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Abstract

The processes of normal aging and aging-related pathologies subject the brain to an active re-organization of its
brain networks. Among these, the default-mode network (DMN) is consistently implicated with a demonstrated
reduction in functional connectivity within the network. However, no clear stipulation on the underlying mech-
anisms of the de-synchronization has yet been provided. In this study, we examined the spectral distribution of
the intrinsic low-frequency oscillations (LFOs) of the DMN sub-networks in populations of young normals, older
subjects, and acute and subacute ischemic stroke patients. The DMN sub-networks were derived using a mid-
order group independent component analysis with 117 eyes-closed resting-state functional magnetic resonance
imaging (rs-fMRI) sessions from volunteers in those population groups, isolating three robust components of the
DMN among other resting-state networks. The posterior component of the DMN presented noticeable differ-
ences. Measures of amplitude of low-frequency fluctuation (ALFF) and fractional ALFF (fALFF) of the network
component demonstrated a decrease in resting-state cortical oscillation power in the elderly (normal and patient),
specifically in the slow-5 (0.01-0.027 Hz) range of oscillations. Furthermore, the contribution of the slow-5 os-
cillations during the resting state was diminished for a greater influence of the slow-4 (0.027-0.073 Hz) oscilla-
tions in the subacute stroke group, not only suggesting a vulnerability of the slow-5 oscillations to disruption but
also indicating a change in the distribution of the oscillations within the resting-state frequencies. The reduction
of network slow-5 fALFF in the posterior DMN component was found to present a potential association with
behavioral measures, suggesting a brain—behavior relationship to those oscillations, with this change in behavior
potentially resulting from an altered network integrity induced by a weakening of the slow-5 oscillations during
the resting state. The repeated identification of those frequencies in the disruption of DMN stresses a critical role
of the slow-5 oscillations in network disruption, and it accentuates the importance of managing those oscillations
in the health of the DMN.

Key words: aging; default-mode network; fALFF; posterior DMN; rs-fMRI; slow-5; stroke

Introduction

CONTEMPORARY FUNCTIONAL NEUROIMAGING tech-
niques, such as functional magnetic resonance imaging
(fMRI), provide excellent opportunities for the noninvasive
investigation of the human brain. Of these, the development
of resting-state fMRI (rs-fMRI) has proved particularly ad-
vantageous for the study of impaired populations, as no ac-
tive task participation is required. In this study, we defined
resting state as a condition in which participants are not
instructed to attend to any specific task, hence requiring min-
imal subject compliance. The approach of rs-fMRI reduces

the influence of known task-related confounds such as sub-
jects’ variability in a number of factors (effort, attention, mo-
tivation, performance, etc.), and it allows for an investigation
of the intrinsic functional networks that is both consistent
and reliable (Damoiseaux et al., 2006; Patriat et al., 2013;
Van Dijk et al., 2010).

Functional connectivity (Friston et al., 1993), an approach
implemented in the analysis of rs-fMRI, measures the corre-
lation, or level of synchronization, between signals from
distal brain regions (Biswal et al., 1995), with high synchro-
nization suggesting shared function. Functional connectiv-
ity allows for the depiction and identification of spatially
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distinct but functionally related regions, forming diverse, ro-
bust, and intrinsic functional networks of the cortical system,
which are also known as the resting-state networks (RSNs)
(Beckmann et al., 2005; Birn et al., 2013; Damoiseaux
et al., 2006; Fox and Raichle, 2007).

One of the more investigated RSN, the default-mode net-
work (DMN) is generally considered as a collection of sub-
systems usually suppressed in goal-directed behavior (Fox
and Raichle, 2007; Raichle et al., 2001), but it also has a role
in mind-wandering (Raichle et al., 2001), episodic memory
(Buckner et al., 2008; Wagner et al., 2005), introspection,
and self-referential processes (Andrews-Hanna et al., 2010;
Buckner et al., 2008; Fransson, 2005; Gusnard et al., 2001a;
Johnson et al., 2005; Qin and Northoff, 2011; Schmitz et al.,
2004). Comprising the precuneus/posterior cingulate cortex
(pC/PCC) complex, the medial prefrontal cortex (mPFC),
and bilateral inferior parietal lobules (IPLs) as its core regions,
the DMN is also the intrinsic network that is the most acti-
vated during the state of rest, making it a prime target for in-
vestigation in healthy and clinical populations.

Perturbation of this DMN in resting conditions (Damoi-
seaux et al., 2008; Ferreira and Busatto, 2013; Koch et al.,
2010), as well as under task conditions (Grady et al., 2006;
Persson et al., 2007), has been consistently associated with
the process of normal aging as well as with age-related brain
changes. Changes in the DMN have furthermore been linked
with insidious pathological changes in clinical populations of
progressive neurological disorders (e.g., Alzheimer’s dis-
ease, Autism spectrum disorders, Parkinson’s disease, Schiz-
ophrenia, etc.) (Broyd et al., 2009; Greicius, 2008).

Of the reported abnormalities, this network has been shown
to exhibit decreases in cortical activation during a state of rest-
ing, whereas a reduction in deactivation is found during per-
formance of a task, marking a possible failure of the system
to disengage task-irrelevant systems and contributing to a po-
tential increase in cortical system noise and a decrease in over-
all DMN functionality in the elderly and disease populations
(Grady et al., 2006; Meinzer et al., 2012; Persson et al.,
2007). This deficit in activation/deactivation pattern has also
been shown to be coupled with a reduction in the synchronic-
ity of the intrinsic oscillations in regions comprising the net-
work (He et al., 2007; Sambataro et al., 2010), reflecting a
reduction in DMN functional integrity. Such changes are par-
ticularly evident in the pC/PCC complex, not only a proven
core region functionally (Andrews-Hanna et al., 2010; Raichle
et al., 2001) but a core region metabolically as well (Gusnard
et al., 2001b; Raichle, 2010).

Recently, several investigations have described similar
disruptions of the DMN in stroke populations, in terms of re-
duced network co-activation, regional homogeneity, and am-
plitude of low-frequency fluctuations (ALFF) (Park et al.,
2014; Tsai et al., 2014; Tuladhar et al., 2013; Wang et al.,
2014). In contrast to the process in normal aging and in
other previously recorded populations exhibiting DMN dis-
ruption, ischemic stroke is a nonprogressive vascular in-
jury imposing an acute and rapid reorganization of the
cortical system, thus contributing to the interest of this inves-
tigation. Despite presenting similar signs of DMN disruption,
the mechanism underlying the network disruption remains
unclear, and whether the mechanism after the onset of
a stroke is comparable to that in normal aging is currently
unknown.
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In this study, we provided an investigation of the DMN
disruption in these two populations (aging and stroke) in
terms of characteristics of the frequency distribution of
the intrinsic low-frequency oscillations (LFOs). Deviating
from pure assessment of synchronicity, our investigation in-
volved four population categories (two healthy normal pop-
ulations differentiated by age, and two stroke populations
differentiated by their time from stroke onset), with the
aim of uncovering the power spectrum characteristics under-
lying the disruption of the network.

Currently, the methods of ALFF (Yang et al., 2007) and
fractional ALFF (fALFF) (Zou et al., 2008) have been
used to describe spectral characteristics. These methods im-
plement voxel-wise approaches to estimate the spectral
power and relative spectral power, respectively, of oscilla-
tions within frequencies of a certain range (commonly in
the 0.01-0.08 Hz range for the resting-state frequencies),
and they provide summative measures. Analysis of the fre-
quency distribution (or spectral analysis) of the LFOs
could provide additional information regarding characteris-
tics of the intrinsic cortical fluctuations such as distribution
peak, distribution width, and distribution skewness among
other measures to aid the characterization of the disruption.

Moreover, implementation of such analyses on oscillations
of independent component analysis (ICA)-derived components
provides additional reliability and consistency for a compari-
son between the groups. This method also allows for the inves-
tigation of network-specific oscillations, comparable to an
ROI-based approach with functionally defined regions.
Under such an approach, the investigation provides an analysis
on the representative oscillations from hundreds of voxels
comprising the network. From this approach, we hypothesized
that disruption of the frequency distribution within the DMN
will be noted in our aging and stroke groups, with such a disrup-
tion arising from a change in either the amplitude or the fre-
quency of the distribution peak, ultimately interfering with
network synchronization between remote regions.

Materials and Methods
Participants

One hundred and thirty-seven participants were included
in this cross-sectional study. Each participant was asked
to participate in an MRI session, including a resting-state
fMRI scan with eyes-closed conditions and a high-resolution
structural MRI scan (see MRI acquisition section for scan pa-
rameters). Resting fMRI sessions with excessive motion (ex-
ceeding 2 mm in any of the x-y-z and angular directions) and/
or presenting gross artifacts (ghosting, shimming, suscepti-
bility, calcification artifacts, etc.) were excluded. As a result,
sessions from 18 of those participants were excluded from
analysis. Two of the stroke subjects presented lesions per-
taining to regions in the vicinity of primary oscillator regions
of the DMN (PCC and mPFC), potentially influencing
the DMN components’ oscillations, and were, therefore,
removed from the study analysis.

The remaining 117 individual sessions made up four pop-
ulation categories: (1) young healthy adult subjects (n=43),
(2) older healthy adult subjects (n=42), (3) adults with acute
stroke (<7 days from stroke onset, n=14), and (4) adults with
sub-acute stroke (between 10 days and 7 months from stroke
onset, n=18). Participants’ details can be found in Table 1.
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TABLE 1. SUBJECTS’ DEMOGRAPHIC TABLE

Sample Mean age Time after

size, n Gender (years) stroke onset NIH-SS
Young normals 43 23M: 20 F 22.5+2.7 n/a n/a
Old normals 42 22M: 20 F 61.2+7.8 n/a n/a
Acute stroke patients 14 11M: 3 F 65.0+15.7 4.6+£1.91 days 34%5.0
Subacute stroke patients 18 10M: 8 F 589+11.2 14+ 8.8 weeks 2.6+3.8

Gender differences not significant (chi-square test, p=0.61).

n/a, not applicable; NIH-SS, National Institute of Health Stroke Scale.

Details regarding clinical, demographic, and session infor-
mation for the 34 enrolled ischemic stroke patients can be
found in Supplementary Table S1 (Supplementary Data are
available online at www.liebertpub.com/brain). No stroke
subject was repeatedly scanned between the acute and sub-
acute time-points in this analysis. A lesion density map,
derived from semi-automated segmentation from avail-
able Tl BRAVO, Cube T2 FLAIR, and Diffusion-Weighted
Image (DWI) using Jim 7 (Xinapse, www.xinapse.com), was
created and describes the lesion location and lesion overlap
between the 32 stroke subjects (Fig. 1). No considerable
overlap was present among lesions from the 32 stroke pa-
tients, with maximum overlap of two lesions recorded at any
given spatial location (Fig. 1, cyan).

The difference in age between the young group and each
of the other groups (older healthy individuals, acute and sub-
acute patients) was significant (#-test, p<0.001), which
allowed for the assessment of an age effect. No significant
difference in age was found between the old, acute, and sub-
acute stroke groups, therefore controlling for age as a factor
in our investigation of stroke-related brain changes. From an
estimate using the Euclidean norm, head motion was found
to differ between the age groups, with older participants
(older healthy adults and stroke patients) exhibiting larger
motion (Supplementary Fig. S1). A difference in head mo-
tion between our healthy older adults and our adults with
stroke (acute and subacute) was of no significance, minimiz-
ing the concern of head motion dramatically influencing our
spectral characteristic measures.

The inclusion of a young healthy group permitted a dis-
tinction between an age effect (assessable with a healthy
young versus healthy older adults comparison) and a stroke
effect (assessable with a healthy old versus stroke groups

comparison). Two separate sets of stroke patients (acute
and subacute) were included, permitting an investigation of
the changes over the DMN—a network central to the cortical
system—over different stages after stroke onset. Because of
its deeper core structure and high vascularization, the DMN
exhibits lower stroke susceptibility than other regions, which
is advantageous in an investigation of remote (diaschisis) ef-
fects of stroke from regions outside of the DMN.

No significant difference in the National Institute of
Health Stroke Scale (NIH-SS) scores was noted between
the acute and subacute stroke groups, with patients predom-
inantly having only mild impairments (Table 1). Recruited
participants in this study expressed no history or signs of
psychological or psychiatric disorders with no participant
presenting signs of compromised capacity or ability to con-
sent, as established by neurological examination. All partici-
pants provided written informed consent toward participation
in compliance with the University of Wisconsin-Madison
Health Sciences Institutional Review Board (IRB).

MRI acquisition

All neuroimaging data were collected at the University of
Wisconsin-Madison, using two identical 3.0-Tesla GE Dis-
covery MR750 scanners (GE Healthcare, Waukesha, WI)
equipped with an 8-channel head coil. Each participant un-
derwent an MRI scanning session, which included a 10-
min eyes-closed resting-state scan and a high-resolution 3D
structural scan. The 3D high-resolution axial structural
scan was acquired using a T1-weighted IR-prepared SPGR
BRAVO sequence with 156 slices, isotropic 1x1x1mm?®
with slice thickness =1 mm, over a 256 X 256 matrix, TR =
8.132ms, TE=3.18 ms, TI=450ms, FOV =256 mm, and

FIG. 1.
single lesion, and light blue representing overlap of two lesions. No regions demonstrated more than two lesions overlapping.
Two subjects exhibited lesions in regions of the DMN and were, therefore, removed from the analysis. Neurological conven-
tion: Left is left. DMN, default-mode network.

Lesion density map for 32 ischemic stroke patients (acute and subacute combined), with dark blue representing a
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flip angle=12°. The 10-min resting fMRI scans were obtained
using single-shot echo-planar T2*-weighted gradient-echo
echo planar imaging, with 40 sagittal slices, TR=2.6s, TE=
22 ms, FOV =224 mm, flip angle =60°, and isotropic 3.5 mm°>
voxel. Earplugs and foam padding were used to attenuate
scanner noise and to minimize head movement, respectively.
Subjects were also reminded to hold their head still and min-
imize head motion before the start of every scan.

Data preprocessing

The MR data preprocessing was achieved using Data Pro-
cessing Assistant for Resting-State fMRI (DPARSFA v2.3;
[19]) and SPM8 (Wellcome Trust Centre for Neuroimaging,
University of College London, United Kingdom). The first
10 volumes were discarded. The remaining images were
slice-time corrected and spatially realigned. Data spikes
were removed using AFNI’s 3dDespike (http://afni.nimh
.nih.gov/afni/). The image volumes were normalized to an
MNI EPI template using linear, then nonlinear registration,
and smoothed with a 4-mm Gaussian kernel using SPM8
software. CSF and white matter signals, and other known
nuisance covariates (e.g., motion), were not regressed out of
the signal before group independent component analysis
(groupICA), as regression of those known nuisance cova-
riates would significantly reduce ICA’s ability to isolate the
various noise components and to remove the contribution of
those noise components from the signal of interest. Head
motion in the participants was also computed using the
Euclidean norm (enorm—square root of the sum squares)
approach to assess the possible contribution head motion in
our results from the spectral analysis.

Group independent component analysis

grouplCA was implemented with GIFT(v2.0a) Matlab
software (http://mialab.mrn.org/software/gift/). The ap-
proach was modeled with an unconstrained mid-order
28 independent component model using the Infomax
algorithm, default mask file, standard PCA type, and back-
reconstruction using groupICA method. The Infomax algo-
rithm incorporates nonlinearities in the transfer function to
capture higher-order moments (Bell et al., 1995), and it is used
to detect the independent source components of the rs-fMRI
data. Reliability of the ICA algorithm was assessed with the
ICASSO toolbox (www.cis.hut.fi/projects/ica/icasso) (Him-
berg et al., 2004), with 20 iterations of the ICA using RandlInit
and Bootstrap methods. Group ICA generated a representative
time-series for each of the independent components isolated
from the dataset and its corresponding spatial map that is then
back-projected onto individual spatial maps. From the 28 in-
dependent component model, multiple components of the
DMN were identified and isolated, similar to those presented
in Allen et al. (2011), and they were kept segregated from one
another to differentiate among sub-networks. This study fo-
cused primarily on the posterior DMN (pDMN) subsystem,
our most robust component of the DMN.

Spectral analysis

Computing measures of LFOs in the frequency domain
has the advantage of offering the ability to simultaneously
examine specific bands within the resting-state frequencies
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(0.01-0.08 Hz). Similar to a method described in Allen
et al. (2011), back-reconstructed IC time-series from each in-
dividual were converted by Fast Fourier Transform to obtain
their component spectra. Furthermore, a Gaussian filter with
=2 was applied to smooth the power spectra histogram to
reduce the influence of unnatural spikes in the distribution.

To examine the difference in power spectra between the
populations, six descriptive univariate measurements were
assessed: (1) frequency of the spectral peak as the component
peak oscillation frequency, (2) FWHMXx as the width of the
distribution of the oscillations in the frequency axis, (3) skew-
ness as the shape of the distribution of the LFO intensity, (4)
peak amplitude as the power of the peak oscillation, (5) com-
ponent ALFF as an index of LFO intensity within the resting-
state frequency range, incorporating slow-5 and slow-4 (total
frequency range: 0.01-0.073 Hz), and (6) component
fALFF as a normalized measure of the relative contribution
of those oscillations to the whole detectable range, computed
by dividing cortical oscillation amplitude by the total cortical
power recorded over the spectrum.

This latter method has been suggested to reduce the con-
tribution from physiological noise that is irrelevant to brain
activity on the signal of interest, in particular in the region
of the PCC with its close proximity of large draining blood
vessels, therefore providing an improved sensitivity and
specificity in detecting spontaneous brain activities (Zou
et al., 2008). In this study, the measures of ALFF (Yu-
Feng et al., 2007) and fALFF (Zou et al., 2008) are amplitude
measured from representative component time-series and not
voxel-wise time-series.

The resting-state frequencies were further divided into the
slow-5 (0.01-0.027 Hz) and slow-4 (0.027-0.073 Hz) bands
after the discovery of the natural logarithmic relationship be-
tween brain oscillators by Buzsaki and colleagues (Buzsaki
and Draguhn 2004; Penttonen and Buzsaki, 2003). In this
study, we provided an application of ALFF and fALFF met-
rics not on fluctuations from a single voxel but on the repre-
sentative oscillation signature of the group ICA-derived
component, drawing information from the many voxels com-
prising the sub-network, allowing for a stable representation
of the network oscillation characteristics. We considered
resting-state frequencies as a strict combination of slow-5
and slow-4 frequencies (0.01-0.073 Hz), unless specified.
The relative contribution of slow-5 was computed by (slow-5
fALFF)/[(slow-5 fALFF) + (slow-4 fALFF)].

Statistical analyses

For each descriptive measure to be assessed, single-factor
analysis of variances (ANOVAs) were conducted with the
group serving as the single factor (young, old, acute stroke,
subacute stroke). A single-factor ANOVA was chosen be-
cause of the nonindependence of the six measures, since
each of the measures pertains to a single frequency distribu-
tion. A post hoc Tukey’s honest significant difference (HSD)
test was implemented to assess the significance of the differ-
ence of the means between population groups. Discrete fre-
quency bin analyses were also utilized in the investigation
of group mean spectra, where amplitudes at each of the fre-
quency bins from 0.009 to 0.0450Hz, with a bin size of
~0.0015Hz, and were tested using Student’s two-sample
t-tests (12 bins in the slow-5 and 12 bins in the slow-4).



486

TABLE 2. IDENTIFICATION OF DEFAULT-MODE
NETWORK SUB-NETWORKS

(Powerrr)/
Name DMN Corr. (Poweryyr)
Posterior DMN 0.529 80.510
Ventral DMN 0.309 53.419
Anterior DMN 0.259 60.13
Ventral-anterior DMN* 0.319 20.113
1° visual network 0.068 183.183
Sensorimotor network 0.037 87.042

Independent component analysis-derived networks resembling
the DMN with respective correlation and regression values to the
provided DMN mask template (dmn_mask_calhoun.nii) in GIFT.
Values for DMN components show moderate correlations to the
template; primary visual cortex and sensorimotor network demon-
strate low DMN correlations, and they are provided here for compar-
ison. Ventral-anterior DMN labeled with the ““*” presented low
robustness and will not be discussed in this study.

DMN, default-mode network.

Results
Functional networks

Group ICA with a mid-order 28 independent component
model allowed for the identification of 21 non-noise, function-
ally relevant, and spatially and temporally segregated compo-
nents in accordance with network templates from a previous
study (Allen et al., 2011). These 21 components accounted
for 89.1% of the total observed variance in the data, and
they consisted, in part, of the DMN, sensorimotor, auditory,
visual (lower- and higher-order components), and attention
networks. The relevance of the DMN to aging and various dis-
ease populations provided motivation to concentrate our effort
in the study on the DMN and its sub-systems.

Of the 28 independent components, four components pro-
vided resemblance to that of the DMN with their correlation
value to the DMN template provided in Table 2. One of those
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four components presented weak robustness of the compo-
nent with a markedly lower (power of the low-frequency
[resting-state frequencies: 0.01-0.1 Hz]/power of the high-
frequency [0.1-0.192 Hz]) ratio compared with the others
(Tables 1 and 2), and it will not be discussed further. Despite
sharing comparable spatial distribution encompassing the
pC/PCC, the medial PFC, and the bilateral IPLs, these
DMN components offered distinct spatiotemporal features
(Fig. 2). We identified these three components as the precu-
neus/pDMN, the medial PFC/anterior DMN (aDMN), and
the retro-splenial/ventral DMN (vDMN), listed in Table 2,
with their correlation to a DMN template in GIFT (dmn_
mask_calhoun.nii) (Allen et al., 2011). The next highest cor-
relations to the DMN template pertained to components of
the salience and visual network, and these were of much
lower correlational values.

Spectral analysis: characteristics
of the spectral distribution

Spectral analysis of the LFOs offers an alternative ap-
proach for the understanding of functional network dynam-
ics. Despite high levels of noise persisting in the spectral
analysis of the LFOs, in particular in acute and subacute
stroke populations of a low sample size, group mean spectra
displayed stable oscillation distribution patterns within each
group, allowing characterization of the disparity among the
groups. A graphical representation of the pPDMN power spec-
trum (Fig. 3) depicted three observations: (1) a possible
age-related shift in peak oscillation frequency, (2) a stroke-
related depression of fluctuation amplitude apparent in the
subacute stroke population, possibly accompanied by (3) a
broadening of the spectral distribution. The components of
aDMN, vDMN, visual network, and motor network compo-
nents demonstrated a similar pattern of reduced oscillation
amplitudes, but with no demonstration of a shift in fre-
quency of the peak and no evidence of a broadening of
the distribution (Fig. 4). For the purpose of this study, we

DMN Sub-components Timecourses

150
Timepoeints (TR = 2600 ms)

FIG.2. Comparative spatial maps and time-series for three DMN sub-networks and the primary visual network. Left: DMN
and primary visual sub-components’ spatial maps. Right: DMN and primary visual sub-components’ time-series. Despite
sharing similarities, the three subcomponents of the DMN exhibit small but distinct spatiotemporal differences. Spatial
map and time-series for the visual components shown here are for comparative purposes.
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1 Posterior-DMN Component Power Spectra

FIG. 3. Power spectra of
the posterior DMN (pDMN)
component for each of the
population groups. Shaded
area represented standard
error of the means. This plot
illustrates: (1) a possible shift
in distribution peak in the
aging population, and (2) a
reduction in amplitude of the
spectral peak coupled with
(3) a broadening of the spec-
tral peak distribution in the
sub-acute stroke patients.
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FIG. 4. Power spectra for other network components showing a reduction in amplitude, but no shift in frequency, of the
spectral peak. Top: The anterior DMN (left) and ventral DMN (right). Bottom: Sensorimotor (left) and visual (right) networks
for comparison, with each population similarly color coded. In contrast, pPDMN observed a reduction in amplitude and a shift
in frequency as noted in Figure 2.
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focused the current investigation on the posterior component
of the DMN, our most robust sub-component of the DMN.
Individual subjects’ spectral distribution was assessed
using the six descriptive univariate measurements previously
described (see spectral analysis). A single-factor ANOVA
revealed lack of statistical significance between the groups
in the measures of frequency of the peak (F=1.598,
p=0.194), distribution width (F=0.031, p=0.993), distribu-
tion skewness (F=0.642, p=0.590), amplitude of the peak
(F=1.449, p=0.232), and the estimate of resting-state oscil-
lation power with ALFF (F=1.568, p=0.201). Though not
of statistical significance, spectral distribution of the young
population group peaked at a lower mean frequency of
0.018 Hz; whereas the old population group peaked at
0.024 Hz; acute stroke, at 0.021 Hz; and subacute stroke, at
0.027 Hz (Fig. 5A), demonstrating a tendency of higher oscil-
lation in older participants. Differences in distribution width
and distribution skewness were insignificant and negligible.
An analysis of the amplitude of the power spectra distribu-
tion appears to show a group-mean decrease in amplitude of
the spectral peak in the old group compared with the young
group (Fig. 5D); the effect was also not statistically significant
(F=1.449, p=0.232). Amplitude of the mean spectra was el-
evated to 15.583 a.u. (arbitrary unit) for the young group and
was only 13.898 a. u. for the old group. Similarly, measures of
ALFF showed a similar mean decrease in the older group
compared with the younger group, with the effect not reach-
ing statistical significance (F=1.568, p=0.201) (ALFF
means, Young=265; Old=250; Acute=254; Subacute=
249) (Fig. SE). In contrast, fALFF, an adjusted metric of
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power of the oscillations, showed a significant difference
between the groups (F=3.457, p=0.018), with differences
emanating primarily from older versus young healthy
adults (Tukey HSD, p=0.043) and from subacute patients
versus young healthy adults (Tukey HSD, p=0.043), dem-
onstrating lower oscillation power in those populations
(Fig. SF, bottom right), with the subacute stroke group
having not only a lower mean but also greater standard
deviation.

Spectral analysis: slow-5 and slow-4 oscillations

Distinction of the resting-state slow-5 (0.01-0.027 Hz)
and slow-4 (0.027-0.073 Hz) components allowed for an as-
sessment of the power distribution within the resting-state
frequencies (0.01-0.073 Hz). The estimates of slow-5 and
slow-4 power, however, did not affirm differences between
the groups (slow-5: F=1.780, p=0.155; slow-4: F=1.378,
p=0.253) (Fig. 6). Within the frequency bands, the slow-5
frequencies exhibited a pattern of lower amplitude in their
oscillations, and the slow-4 oscillations displayed an ampli-
tude increase in the subacute stroke population. Together,
they contribute to a change in the relative contribution of
slow-5 and slow-4 in the resting-state fluctuations of the sub-
acute stroke group (subacute vs. old r-test, t3;=2.146,
p=0.039), disrupting the established dominance of slow-5
in healthy adults (Zuo et al., 2010).

The spectral distribution was further investigated via an
analysis of discrete frequencies (Fig. 7, bottom). Figure 7 of-
fers an illustration of mean power spectra (Fig. 7, top) and
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fALFF:

Slow-5 (0.01-0.027-Hz) vs. Slow-4 (0.027-0.073-Hz)
95 p=0.120
045 +—————— oo e 2
.
0.35 E E E E mslow-5
03 - . i E E Hslow-4
0.25
0.2 4 ¢ : ; "

Young normals old normals acute patients  subacute patients

FIG. 6. Slow-5 and slow-4 fractional ALFF for pDMN in
each of the population groups. Blue denotes slow-5 (0.01-
0.027Hz). Red denotes slow-4 (0.027-0.073 Hz). Pattern
of a reduction in fALFF in the subacute stroke group was ob-
served in comparison to the other population groups (Tukey
honest significant difference, p=0.12), whereas component
slow-4 fALFF increased. Differences were also suggested
in terms of the relative contribution of the slow-5 to that of
the slow-4 oscillations when comparing the subacute stroke
group with the older adult group (unpaired two-sample -
test, t3;=2.146, p=0.039, dotted line/box). In that group,
the slow-4 constituent of the intrinsic oscillations was
noted as becoming the dominant contributor within the
resting-state frequencies. fALFF, fractional ALFF.

smoothed power spectra (Fig. 7, middle). The differences be-
tween the mean of the different populations were assessed
for significance using Student’s two-sample #-tests in steps
of ~0.0015Hz between the frequencies from 0.009 to
0.027Hz and from 0.027 to 0.045Hz, as represented by
the rectangular boxes in the lower portion of Figure 7. For
each of the subtractions (Old minus Young, Subacute Stroke
minus Young, and Subacute Stroke minus Old), the largest
difference resided in the lower frequencies of the slow-5 fre-
quency range (Fig. 7, bottom, p <0.05). Moreover, a signif-
icant residual peak in the early slow-4 frequency range
(~0.034Hz) for the subacute stroke patients (Subacute
minus Old, p <0.05) demonstrates a broader range of oscil-
lations within the pDMN.

Brain—behavior relationship

The observed network fALFF within the slow-5 oscilla-
tion range showed correspondence with the following behav-
ioral data. The subacute stroke patients were categorized as
either mild (NIHSS <2, mild stroke, n="7) or moderate to se-
vere (NIHSS >2, moderate to severe, n=10) in terms of
stroke severity; difference between the means of the slow-
5 fALFF was found to be significant between these two
groups (t15=2,488, p=0.025). This result may be under-
powered, and normality of the distributions cannot be as-
sumed, but it suggests a possible correspondence to
behavior. Regression of out-of-scanner behavior data (pho-
nemic verbal fluency) allowed for additional character-
ization of brain—behavior relationships. A trend toward
significance was found for the regression for phonemic ver-
bal fluency scores, with lower scores associated with lower-
network slow-5 fALFF (R*=0.329, F;5=7.365, p=0.016)
(Fig. 8).
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Discussion

In the investigations of functional intrinsic networks, the
DMN and other RSNs are defined by their synchronous oscil-
lations. In a healthy system, the correlation in oscillations
between regions is reflective of the strength and integrity
of the functional network. However, the integrity of the sys-
tem becomes disrupted in aging and in clinical populations,
as seen by reduced functional connectivity between network
seeds and decreased network co-activation (Andrews-Hanna
et al., 2007; Broyd et al., 2009; Damoiseaux et al., 2008;
Greicius et al., 2004; Greicius, 2008). Other deficits are
also present, such as deficit in regional coherence (Bai
et al., 2008; Zhang et al., 2012) and in intrinsic cortical activ-
ity (Han et al., 2011; Hu et al., 2014; Wang et al., 2011).
However, there have been few investigations of LFOs and
their amplitude information. There have been even fewer
reported investigations of the frequency distribution of
those oscillations. In this study, we reviewed the disruption
of the DMN, and more specifically the posterior component
of the DMN (pDMN), with the hypothesis that spectral
characteristics of this network are being disrupted with the
progression of normal aging and after the event of an ische-
mic stroke.

An analysis of the power spectra revealed a consistent dis-
tribution in which oscillations below 0.03 Hz contributed to
the bulk of the fluctuations in the resting brain. However,
the distribution of those oscillations is subject to varia-
tion, and it differs among the separate population groups
(Figs. 3 and 4). Initial observations of the pDMN power
spectra (Fig. 3) led us to evaluate: (1) whether frequency
of the peak may be shifted with increasing age, (2) and
whether amplitude is reduced and potentially coupled with
(3) a broadened spectra after a stroke, prompting our inves-
tigation of distinct descriptive measures of the distribution.
Many of the assessed measures for power spectra character-
istics, such as distribution peak frequency, width, and skew-
ness, did not demonstrate disparity between the populations.
Evaluation of the distribution peak amplitude suggested a
possible decrease in oscillation amplitude in the subacute
stroke group. However, the effect did not reach significance.
Less susceptible to variability, the measure of ALFF is com-
puted through the square root of the amplitude squared
within the resting-state frequency range. However, this mea-
sure may be heavily confounded by physiological noise. This
concern is particularly valid while investigating the pDMN
with the PCC as the main oscillator, due to close proximity
to large draining vessels.

fALFF provided an improvement on the measure by tak-
ing the ratio of the power within the frequencies of interest
to that of the whole assessed frequency range, delivering a
measure with improved sensitivity and specificity in the de-
tection of spontaneous brain activity that is less susceptible
to physiological noise (Zou et al., 2008). In the current
study, this measure of fALFF in the posterior component
of the DMN is shown to be susceptible to disruption in
both normal aging and after an ischemic stroke. These find-
ings may be attributable mainly to an age effect, as both the
healthy older group and the subacute stroke patients were of
an older age. However, the oscillations within the slow-5
oscillation band (0.01-0.027 Hz) may be additionally af-
fected. Moreover, the reduction in spectral amplitude is not
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FIG. 7. Plot of the difference among mean group spectra. Top: Raw mean population spectra. Middle: Smoothed mean
population spectra with Gaussian filter (¢ =2). Bottom: Blue denotes the subtraction of Old—Young, Green denotes the sub-
traction of Subacute—Young, and Purple denotes the subtraction of Subacute—Old. Rectangular boxes at the bottom represent
series of statistical tests carried out between the population spectra for specific frequency bins, from 0.009 to 0.027 Hz (fre-
quencies in the slow-5 range), and beyond from 0.027 to 0.045Hz (some frequencies in the slow-4 range) in steps of
~0.0015Hz. Darkly colored boxes (blue, green, purple) denote statistical significance at p<0.05, and lightly colored
boxes (light green, pink) denote statistical significance trending toward 0.05 < p <0.10, with p-values uncorrected for mul-
tiple comparisons. There is a significant reduction in amplitude in slow-5 range in Old versus Young, with even greater re-
ductions in amplitude noted in Subacute versus Young, and in Subacute versus Old. There is a trend toward significance and a
significant increase in amplitude in the slow-4 range in Subacute versus Young, and in Subacute versus Old with no signif-
icant difference in amplitude noted in the Old versus Young comparison. The change from reduction in amplitude to an in-
crease in amplitude when comparing Subacute versus Young and Subacute versus Old occurs at ~0.024 Hz (near 0.027 Hz,
the border of slow-5 vs. slow-4 range).

restricted to the pDMN, but it is apparent in other assessed
networks as well (aDMN, vDMN, visual, and sensorimotor
component) (Fig. 4). For the purpose of this investigation,
only the primary component of the pPDMN was considered.

In the posterior component of the DMN, our analysis of
the fluctuation amplitudes of an individual subject’s spectra
using the fALFF metric indicated a lower power of the oscil-
lations in the older adults (healthy and patients) within the

resting-state frequencies, as compared with the young sub-
jects (Fig. 5F). This finding of reduced power measures in
the older population groups is consistent with previous re-
ports of ALFF using voxel-wise approaches and supports
the hypothesis of a general decline of network oscillation
power with aging. These earlier studies described decreased
ALFF within the DMN, more specifically over the region of
the PCC with aging (Hu et al., 2014), in subjects with mild
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FIG. 8. Verbal fluency (raw scores) regression. Regression
of out-of-scanner phonemic verbal fluency score with slow-5
fALFF values for subacute stroke patients, describing a linear
trend between behavioral and neuronal measures (R“=0.329,
F;5=7.365, p=0.016).

cognitive impairment and Alzheimer’s disease (Wang et al.,
2011; Xi et al., 2012) and in stroke patients (Tsai et al.,
2014). Though reduced fALFF was observed in the healthy
older adults and with age as a potentially contributing factor,
the impact of stroke injury on oscillations of the intrinsic net-
work is not to be undermined. Aging may present an initial
and progressive disruption of the network, whereas a stroke
may impose a more dramatic reduction of those oscillation
amplitudes, specifically in the slow-5 frequency range.
Despite the fact that the disruption in frequency distribution
observed in the subacute stroke population may have been
partially confounded by a difference in age of the population,
the effect in our subacute stroke population was more pro-
nounced than in age-matched healthy control subjects, sug-
gesting an exacerbation of the disruption in the event of a
stroke. However, after the event of an injury, disruption of
the network frequency distribution may be more specific
than a general decline of oscillation power. A reduction spe-
cifically in the fractional power was particularly noted in the
slow-5 oscillations (Figs. 3 and 6). This observation is in ac-
cordance with a previous report describing a high suscepti-
bility of those slow-5 oscillations after the event of a
stroke and the contribution of those oscillations to the corti-
cal impairment (Zhu et al., 2015).

Our analysis also suggests that disruption after an acute in-
jury, such as an ischemic stroke, may be linked to a change in
the network distribution of cortical oscillation power among
the sampled frequencies. Figure 3 illustrates a broader distri-
bution of the cortical oscillation power within the pDMN
component in the subacute stroke population as a group,
extending beyond the slow-5 frequency range, which may
help explain a possible mechanism underlying the im-
pairment: through a disorganization of the network oscilla-
tions. The reductions in the slow-5 oscillations were often
paired with an increase of the slow-4 oscillations (0.027-
0.073 Hz), with no observed total fluctuation power differ-
ence as recorded by component fALFF over the resting-state
frequencies (slow-5 + slow-4, 0.01-0.073 Hz), the adjacent
frequency band, in comparison to the older healthy group.
The ratio of slow-5 to resting-state oscillations was also al-
tered in our subacute group (post hoc two-sample t-test,
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p=0.039), demonstrating a weakening of the slow-5 oscilla-
tion in favor of the oscillations in the slow-4 range. These re-
sults present the possibility of a broadening of the spectral
distribution through a reallocation of resources, with neurons
potentially oscillating away from the slow-5 toward frequen-
cies of those in the slow-4 range.

Discrete bin analysis within those oscillatory bands sup-
ported this observation (Fig. 7). We found lower oscillation
power in the range of the slow-5 band and higher oscillation
power in the slow-4 band once again, suggesting a progres-
sion to a broader distribution of oscillations as the system be-
comes impaired. The observations potentially reflect a
certain vulnerability of the slow-5 oscillations, and a possible
re-allocation of oscillation resources to the higher frequen-
cies of the slow-4 in the impaired population after injury.
Such a finding is accompanied by a potentially reduced over-
all resting-state ALFF in the older adults as compared with the
younger adults whereas ALFF means between age-matched
healthy and stroke populations did not differ, further contrib-
uting to the idea of oscillation resource re-allocation after cor-
tical injury. This broadening of distribution may contribute
to a reduction in the specificity of the information, with
such diversity in oscillation frequency having a dramatic im-
pact on the synchronization of the network and possibly
impairing functions.

The subacute stroke patients, and to a lesser extent the
older healthy adults, presented signs of diminished amplitude
in distinct fluctuations within this slow-5 frequency range
(Fig. 7), with the largest statistically significant difference
in the bins of lower frequencies near the 0.012-Hz fluctua-
tions (Fig. 7). Such a depression in the amplitude of those
frequencies may have not only contributed, in part, to the ap-
pearance of the observed shifted peaks but also contributed
to the reduced network coherence and synchronicity, allow-
ing for long-distance communication between nodes of a net-
work. In agreement with data presented in previous studies in
aging-related pathologies (Han et al., 2011; Liu et al., 2014),
these changes and differences observed in the slow-5 band of
the resting state are indicative of a vulnerability of the slow-5
oscillations to disruption induced by the progression of nor-
mal aging and by the onset of an ischemic stroke.

Nonfractional estimate of power within those frequency
ranges illustrated a similar reduction of slow-5 band in
the subacute stroke population (Supplementary Fig. S2).
Because fALFF is a fractional measure computed as the
ratio of the power spectrum of the frequency of interest, to
that of the entire frequency range, the change observed in
slow-5 fALFF may have arisen from a reduction in slow-5
amplitude, an increase of slow-4 amplitudes, and/or an in-
crease of the higher (0.073-0.192 Hz) frequencies. Figure 6
and Supplementary Fig. S2 demonstrate that an increase in
slow-4 oscillation amplitude is plausible and may have con-
tributed to the slow-5 fALFF observation. But again, we do
suggest a re-allocation of oscillations to higher frequencies
as a possible mechanism of the poststroke diaschisis effect.
The most significant change in ALFF power remained within
the slow-5 oscillation frequencies (Fig. 6), re-affirming the
implication of the slow-5 oscillation in the network disrup-
tion. The reduction of slow-5 fALFF was likely not due to
changes at the higher frequencies (0.073-0.192Hz), as
power in those frequencies is minimal. This was demon-
strated in this study as well as in prior studies (Calhoun
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et al., 2011; Zuo et al., 2010), Furthermore, low-TR fMRI
(Kalcher et al., 2014) and MR-Encephalography (Lee et al.,
2013) studies, techniques offering much improved temporal
resolution, also confirmed the small contributions of high os-
cillations during the resting state.

Implications of slow-5 oscillation power

In healthy adult subjects, the slow-5 oscillations dominate
the resting-state oscillations (Fig. 6), which is consistent with
studies found in the literature (Garrity et al., 2007; Zuo et al.,
2010). In contrast, our population of subacute stroke patients
displayed a reduction in the amplitude and power that was
specific to those slow-5 oscillations, which is consistent
with results of a recent report by Zhu et al. (2015), where
more activity changes were recorded in the ALFF of the
slow-5 band. Our observation is coupled with an increase
in slow-4 oscillations. Together, these observations contrib-
ute to the disruption of the balance between slow-5 and slow-
4 oscillations of a healthy brain network, ultimately resulting
in a reduction in network integrity.

The correspondence between slow-5 oscillation fALFF
and behavior was seen in (1) a clinical measure assessing
stroke severity—NIHSS and (2) a neuropsychological mea-
sure that assesses language and executive function—verbal
fluency. Reduction of fALFF corresponded to worsening
stroke severity and verbal fluency. This change in clinical
and neuropsychological behavior may ultimately be a result
of altered network integrity induced by a weakening of slow-
5 oscillations.

However, the neuronal significance of those oscillations
remains unclear. Arguments have been put forward to de-
scribe a potential association between those oscillations
and EEG range oscillations, with the infra-slow oscillations
(<0.1Hz) providing amplitude envelops for concurrent
higher-frequency oscillations (Goldman et al., 2002; Mantini
et al., 2007). As the dominant oscillations of the infra-slow
rs-fMRI resting-state fluctuations, slow-5 oscillations may
provide such distinct amplitude envelopes underlying the
opening and closing of temporal windows at the global, cor-
tical scale, for coherently oscillating neuronal groups, and
provide a modulation of alpha frequency signaling. Disrup-
tion of those oscillations may interrupt proper synchroniza-
tion and transfer of information between distal, cortical
areas of the same functional network. Hence, an assessment
of the slow-5 frequency oscillations may provide a survey of
network integrity and overall network health.

Spectral characteristic for the population of acute stroke

Behavior in the distribution of cortical oscillation power in
the acute stroke patient group was not found to be signifi-
cantly different from the younger or older healthy normals,
with the spectral distribution for the acute patient group
appearing more similar to that of the normal groups than
the subacute stroke group (Fig. 4). This may be due to an ab-
sence of the diaschisis effect in the early time-point defined
by our acute time window. The measure of fALFF recorded a
slight increase in the acute population, representative of
a possible power increase, which may have been due to an
inhibitory deficit from impaired ‘‘task-positive’” regions.
Onset of an acute stroke may lead to release of inhibition
from impaired networks to the DMN, with activation show-
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ing a temporary increase in amplitude and power measures
before decreasing in the subacute stage (Figs. 4 and 5). How-
ever, changes observed in that population group remain min-
imal and are not significant in comparison to the other groups.

Limitations

Despite the novelty of the results, the current study has
some limitations. Subjects’ frequency distributions were par-
ticularly variable with the limited sample size, reducing the
statistical significance of our results. Though the subacute
group demonstrated the largest reduction, group-wise fALFF
comparisons were only statistically significant in comparison
to the younger group, which exhibited the lowest variance.
We cannot exclude the possibility that the observed effect of
a reduction of pDMN component fALFF may partially be a
result of an age effect despite the presence of a control
group of healthy, older individuals. Although a larger sam-
ple size for the stroke population and a more consistent win-
dow for the scanning of the subacute stroke population
would most likely have improved the detection of the
small effects in the spectral characteristics of the LFOs and
benefited the characterization of the disruption, our investi-
gation still presented evidence of disrupted slow-5 oscilla-
tions in the pDMN after a stroke.

Head motion, a concern in rs-fMRI, has not been directly
addressed in this study, such as with the use of specific re-
gression models. However, through the use of ICA, motion
noise was identified and isolated into an independent compo-
nent, reducing the influence of motion on signal from the in-
dependent components of interest (i.e., the pPDMN). Furthermore,
computation of motion Euclidean norm (enorm—square root
of the sum squares) allowed an evaluation of the difference in
motion among the groups (Supplementary Table S1). Head
motion in the older healthy group was significantly higher
than in the younger healthy group (t;o=3.145, p=0.002).
Meanwhile, the differences in motion between the older
groups (older healthy adults, acute stroke, and subacute
stroke) were found not to be significant. Head motion is,
therefore, unlikely to have substantially contributed to the
current findings in oscillation amplitudes.

Nonuniformity of the stroke-induced lesions (demon-
strated in Fig. 1) also limits the consistency of the functional
and structural deficits in the study. To address this limitation,
only selected networks and subnetworks were investigated
here, with focus on the posterior component of the DMN,
our most robust component. Comprising anatomically deeper
core regions and not a commonly observed stroke location, the
pDMN is an ideal candidate for the investigation of diaschisis
effect from stroke on network alteration. Given that the DMN
is known to interact in a similar fashion with various brain net-
works, investigation of this specific subnetwork would likely
reduce the influence of lesion nonhomogeneity (i.e., lesions
affecting various networks) found in our stroke patients on dis-
ruption of network oscillations.

The large variation in the time of assessment for the sub-
acute stroke group may also have contributed to the large
deviation in power spectra. However, our results suggest a
larger role of the sample size than variability of scanning
time in the variability of the component slow-5 fALFF,
since acute and subacute groups demonstrated similar vari-
ability in the measure of slow-5 fALFF (healthy younger
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and healthy older adults had nearly half the variability; Group
Std. Err.: Young: 0.016, Old: 0.018, Acute: 0.033, Subacute:
0.029). A larger study of power spectra in stroke patients
would be important in further evaluating these results. A plau-
sible influence of assessment time on slow-5 fALFF is also a
possibility. Regression of days of onset to slow-5 fALFF
provided a weak association between the two measures
(R*=0.149, F;4=2.81, p=0.11), suggesting that future in-
vestigations would benefit from a better control for time of
assessment to determine the level of slow-5 disruption.
This does not, however, dissuade one from the evidence pro-
vided for reduced slow-5 activity after the event of a stroke.

The current findings could have also been confounded with
cerebrovascular reactivity (CVR) status differences among the
populations/CVR in the stroke group may be altered in com-
parison to healthy adults, since stroke is a vascular injury.
However, little is known regarding the correction for CVR,
in particular within the resting-state signal, and is, therefore,
not directly addressed in this investigation. Physiological
noises such as cardiac and respiratory signal have not been
systematically measured, though such contributions have
been suggested to influence fluctuations at higher frequencies
outside of the slow-5 oscillation range: 0.04 Hz for hypercap-
nic conditions induced by breath hold (Biswal et al., 2007),
and 0.03 Hz for respiratory variations (Birn et al., 2006).

Those physiological signals would also have influenced the
resting-state oscillations equally among the populations, not
contributing to group differences in the oscillation amplitudes.
Furthermore, ICA has been found to be relatively robust to
respiration-related fluctuations, separating respiration-volume
variations into separate components (Birn et al.,, 2008).
Despite the nondominance of slow-4 oscillations in the
healthy adult resting state, this investigation could have bene-
fited from a more thorough exploration of the slow-4 oscilla-
tions, but because of the lack of physiological recording,
known sources of noise within that frequency range, further
work needs to be done to explain changes observed within
this particular frequency range.

Despite these limitations, with this investigation, we have
provided evidence of a reduction in slow-5 oscillation ampli-
tude found in stroke patients in their subacute stage, which
may be associated with stroke severity (NIH-SS) and re-
duced performance in a behavioral task (verbal fluency), po-
tentially from an altered network connectivity induced by
a stroke diaschisis effect. This modification of oscillation
amplitude could have dramatic influences on the balance of
intrinsic oscillation, contributing to the functionality and in-
tegrity of the DMN network with oscillations in the slow-5
frequency range decreasing in their dominance of the resting-
state fluctuations. The repeated identification of slow-5 fre-
quencies in the current study and other previous studies
(Calhoun et al., 2011; Han et al., 2011; Yu et al., 2014; Zhu
et al., 2015) stresses the critical role of the slow-5 oscillation
in network disruption, and it also accentuates the importance
of managing slow-5 oscillations in the health of the DMN.
More studies are needed to validate the current findings and
to determine their possible clinical significance.

Conclusion

Despite the large variance in the resting-state oscillation
characteristics and the presence of other differences such
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as medications, comorbidities, vascular risk factors, and/or
chronic perfusion problems in our stroke population com-
pared with our healthy adults, this study provided evidence
that the normal functioning of the DMN is disrupted in the
ischemic stroke group with an effect on the distribution of in-
trinsic oscillations. In the pDMN component, age-related
changes and stroke-related changes appear to have a distinct
influence on the amplitude of the oscillations in the slow-5
frequency range, which might have contributed to the ap-
pearance of a shifted peak (higher mean frequency of the
peak in older populations).

It remains unclear whether the disruption of the DMN is
primarily driven by a reduction in amplitude of the oscilla-
tions at specific frequencies and/or by a modification of the
network oscillation frequency distribution, reducing the syn-
chronization among the nodes of the network. In the subacute
stroke group, this effect is accompanied by an increase in 0s-
cillation power in the slow-4 frequency range, contributing
to a change in the balance of slow-5 to slow-4. This latter ef-
fect may offer potential insight into mechanisms of brain
plasticity after stroke injury. Ultimately, the results of our
study stress the importance of managing slow-5 oscillations
in the health of the DMN, and they suggest the potential of
slow-5 band oscillations as an indicator of alterations in
the DMN with aging, stroke, and in other disease processes.
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