterior division); FP, frontal pole; IFG, inferior frontal

gyrus (pars opercularis); LOC, lateral occipital (superior division); MFG, middle frontal gyrus; PO, parietal operculum; PreCun, precuneus; PreMot, premotor; SMG, supramarginal gyrus (posterior division); V2, visual area V2 (prestriate cortex);
Broca, Broca’s area. Ny, Mean number of overlapping voxels; Ny, , mean number of voxels. The fslcc correlation coefficients indicate the spatial correlation between EEC-ICand BOLD-ICA components for both real and RAND. p values

(using t test) for the comparison of real and randomized overlap voxel counts are reported in the right-most column.

BOLD_RSNbin maps with the FSL fslcc tool. For each of the eight
BOLD_RSNbin maps, the ftbEEG-fMRIbin map with the greatest corre-
lation coefficient was selected for further analysis. We used the FSL ran-
domization test (randomize version 2.1) to evaluate voxel-by-voxel
statistical significance in fbEEG-fMRI correlation maps. For controlling
multiple comparisons, we used familywise error correction (FWE) atp <
0.05. For each BOLD_RSNbin map and the corresponding best-
correlated fbEEG—fMRIbin map, the correlation coefficients with dif-
ferent BOLD_RSNbin maps were averaged among subjects (see Fig. 3).
In Figure 3, to test whether these differences between correlation coeffi-
cients were significantly different, we also estimated an exploratory
(without correction for multiple comparisons) pairwise assessment of
each network against each other network. The spatial patterns of EEG IC
versus BOLD voxel correlations were significantly different at a level of
p < 0.05 for all network pairs except DMNvmpf-EXEC, DMNpcc-EXEC,
and SAL-S2 (see Fig. 3, small colored circles).

To control that the observed correlations did not arise from random
effects or from the selection procedure, we randomized all fbEEG-
fMRIbin maps with Matlab and calculated the correlation coefficients
with one RSN (DMNpcc) again. We chose DMNpcc because it is
thought to be the most active network at rest (Fox et al., 2005; Raichle
etal., 2001). The selection and averaging procedure was then applied
in a manner identical to that described above. We also calculated the
average correlation coefficients between randomized data and BOLD_RSN-
bin maps [see Fig. 3, white “RAND” (randomized data)].

Results

To investigate the hypothesized relationship between infra-slow
scalp potential and BOLD signal fluctuations, we acquired con-
current resting-state fbEEG-fMRI recordings with 21 healthy
subjects. After removing MRI and physiological artifacts from
fbEEG data (see Materials and Methods), we decomposed the
spontaneous fbEEG signals into ICs with ICA. This approach
alleviates the volume conduction-caused problem of signal mix-
ing in scalp potential recordings and yields temporally maximally
independent signals that are comparable with those defining the
RSNs in fMRI. We then quantified the correlation between the
fbEEG-IC time series decimated to the fMRI sampling rate and
voxel level-BOLD signal time series. We found that at the indi-
vidual subject level, a large number of significant EEG-BOLD
correlations were observed (Fig. 1, green regions). Intriguingly,
these patterns appeared similar to those of the RSNs found with
ICA of fMRI data in numerous studies. To quantify this similar-

Figure 1. Inindividual subjects, fbEEG IC time series are correlated with BOLD signals at the
voxel level in patterns closely matching those of BOLD ICs. An example of one subject’s
BOLD_RSNbin (red-yellow) and corresponding best correlation coefficient giving fbEEG—
fMRIbin (green) maps. Correlation coefficients between fbEEG—fMRIbin maps and BOLD_
RSNbin maps were for DMNpcc 0.26, for SAL 0.14 and for M10.23. Numbers at the bottom of the
images refer to MNI coordinates (x, y, 2).

ity, we mapped the RSN in the present data by probabilistic ICA
of the fMRI recordings (Fig. 1, red-yellow regions) and evaluated
the spatial correlation between binarized maps of {bEEG IC ver-
sus BOLD voxel correlations and those of BOLD ICs (Fig. 1,
correlation coefficients). Comparisons of the best-correlated
maps showed that even at the single-subject level, the f{bEEG-IC
versus BOLD-voxel correlation maps were indeed highly colocal-
ized with well known RSN, reflected in BOLD ICs (Fig. 1).

To test systematically whether this phenomenon was robust
across subjects, we selected eight BOLD ICs that corresponded to
the following RSNs: VIS LAT, DMNpcc, DAN, DMNvmpf, SAL,
$2, M1, and EXEC (Fig. 2, red-yellow regions). For each of these,
we identified the map of statistically significant correlations be-
tween fbEEG ICs and BOLD voxels that had the greatest spatial
correlation with the BOLD IC map and averaged them across
subjects by taking the voxel-by-voxel mean of selected correla-
tion maps with AFNI 3dMean tool (Fig. 2, green regions). These
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VISLAT B DMN,;. B DAN BDMNq [ SAL EMM1 M EXEC DMN p rand
0.36 0.27 0.37

0.32 0.33 0.07

Figure2. Group-level resting-state fbEEG ICs and fMRI BOLD signals exhibit correlations in the same anatomical regions than fMRI ICs. Eight selected BOLD_RSNthresh maps (red-yellow, z-score
thresholding in right color bar) from group PICA, and corresponding thresholded and FWE-corrected fbEEG-fMRI maps (green). The rightmost map is a randomized fbEEG-fMRIbin map for BOLD
DMNpcc (thresholded 0.1-1). Numbers below RSN names present correlation coefficients (fslcc) between these BOLD_RSNthresh maps and fbEEG—fMRI maps. Numbers at the bottom of the images
refer to MNI coordinates (x, y, 2). The first eight maps are organized in descending order of grand average correlation coefficients (as in Fig. 3).
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Figure3. Spatial correlations between foEEG—fMRIbin maps and BOLD_RSNbin maps are specific to the corresponding BOLD
IC for most RSNs and greater than in randomized data. A, Mean correlation coefficients between fbEEG—fMRIbin maps and
BOLD__RSNbin maps (error bars indicate SEM). In paired statistical comparisons, for each network between the correlation value for
the best-fitting map compared with the other seven, all other differences are significant at p << 0.05 (Holm—Bonferroni corrected)
except for DMNvmpf-EXEC, DMNpcc-EXEC, and SAL-S2 (marked with colored circles). Maps are organized in descending order of
averaged correlation coefficients. B, Spatial overlap between BOLD_RSNbin (left) and fbEEG-fMRIbin (middle) maps was quanti-
fied with a correlation coefficient.

data confirmed that at the group level,
resting-state fbEEG ICs and fMRI BOLD
signals are indeed temporally correlated.
Moreover, these data indicate that the
correlation between fbEEG ICs and
BOLD time series is observed exclusively
in anatomically well delineated regions
that match those of fMRI ICs remarkably
well. To exclude the possibility that the
selection criterion could have biased the
outcome, we repeated these analyses on
randomized DMNpcc fbEEG-fMRIbin
maps (Fig. 2, far right column) and found
that the observed patterns could not be
attributed to random effects or the selec-
tion procedure.

To further corroborate these results,
we quantified the spatial correlations of
the fbEEG versus BOLD maps with each
of the eight fMRI RSNs (Fig. 3A) and the
surrogate data. This analysis showed that
for most RSN, the spatial correlations were
specific to the corresponding BOLD IC and
much greater than those expected by chance
(Fig. 3, RAND bars). While the visual and
motor networks were the most isolated cor-
relates of EEG ISFs, the posterior and ante-
rior parts of the DMN (DMNpcc and
DMNvmpf, respectively) as well as the sa-
lience and S2 networks exhibited clear
cross-correlations. These effects are likely
to be attributable to positive (DMNpcc
and DMNvmpf) or negative (DMN and
DAN) time-series correlations among the
source regions or to their spatial proxim-
ity (SAL and S2), which, because of EEG
volume conduction, leads to signal mix-
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ing. To address this issue, we quantified separately the spatial
overlap of BOLD IC RSNs and EEG_IC versus BOLD maps (Fig.
3B). BOLD ICs for S2, SAL, EXEC, and DMNvmpf overlapped
with fractions of overlapping area of up to 0.3. Together with the
mixing of signals from anatomically nearby sources, this spatial
overlap may be reflected in the separability of f{bEEG IC versus
BOLD maps as well. Indeed, in the maps of {tbEEG-BOLD corre-
lation, the overlap was even more pronounced than for BOLD
ICs and reached values up to 0.9 for S2-SAL correlation. Impor-
tantly, the fbEEG-BOLD map overlaps were strongly correlated
with those of BOLD ICs (Pearson r = 0.59; p < 0.000002; Fig. 3B,
right), which shows that, despite volume conduction, the fbEEG—
BOLD maps capture well the neurophysiological interactions re-
flected in BOLD-IC RSNs.

Discussion

Atthe phenomenological level, three kinds of neuronal ISFs char-
acterize spontaneous brain activity and may contribute to slow
behavioral dynamics: amplitude and firing rate variability; slow
scalp and cortical potentials; and BOLD signal fluctuations (Palva
and Palva, 2012). While many correlations among these phe-
nomena have been established, such as the correlation of oscilla-
tion amplitude fluctuations with both BOLD signals and slow
scalp potentials, direct evidence for a correlation between the
spontaneous fluctuations in slow scalp potentials and BOLD sig-
nals has not been obtained so far, and the strength of the indirect
correlations is insufficient for inferring their association. We per-
formed simultaneous resting-state f{bEEG-fMRI recordings, and
report here that infra-slow scalp potentials and BOLD signals are
correlated. Using ICA, we found that in individual subjects the
fbEEG ICs were robustly correlated with subsets of BOLD voxel
signals. Both at the single-subject and group levels, the anatomi-
cal patterns of fbEEG IC versus BOLD voxel correlations closely
matched those of predominant BOLD ICs (Figs. 1, 2). Spontane-
ous slow potentials in resting-state scalp EEG (Aladjalova, 1964;
Trimmel et al., 1990; Marshall et al., 1998; Vanhatalo et al., 2004;
Monto et al., 2008) are thus a mixture of superimposed signals
pertaining to neuronal activity in anatomically and dynamically
distinct RSNs. Hence, the implications of this finding extend
much beyond our original hypothesis of a correlation between
scalp potential and BOLD ISFs—the anatomical specificity of
fbEEG-BOLD correlations with the canonical BOLD RSNs
strongly suggests that these phenomena are reflections of shared
underlying neuronal and hemodynamic processes.

The relationship among EEG ISFs, slow cortical potentials,
and BOLD signal

Around the time of the discovery of spontaneous ISFs in cortical
and scalp potentials (Aladjalova, 1957, 1964; Norton and Jewett,
1965), event-related slow potentials also were observed in EEG
data averaged across many sensory stimuli or motor actions
(Walter et al., 1964; Kornhuber and Deecke, 1965). Cues preced-
ing to-be-attended stimuli are followed by a slow potential shift,
“contingent negative variation,” of which the magnitude is de-
pendent on the level of expectation toward the forthcoming stim-
ulus (Walter et al., 1964; Gonzalez-Rosa etal., 2011; Werner et al.,
2011; Zanto et al., 2011). On the other hand, voluntary move-
ment initiation is preceded by a slow negative “readiness poten-
tial” that precedes the movement onset by several hundreds of
milliseconds (Kornhuber and Deecke, 1965; Libet et al., 1983;
Libet, 1985). Similar sustained slow cortical potentials (SCPs) are
also associated with stimuli or experimental manipulations that
involve a maintained high level of fast neuronal activity. For in-
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stance, these SCPs are correlated with attentional memory
(Hansen and Hillyard, 1980; Luria and Vogel, 2011), working
memory (Vogel and Machizawa, 2004; Vogel et al., 2005; McCol-
lough et al., 2007; Palva et al., 2011), and long-term memory
(Khader et al., 2007; Kizilirmak et al., 2012) demands as well as
with mental imagery (Schicke et al., 2006). Similarly, intense neu-
ronal activity during epileptic seizures is associated with sus-
tained negative shifts in scalp potentials (Vanhatalo et al., 2003a).

Several lines of research indicate a correlation between event-
related SCPs and BOLD signals (Leistner et al., 2007, 2010;
Khader et al., 2008; see Introduction), and also provide indirect
evidence for a similar relationship between spontaneous SCPs
and BOLD signals (He et al., 2008; Helps et al., 2010; Broyd et al.,
2011). Such observations constitute the basis for a hypothesis that
SCPs are a direct electrophysiological correlate of BOLD signals
(He et al., 2008; He and Raichle, 2009; Raichle, 2011). If sponta-
neous EEG ISFs are considered as SCPs (Rockstroh et al., 1989;
Raichle, 2011), the present results both corroborate this idea and
extend the prior data in showing with simultaneous fbEEG and
fMRI that spontaneous SCPs are indeed correlated with BOLD
signals and that these correlations are specific to well delineated
RSNGs.

It has, however, remained unresolved whether a universal
SCP-BOLD correlation exists that spans both event-related and
spontaneous SCPs. First, the relationship between event-related
SCPs and spontaneous fluctuations has remained unclear and, to
our knowledge, there is no evidence that the event-related SCPs
would arise from event-locking of spontaneous SCPs (but see
Raichle, 2011). Second, slow phenomena span a wide range of
time scales (Rockstroh et al., 1989). Perievent SCPs last from
hundreds of milliseconds to a few seconds and hence reside in
slow-frequency (0.1-1 Hz) and delta-frequency (1-4 Hz) bands.
Spontaneous potential and BOLD ISFs also involve time scales
from tens to hundreds of seconds. Third, there could be differ-
ences in the underlying neuronal generators. Event-related SCPs
appear to arise in task-specific circuitry, while the spontaneous
ISFs are well correlated with RSN, in which the interaction with
task-specific processing is not fully understood. Spontaneous
ISFs, on the other hand, appear to be supported by oscillatory and
time scale-specific cellular-level mechanisms (Lorincz et al.,
2009; Hughes et al., 2011). Hence, the relationship between spon-
taneous and event-related slow potentials remains an important
topic for future research and could be addressed both with
fbEEG-near-infrared spectroscopy (Leistner et al., 2007, 2010)
and, as done here, with fbEEG-fMRI approaches.

Mechanisms linking fbEEG and BOLD ISF signals

Several lines of evidence, including concurrent recordings of
scalp potentials, intracortical field potentials, and neuronal
membrane potentials, suggest that slow negative shifts in scalp
EEG arise from synaptic excitation of the apical dendrites of cor-
tical pyramidal neurons (Mitzdorf, 1985; Birbaumer et al., 1990
He and Raichle, 2009). In this context, enhanced cortical excit-
ability and possibly intense neuronal activity would be associated
in parallel with long-lasting excitatory postsynaptic potentials,
negative scalp potentials, and enhanced BOLD signal. Spontane-
ous fluctuations in neuronal activity levels could hence be re-
flected in parallel both in slow potentials and hemodynamic
signals.

Slow cortical and scalp potentials may, however, also involve
non-neuronal mechanisms, and in particular, a direct contribu-
tion from the potential difference across the blood—brain barrier,
which is sensitive to many manipulations of hemodynamics and
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brain carbon dioxide levels (Besson et al., 1970; Vanhatalo et al.,
2003b; Voipio et al., 2003; Nita et al., 2004). It is thus possible that
the endogenous BOLD fluctuations per se directly contribute to
the observations of spontaneous slow scalp potentials such as
those observed here and earlier.

Conclusion

In the present study, we show that spontaneous infra-slow scalp
potential fluctuations are correlated with endogenous BOLD sig-
nal fluctuations in brain regions corresponding to canonical fMRI
RSNE.
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