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Abstract

Purpose: Reports of the relationship between the default mode network (DMN) and alpha power
are conflicting. Our goal was to assess this relationship by analyzing concurrently obtained EEG/
functional MRI data using hypothesis-independent methods.

Methods: We collected functional MRI and EEG data during eyes-closed rest in 20 participants

aged 19 to 37 (10 females) and performed independent component analysis on the functional MRI
data and a Hamming-windowed fast Fourier transform on the EEG data. We correlated functional
MRI fluctuations in the DMN with alpha power.

Results: Of the six independent components found to have significant relationships with alpha,
four contained DMN-associated regions: One independent component was positively correlated
with alpha power, whereas all others were negatively correlated. Furthermore, two independent
components with opposite relationships with alpha had overlapping voxels in the medial prefrontal
cortex and posterior cingulate cortex, suggesting that subpopulations of neurons within these
classic nodes within the DMN may have different relationships to alpha power.

Address correspondence and reprint requests to Anthony D. Bowman, University of Alabama at Birmingham Epilepsy Center, 312
Civitan International Research Center, 1719 6th Avenue South, Birmingham, AL 35294-0021, U.S.A.; anbowman@uab.edu.

All work pertaining to this study was performed at the University of Alabama at Birmingham, Birmingham, AL, U.S.A.

This work was part of the first author’s Master’s Thesis in the Department of Biomedical Engineering at the University of Alabama at
Birmingham, Birmingham, AL, U.S.A.

Presented in part at the 2015 Annual Meeting of the American Academy of Neurology held at the Walter E. Washington Convention
Center in Washington, DC from April 18 to 25, 2015.

The authors have no funding or conflicts of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bowman et al. Page 2

Conclusions: Different parts of the DMN exhibit divergent relationships to alpha power. Our
results highlight the relationship between DMN activity and alpha power, indicating that networks,
such as the DMN, may have subcomponents that exhibit different behaviors.
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Even when at rest, the brain is active and this activity follows reliable patterns that can

be observed using functional imaging techniques, as well as neurophysiologic methods.1-3
During functional MRI (fMRI), the blood oxygenation level-dependent (BOLD) signal in
the brain is recorded over time. Synchronization of the low-frequency fluctuations of this
signal between regions allows for the so-called “resting state” networks to be defined.°> The
default mode network (DMN) is one such resting state network, typically defined to include
regions of the medial prefrontal cortex (MPFC), anterior cingulate cortex and posterior
cingulate cortex (PCC), cuneus/precuneus, and temporoparietal junction/angular gyrus.58
Hippocampi, parahippocampal gyri, and frontopolar cortex are sometimes included in the
DMN as regions that are “loosely integrated” with the DMN because of their presence

in some studies.910 Activity in the typical DMN regions is known to increase during the
resting state and decrease when a subject is performing a task.11-13 Increased activations
within this network are related to the processes of memorization and creating associations.®
Increased activation of the DMN is thus typically linked to introspection or “internal
mentation” and integration of thought processes.214 However, although the fMRI measures
that produced these results provide relatively fine spatial resolution in the millimeter range,
the BOLD signal remains an indirect and slow measure of neural activity.

In contrast to fMRI, scalp EEG is a high temporal resolution measure of neural activity
in the brain with a relatively poor spatial resolution.1> EEG can measure oscillations

of neural activity in the brain, which has been well documented.16 One such waveform
is the alpha rhythm: activity in the 8 to 13 Hz range typically recorded from posterior/
occipital electrodes. These alpha oscillations have been observed to strengthen during
rest, particularly when the subject’s eyes are closed!® and are typically modulated by
performing cognitive tasks, in particular, they are selectively suppressed during directed
visual attention.3:17 Current thinking suggests that alpha power indexes the degree of
selective attention toward visual objects.1819 EEG is a temporally precise measure of neural
activity, as it measures changes in electric fields, allowing for exploring neuronal firing
patterns with high temporal resolution. However, limited spatial resolution and lack of
direct access to the deep brain structures mean that localization of EEG sources may be
difficult.20.21

The poor spatial resolution of the EEG can, to a certain degree, be handled by combining it
with the high spatial resolution of fMRI. This method of combining EEG with fMRI (EEG/
fMRI) in recent years has proven useful for examining the physiologic and pathophysiologic
states of the brain.22-2> Development of preprocessing tools to remove gradient and
electrocardiogram artifacts from EEG data has allowed for continuous EEG data to be
analyzed in conjunction with imaging data, further opening up research opportunities.26:27
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Previous attempts to elucidate the relationship between DMN activity and alpha oscillations
have produced mixed results. The discrepancies between studies are not necessarily
contradictory because different methods and techniques may lead to different results and
conclusions. Earlier studies have correlated EEG with the results of resting positron
emission tomography28:29 and EEG with resting fMRI (eyes open or eyes closed) at
magnetic field strengths between 1.5 and 4 T.22:23.30.31 A the above-mentioned studies
conducted hypothesis-driven analyses to conclude that some brain regions e.g., the thalamus
or occipital cortex exhibits positive or negative relationship with alpha power. We identified
only a few studies that applied hypothesis-independent (data-driven) methods to analyze
EEG/fMRI data to examine the contributions of alpha power to the BOLD signal changes
in the DMN regions. Independent component analysis (ICA) is a data-driven method

that can identify spatially distributed brain regions that act in concert. Independent
component analysis makes no assumptions regarding the stimulus or brain response

and does not require specification of the hemodynamic response function, providing an
advantage over analytical approaches that require precise knowledge of the hemodynamic
response function. Independent component analysis allows for identification of temporary
connections as well as more stable connections and is thus particularly useful for analysis of
resting state fMRI data.32-34 One such ICA study identified two main resting state networks
that were positively associated with EEG power in the alpha band—one corresponding

to the DMN (bilateral parietal lobule, posterior cingulate and precuneus, and bilateral
prefrontal cortices) and one related to self-referential mental activity (anterior cingulate,
cerebellum, and hypothalamus). Because this study tested correlations with multiple EEG
frequencies, the authors showed that one region may have relationships with more than one
EEG frequency and that these relationships can be independent of one another.1 Another
ICA study did not identify any significant correlations with alpha power.3® These studies
demonstrate that significant questions remain concerning the relationship between the DMN
and alpha power. Using ICA, a method without a priori assumptions, we aim to shed
further light on the alpha—DMN relationship. To do so, fMRI and EEG data were obtained
simultaneously; voxels of the DMN network were identified by ICA and cross-correlated
with alpha frequency power extracted from the EEG. Although we expected to identify
several components corresponding to the DMN, we hypothesized that only some of them,
especially thalami and occipital cortices, would correlate with alpha power.

METHODS

Subjects

Twenty healthy adult subjects (10 women and 10 men; aged 19-37) participated in this
EEG/fMRI study after providing written informed consent. They were recruited from the
general university population. Although none reported taking psychoactive medications,
subjects were not specifically screened for recent caffeine or over-the-counter medication
intake. Study criteria required all subjects to be aged between 19 and 65 years, have a
normal developmental history, with no neurologic conditions, have completed at least a high
school education, and have no contraindications to fMRI at 3 T. The study was approved by
the Institutional Review Board at the University of Alabama at Birmingham. Each subject
first underwent 10 minutes of resting state EEG collected outside the scanner room for
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later comparison with data collected inside the scanner to confirm data quality. For each
resting state period, subjects were instructed to keep their eyes closed, relax, and let their
minds wander. Each subject underwent a T1-weighted anatomic scan and a resting state
T2*-weighted functional scan with simultaneous EEG recording (EEG/fMRI).

MRI Acquisition and Preprocessing

The fMRI was performed on a Siemens Magnetom Allegra 3 T scanner. A T1-weighted
structural image was collected (TR = 2,300 ms; voxel size of 1.0 x 1.0 x 1.0 mm; TE = 2.17
ms; FOV = 25.6 x 25.6 x 19.2 cm, matrix = 256 x 256 x 192 pixels with sagittal orientation)
along with a T2*-weighted functional scan (TR = 2 seconds; voxel size of 3.8 x 3.8 x 4.0
mm; TE = 30 ms; slice thickness = 4 mm; FOV = 24 x 24 cm, matrix = 60 x 60 with sagittal
orientation; flip angle = 70°) lasting for 10 minutes. The first two measurements (whole
brain volumes) were excluded to allow for the scanner to achieve magnetic equilibrium,
resulting in 298 measurements per scan. Each functional scan was then preprocessed with
in-house MATLAB scripts using Statistical Parametric Mapping software (SPM12b, http://
www.fil.ion.ucl.ac.uk/spm/) including slice timing and motion correction, normalization to
the Montreal Neurological Institute template, and spatial smoothing using a Gaussian kernel
(6-mm FWHM).

EEG Acquisition and Preprocessing

EEG data were recorded across 64 channels at 2 kHz both before placing the subject

inside the scanner as well as during the functional scan. Electrocardiographic data were also
collected using two electrodes for later ballistocardiographic artifact removal. These data
were collected continuously using an MR-compatible system (MagLink by Neuroscan, Inc.,
Charlotte, NC) with Curry 7 software. Timing of the start of every fMRI volume acquisition
was recorded and inserted into the EEG data as events. Preprocessing using Curry 7
included band pass filtering between 1 and 35 Hz, constant baseline correction, removal

of the echo-planar image artifact using a 15 sample rolling average of the echo-planar
image gradient artifact aligned to the inserted events, and ballistocardiographic artifact
suppression using the first three components from principal component analysis centered to
the ballistocardiographic artifact on a per subject basis applied to the electrocardiographic
channel.

Image Processing

Independent component analysis of fMRI data results in segmentation of brain regions into
maximally independent components (ICs), each consisting of a spatial map of activation
and corresponding time course.36 To quantify the reliability of each IC across multiple
runs of ICA, the Infomax algorithm of ICASSO with a minimum cluster size of 50 was
applied to the fMRI data.3” Group-level ICA was performed using the Group ICA of
fMRI Toolbox (GIFT; http://mialab.mrn.org/software/gift/index.html), first generating 22
group-level ICs followed by back generation of individual subject ICs. This IC generation
was performed 50 times by ICASSO with the generated 1Cs then compared and grouped
into maximally independent clusters. The stability index of each cluster was quantified by
comparing intercluster and intracluster similarity as defined by Himberg et al.37 with only
those components with a stability index greater than 0.90 retained. Group-level ICs were
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then visually screened and those consisting of mostly artifact (activation outside the brain,
within ventricles, etc.) were excluded from further analyses. For optimal comparison with
alpha power, we elected to decompose our own fMRI data as opposed to using networks
defined based on a previously published database from a different group of participants.

EEG Processing and Correlation

A time course of alpha power, with sampling coincident with imaging acquisition, was
extracted from the original EEG data from four bipolar channels (P3-01, P4-O2, P7-0O1, and
P8-02) using a method similar to one previously described.22 Each sample represented the
mean power in the alpha frequency band of 8 to 13 Hz across the 4 bipolar channels using a
Hamming-windowed fast Fourier transform spanning the corresponding imaging TR period
of 2 seconds. After extraction, the resulting time course was convolved with the canonical
hemodynamic response function as defined by SPM to better synchronize the temporal
phase shifts of these EEG data and the BOLD data. This final alpha time course for each
subject was correlated with the time course of each IC. The raw correlation coefficients were
transformed into Fisher Z-scores and a one sample ztest performed on the set of Z-scores
for each IC. Multiple comparison correction using the false discovery rate method was then
applied to the Pvalues obtained from each ¢test.38

RESULTS

EEG-fMRI data from 17 subjects were analyzed. Three of the original 20 subjects were
excluded: Two had insufficient data because of premature removal from the scanner and one
because of an incidental finding. An example of an IC time course and alpha power signal
from one participant is show in Fig. 1, demonstrating the correlation between this alpha
power signal and the BOLD response from the IC. Group-level ICA produced 22 ICs, all
with stability indices above 0.90. Six of these ICs were found to have significant correlations
to alpha (P< 0.05; Table 1), and four contained brain regions previously associated with the
DMN (Fig. 2).

The other two 1Cs with significant correlations to alpha power included one component that
comprised mainly of voxels in the cerebellum (1C10) and brain stem, whereas the majority
of the voxels in the other component were within the right frontal and right temporal lobes
(IC4, Fig. 3).

The four components shown in Fig. 2 are consistent with DMN networks obtained in other
fMRI studies using ICA.3940 More specifically, the division of activation within parietal and
posterior cingulate cortices and activation in the MPFC into separate ICs found in this study
mirrors the results shown in the study by Allen et al.3® The components identified include
voxels in the typical midline structures (MPFC, PCC, and thalamus in IC5, IC8, IC11, and
IC22) as well as lateral structures (posterior temporal, inferior parietal cortex in IC5 and
1C22).

Of the 22 components identified with ICA, 16 were found to be not significantly correlated
with alpha. These components include a deep occipital component, a more superficial
occipital component, a bilateral component with voxels comprising the majority of both
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temporal lobes, a component including bilateral parietal lobes, a component with bilateral
temporal activations with a cluster in the MPFC, and a component with bilateral superior
temporal activations. The other 10 components not listed were excluded from analysis after
visual inspection showed activations either primarily in the ventricles, external to the brain,
or consistent with movement artifact.

DISCUSSION

Applying ICA to EEG/fMRI data allows for hypothesis-free identification of DMN
components that correlate with alpha power and for identification of sources within the
same DMN region that may have different behavior and possibly opposite relationships to
alpha power (Fig. 4). This provides a key insight when considered in the context of DMN
subnetworks and how the DMN relates to other brain networks.

Among the DMN networks identified in our study, all statistically significant correlations
with alpha power were negative, with the exception of IC11. In that component, which
comprises voxels primarily in the PCC and MPFC, BOLD signal changes were positively
correlated with alpha (P= 0.0052). These regions are thought to participate in internal
adaptive processes of retrieval, representation, and direct manipulation of various working
memory processes including organization, planning, and problem solving.*! The positive
correlation of these anterior DMN nodes (IC11) with alpha is also consistent with the
“internal mentation” hypothesis or introspection theory of alpha power.14 We observed a
strong spatial overlap between IC5 and IC11, as shown in Fig. 4, indicating that these two
components, despite their different relationships to alpha power, involve overlapping tissues.

The DMN is observed to be preferentially active during resting state and in the absence

of performing a task.42 During resting state, the DMN is theorized to play a role in
introspection, mind wandering, or day dreaming the “introspection” hypothesis,4 but is also
theorized to assist in maintaining a level of outward vigilance, monitoring the environment
for any stimuli that may require more direct, focused attention the “sentinel” hypothesis.4243
The diagram on the right side of Fig. 5 illustrates a model where, during rest, the neural
system toggles between “sentinel” and “introspection” states. The DMN is hypothesized to
contribute to each of these states and to shifting between them.

Given that the literature has ascribed a dual function to the DMN, it is reasonable to look
for duality in the behavior of DMN regions. One duality to consider is the relationship

to alpha power. To reiterate, high alpha power is thought to relate to suppression of
attention to the external environment and to be actively modulated to suppress potentially
distracting sensory information.18:19 Suppression of sensory information is essential for
introspection, in order that sensory information does not interfere with introspective
information processing. Thus, components of the DMN associated with introspection are
expected to be positively correlated with alpha power. Indeed, a set of DMN regions that are
linked to introspection (the more ventromedial regions in IC11) were positively correlated
with alpha power.#* Furthermore, the posterior cingulate/precuneus, a prominent node of the
DMN, has been suggested to function in part to suppress sensory information processing,?
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and this region was also included in the component (IC11) that was positively correlated
with alpha power.

Conversely, the proposed “sentinel” function of the DMN requires maintaining a level of
outward vigilance and taking in sensory information. Brain regions with such a sentinel
function would be expected to show negative relationships to alpha power. ICs 5, 22, and
8 showed a negative relationship to alpha power, consistent with a sentinel function. As
can be seen in Fig. 4, these networks overlap with the proposed “introspection” network
of IC11 but do encompass other regions. These results, showing spatially overlapping
components that have both positive and negative relationships to alpha power, highlight
the DMN’s functional duality and confirm that tissue within the same voxels can support
distinct functional roles. Furthermore, the regions of strongest overlap (white areas in Fig.
4, including MPFC and PCC) may be key locations involved in integrating or switching
between the DMN’s introspective and sentinel functions.

This switching between internal and external locus of attention is essential to regulating
our conscious experience.8 Pathology affecting the DMN, in particular the MPFC and PCC,
would then be expected to have negative implications for attention, spontaneous thought,
and consciousness. Such a link has been found between a disruption in PCC activity

and disorders of consciousness when compared with healthy controls.#> Deactivations in
regions of the DMN, particularly the PCC, have also been found after spike-and-wave
discharges in patients with idiopathic generalized epilepsy, accompanied by altered or loss
of consciousness.*6 Previous work has also shown decreased cerebral blood flow to DMN
regions in patients with impaired consciousness during generalized tonic—clonic seizures.4’
In this context, decreased activity in the overlapping regions of IC5 and I1C11 (MPFC and
PCC) may then be interpreted as an interruption of the sentinel and introspective modes

of the DMN, resulting in the observed states of altered consciousness. This may imply an
internal “push—pull” relationship to the modes of the DMN in addition to that put forth in the
“network inhibition hypothesis” between the DMN and subcortical structures.*8

To conclude, we have shown, using group ICA applied to fMRI, that the DMN can be
decomposed into independent subnetworks. These subnetworks are partially overlapping and
have both positive and negative correlations with EEG-recorded alpha power. The fact that
the DMN can be decomposed into subnetworks with differing correlations with EEG alpha
power may explain much of the inconsistency in previous studies looking to examine the
link between the DMN and alpha power. The MPFC and the PCC are sites of overlap of

two subnetworks that have opposite correlations with EEG alpha power, indicating their
different proposed functions (sentinel vs. introspection). These data also suggest that the
regions of overlap of networks may be involved in switching between introspection and
sentinel functions.
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FIG. 1.
For illustration, we show a BOLD time course for IC11 in red for a representative

participant. In blue is the alpha time course for the same participant’s data. To fit these
images to the same plot, both time courses are normalized by their SD. Note that the alpha
time course represents alpha power averaged over a 2-second window and then convolved
with a function to account for the hemodynamic delay. The resulting time course was used to
identify the correlation between the BOLD signal and alpha oscillations. Also note that IC11
includes orbital and medial prefrontal regions coupled with posterior cingulate cortex. This
was the only IC that exhibited a positive correlation with alpha power (£=0.0192). BOLD,
blood oxygenation level-dependent; IC, independent component.
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FIG. 2.
Group-level ICs containing DMN regions significantly correlated with alpha. Negative

correlations in red; positive correlations in violet. IC5: Posterior cingulate and parietal
cortex, negative correlation (P=0.0336). IC11: Orbital and medial prefrontal regions
coupled with posterior cingulate cortex, positive correlation (P=0.0192). IC22: Thalamus,
medial frontal, and bilateral temporal activations, negative correlation (P= 0.0216). IC8:
Bilateral, lateral, and superior frontal and cingulate cortex, negative correlation (P= 0.0185).
DMN, default mode network; IC, independent component.
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FIG. 3.
Group-level ICs significantly correlated with alpha (non-DMN components). Negative

correlations in red. IC4: Right frontal and right temporal regions (= 0.0195). IC10:
Cerebellum and brain stem (P = 0.0084). DMN, default mode network; IC, independent
component.
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FIG. 4.
Composite overlay showing overlap (white) of IC11 (cyan) and IC5 (red). IC, independent

component.
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FIG.5.
Diagram showing DMN function toggling between sentinel and introspective states

correlated with low and high alpha power. Associated ICs based on their correlation with
alpha power are shown to the right, IC5 above, and 1C11 below. DMN, default mode
network; 1C, independent component.
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