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Abstract

Resting-state functional connectivity reveals intrinsic, spontaneous networks that
elucidate the functional architecture of the human brain. The default mode network
(DMN) is the most important and stable intrinsic connectivity network (ICN), which
involves several cognition functions, such as episodic memory and self-introspection.
It has been suggested that low-frequency fluctuations in the blood oxygenation
level-dependent (BOLD) signal during rest reflect the neuronal baseline activity of
the brain and these low-frequency fluctuations correspond to functionally relevant
resting-state networks. Several studies have revealed that the function of the brain is
accomplished in certain low sub-frequency band. However, the concerned frequency
bands are determined by experience, neglecting the intrinsic information of BOLD
time series. In this study, we apply a full data-driven analysis, i.e., multivariate
empirical mode decomposition (MEMD), to decompose resting-state fMRI

data into the different sub-band DMNs, aiming to reveal the corresponding
connectivity functions in separate sub-band DMN. Our results revealed that
MEMD can adaptively decompose signals into intrinsic mode functions (IMFs)
with the similar patterns across subjects. Furthermore, the sub-network
constructed from the IMFs revealed that the different sub-band DMNs correspond
to the different brain functional connectivity, inferring the possible relationships
between sub-frequency band and cognitions. Owing to its data-driven merit, the
proposed MEMD analysis may provide a new insight for fMRI-related studies.
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Background

The intrinsic, spontaneous low-frequency fluctuations during resting state reflected the
neuronal baseline activity of the brain. The time-frequency analysis of the blood oxy-
genation level-dependent (BOLD) signals has drawn attention of neuroimaging investi-
gators (Cordes et al. 2001; Salvador et al. 2008). Investigators believe that the low-
frequency fluctuations may provide information about the intrinsic functional
organization of the brain (Kong et al. 2013; Fox and Raichle 2007). Accumulating evi-
dences demonstrate that resting-state baseline activity may facilitate the engagement of
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brain networks necessary for responding to external stimuli (Zou et al. 2013; Smith
et al. 2009).

The resting-state brain forms at least seven intrinsic connectivity networks, such as
default mode network (DMN) and fronto-parietal network (FPN), which suggest the
relevance for understanding the human behavior responses and cognition (Redcay et al.
2013; Fair et al. 2008). In recent years, the DMN as a critical intrinsic connectivity net-
work has drawn a considerable attention (van den Heuvel et al. 2009; Spreng et al.
2013; Raichle et al. 2001). DMN consistently shows higher level organizations during
rest than during a wide range of cognitive tasks (Pfefferbaum et al. 2011; Fox et al.
2005). It plays a leader and coordinator role in among networks (Toro et al. 2008).
DMN is involved with several cognition functions like sense of internal and external
environment, memory, and self-related functions (lacoboni et al. 2004; Kompus 2011).
Functional connectivity abnormal in the DMN may be relevant to some diseases, such as
Alzheimer's disease (AD), epilepsy, and pain (Luo et al. 2011; Vanhaudenhuyse et al. 2009).

In BOLD signal, sub-components oscillating at different frequencies may indicate dif-
ferent coherence brain patterns and cognitive processes (Zhan et al. 2014). However,
various literatures have shown that the low-frequency BOLD oscillation (0.01 to
0.08 Hz) is the main contributor to the brain activity (Wu et al. 2008; Fox and Raichle
2007). Wang et al. suggest that arbitrary selection of frequency band may lead to two
limitations (a. caused information loss of the other frequency realms; b. mingle any
physiological fluctuations with potentially specific frequencies) (Wang et al. 2014). For
example, Niazy et al. proposed that lower or higher frequency BOLD signals were rele-
vant for brain activity (Niazy et al. 2011).

Recently, several studies through predefined frequency bands have been reported to
explore reciprocal connections between regions instead of between/within known brain
networks (Achard et al. 2006; Salvador et al. 2007). Baria et al. discussed the different
spatial distribution of four frequency bands spanning over the full BOLD bandwidth, by
using the Welch spectrum estimation for all the voxels that involved in the BOLD
oscillation (Baria et al. 2011). Zuo et al. specifically designed six band-pass filters that
were used to separate fMRI time series into desired frequency bands (Zuo et al. 2010;
Zhan et al. 2014). However, it is still unclear that how the different oscillation
frequency band is correlated with the functional connectivity in the resting-state
brain. Those concerned frequency bands are determined by the subject's experi-
ences, and those subjectively based analysis may distort the intrinsic information
hidden in the signal.

Thus, compared with the subjectively based analysis, the data-driven analysis is dir-
ectly derived from the signal characteristics, and it may adaptively capture the hidden
information in concerned signals. In the current study, we applied a fully data-driven
method called multivariate empirical mode decomposition (MEMD) (Park et al. 2013)
to adaptively decompose the fMRI data into the intrinsic modes with different fre-
quency bands. The multivariate EMD, first introduced by Rehman and Mandic (2010),
is a natural and generic extension of the standard EMD. The principle of EMD (Huang
et al. 1998) is based on the concept of the local extrema. The original signal is modeled
as a linear combination of intrinsic oscillatory modes, called intrinsic mode functions
(IMFs). Unlike EMD, MEMD better aligns the corresponding to IMFs from different
channels across the same frequency range which is crucial for real world applications
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(Ur Rehman et al. 2010). Therefore, we will use MEMD to find the frequency-
dependent sub-networks in DMN.

Methods

Subjects

Twenty-five right hand-dominant university volunteers (9 females and 16 males, aged
22.85 + 2.48 years, range 19 to 26) were recruited in our experiment. The present study
was approved by the Institution Research Ethics Board of the University of Electronic
Science and Technology of China. All participants were free of medication and central
nervous system abnormalities. Written informed consent was provided by each partici-
pant before any study procedure was initiated.

fMRI data acquisition

Five minutes of resting fMRI data were acquired on a 3.0-T SIEMENS MRI scanner,
using an eight-channel-phased array head coil. Foam padding was used to minimize
head movement. During data acquisition, participants were instructed to hold still,
close eyes, and relax minds. Functional images were performed by a single-shot, gradi-
ent recalled echo-planar imaging (EPI) sequences. Sequence parameters were as
follows: TR/TE/flip angle =2000 ms /30 ms/90°, acquisition matrix = 64 x 64, field of
view (FOV) =220 x 220 mm?, voxel size = 3.4375 x 3.4375 x4 mm>, and thickness =
3 mm with 1-mm gap. For each participant, the brain volume comprised 32 axial slices;
each functional run contained 200 image volumes.

fMRI data preprocessing

Image preprocessing was carried out using the statistical parametric mapping (SPMS,
http://www.fil.ion.ucl.ac.uk/spm) software package implemented in the Matlab 2013a.
The detailed procedures were as flows: (1) the first five volumes were discarded, (2)
corrected for the temporal differences, and (3) realigned to correct head motion; the
translation and rotation were checked, the images with head motion greater than
1.5 mm in the x, y, or z direction or head rotation greater than 1.5° were excluded, and
six subjects were excluded in our study; (4) spatial normalization to the Montreal
Neurological Institute (MNI) EPI template and resampled to 3-mm cubic voxels; (5)
spatial smoothing with a 8-mm full-width at half maximum (FWHM) Gaussian kernel;
(6) some literatures demonstrated that the lower (0 to 0.01Hz) or higher (0.08 to
0.25 Hz) frequency BOLD signals also have physiological significance (Baliki et al. 2014;
Wang et al. 2014); thus, in order to avoid arbitrary selection of frequency band, we did
temporally band-pass filtered (0 to 0.25 Hz), (7) regressing out of the six motion
parameters which obtained by rigid body correction, white matter, and whole brain
signals (Liu et al. 2013).

Region of interest selection and time series extraction

The DMN is an important intrinsic connectivity network and also is the most exten-
sively studied resting-state network in the brain (Raichle and Snyder 2007). When the
DMN is determined by independent component analysis or by seed-based analysis
(Damoiseaux et al. 2006), it is commonly defined by low-frequency BOLD oscillations.
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Given previous studies (Fox et al. 2005; Toro et al. 2008), the vMPFC, aMPFC, PCC,
LPC, SEC, ITC, PHG, RSP, and cerebellar tonsils (include 13 a priori regions of interest
(ROIs)) are suggested as critical regions in DMN. Therefore, we focus on these regions
in our study. ROIs were defined as spheres with a radius of 6 mm. The BOLD time
series was extracted from each of the 33 voxels in each ROI and then averaged across
all voxels in this ROI for further analysis. The detailed information for the 13 ROIs is
given in Table 1 and Figure 1.

BOLD time series processes procedure

For each participant, we first obtained the multivariate time series (13 x 195). Then, the
MEMD method was adopted to decompose the multivariate signals into different IMF
levels which have common frequency components. We used the Matlab code of
MEMD which comes from (http://www.commsp.ee.ic.ac.uk/~mandic/research/emd.htm).
Thus, a new multivariate time series (13 x 195 x 6) was obtained in every IMF level which
represents a different frequency band. We calculated the functional connectivity in all
IMEF levels for every subject, resulting in the same number 13 x 13 correlation coefficients
matrixes with IMF levels. The matrixes represent the strength of the functional connectiv-
ity between all 13 areas in sub-DMNSs. The correlation coefficients were z-standardized by
Fisher's r-to-z transformation to approximate a Gaussian distribution. Finally, we did
one-sample ¢ test P < 0.05 (FDR-corrected) to examine whether it was significantly on the
group level, based z-value pairs of ROI in various IMF levels. The details about the pro-
cessing scheme were shown in Figure 2.

Results

IMFs of MEMD

For the 19 subjects, we found that the number of IMFs achieved by decomposing the
time series of 13 ROIs which use MEMD is ranged from 8 to 10. To uniform the data,
we calculated the Pearson correlation coefficients r between every IMF and original

Table 1 Regions of interest in DMN

Regions Abbreviations Coordinates (MNI)
X y z

Medial prefrontal cortex (ventral) vMPFC -4 43 -11
Medial prefrontal cortex (anterior) aMPFC 0 61 13
Posterior cingulate cortex pCC —4 -33 40
Left lateral parietal cortex LPC L -53 —66 41
Right lateral parietal cortex LPCR 55 —66 43
Left superior frontal cortex SFC L =17 47 49
Right superior frontal cortex SFC R 17 37 49
Left inferior temporal cortex ITC L —67 -35 -19
Right inferior temporal cortex ITC R 69 -18 -18
Left parahippocampal gyrus PHG L =25 -28 =17
Right parahippocamal gyrus PHGR 26 -28 =17
Cerebellar tonsils cT 7 -58 —48

Retrosplenial RSP 2 —52 10
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Figure 1 The spatial distributions of ROl on brain.
A\

BOLD signal. We found that between the first five IMFs and original BOLD time series
have high r values (r>0.5). Then, we reconstructed the sixth IMF and remaining IMFs
as one IMF. Thus, six IMFs were obtained for further analysis. The PCC, as a core hub
region of DMN, played an important role in DMN. In this study, we only display the
changes of BOLD time series at the seed of PCC. Figure 3 showed the six IMFs of
BOLD time series signal of the PCC for one subject.

The center frequency band of different IMFs

Based on the decomposed IMFs for each subject, the center frequency band of IMF can
be estimated using Fourier transform. Though the BOLD signal is distinct for different
subjects, the center frequency band of different IMFs of every ROI in all subjects is
relatively stable. Figure 4 shows the frequency distribution of one ROI (PCC) for six
IMFs across all subjects. And, we found that the center frequency band is decreased
from IMF1 to IMF6-end and the frequency gap of discrete mode is obvious.

Functional Connectivity of DMN in different frequency sub-bands

Six data-driven IMFs represent six different frequency bands of the BOLD signal. We con-
structed the functional connectivity networks for six IMF levels. Figure 5 clearly shows
that the network topologies are obviously different for different IMFs, which may infer the
different brain functions are performed in certain frequency-dependent sub-networks.
Furthermore, we calculated the degree centrality of the network in each sub-band DMNs
for 13 ROIs. We found that the different sub-band networks show the different degree
properties that may further infer the different functions of sub-band networks.



Zhang et al. Applied Informatics (2015) 2:2 Page 6 of 11

Original
o
o %
1

IMF1
: o
o §$
1

IMF2
: o
o g
1

10 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200
5 T T T T T T T T T
2
= 0\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/%\/\/\/\/\/\/\# -
5 ] 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
5 T T T T T T T T T
prd
£ 0_\/\/\/\/\/\/\/_/_\/_\/\/\/\/ 7]
5 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
5 T T T T T T T T T
hid
= OW\/ -1
5 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
'g 5 T T T T T T T T T
@
9_ OW -
Z ;5 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Time Index

Figure 2 Six IMFs at the seed of PCC for one subjects.

Discussion
The main aim of the current investigation was to observe the variety of the intrinsic
functional connectivity of DMN in different frequency bands, using a full data-driven
method MEMD. Our findings showed that the MEMD is an effective method to adap-
tively decompose the BOLD signals into different frequency bands according to the
time series nature characteristics. And, the functional connectivity networks were signi-
fication distinct at the different frequency bands, especially in the ultra-low-frequency
range (0 to 0.08) which the network has a high-efficiency system. Our results may pro-
vide a new insight into the frequency specificity of functional connectivity in the DMN.
There is a large body of literature suggesting that the frequency-specific characteristic
exists in the resting-state fMRI signals within multiple functional brain networks (Wu
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Figure 4 The frequency band revealed by six IMFs for the seed of PCC. The black dotted line
represents the frequency distribution, and the red solid line represents the average frequency across all
subjects. The green dotted line represents the main center frequency range.

et al. 2008; Zuo et al. 2010). Studies suggest that in BOLD signal, the sub-component
fluctuation at different frequency bands may predict different coherence brain patterns
and cognitive processes (Zuo et al. 2010; Zhan et al. 2014). The functional connectivity at
the low-frequency oscillations (0.01 to 0.08 Hz) was suggested a major contributor to un-
derstanding of human cognition and behavior (Fox and Raichle 2007; Zhu et al. 2011).

In recent studies, investigators suggested that subdivided frequency bands, including
slow-5 (0.01 to 0.027 Hz), slow-4 (0.027 to 0.073 Hz), slow-3 (0.073 to 0.198 Hz), and
slow-2 (0.198 to 0.25 Hz), may have different meanings (Zuo et al. 2010); Baliki et al.
found that multiple DMN regions exhibited increased high-frequency (0.12 to 0.20Hz)
oscillations, conjoined with decreased phase locking with parietal regions involved in
processing attention (Baliki et al. 2014).

In the current study, we found that the MEMD decomposed the BOLD time series of
DMN into different IMFs across subjects, with the specified center frequency band for each
IME. From IMF1 to IMF6-end, six subdivided frequency bands were achieved by MEMD,
including the mainly center frequency bands IMF1 (0.15 to 0.25 Hz), IMF2 (0.08 to
0.15 Hz), IMF3 (0.03 to 0.08 Hz), IMF4 (0.02 to 0.05 Hz), IMF5 (0.01 to 0.03 Hz), and
IMF6-end (0 to 0.02 Hz), respectively. Previous studies predefined several dependent fre-
quency bands for time-frequency analysis (Salvador et al. 2008; Buzsaki and Draguhn 2004;
Zuo et al. 2010). However, we found the center frequency bands are not completely inde-
pendent, where there are interactive which implied the signal intrinsic information, espe-
cially in IMF3 to IMF6-end levels. The frequency bands overlapped may indicate that
dynamic changes in DMN at resting-state functional connectivity (Chang and Glover 2010).
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Figure 5 The functional connectivity in six IMFs. The red solid line represents the functional connectivity
of ROIs, and the thickness represents the connection strength. The histogram represents the degree
centrality of 13 ROIs in the six sub-DMNs.

In the IMFland IMF2 levels, the frequency bands are mainly distributed at high-
frequency ranges 0.15 to 0.25 and 0.08 to 0.15 Hz. We found that in the IMF1 level,
the functional connectivity of the sub-network is relatively weaker compared to the rest
five sub-networks. Furthermore, we also found the core hub PCC of DMN was in the
disconnected state. A previous study found that the 0.198- to 0.25-Hz band rarely cor-
related with the alpha rhythm power, even in the uncorrected significance P <0.001
(Zhan et al. 2014), whereas the functional connectivity of the network is stronger in the
IMF2 level. Several studies have shown that the patients with chronic pain had en-
hanced 0.12- to 0.25-Hz fluctuations and disturbed connectivity in their affective pain
matrix (Malinen et al. 2010; Wu et al. 2008).

From IMF3 to IMF6-end levels, the main sub-frequency bands are 0.03 to 0.08, 0.02
to 0.05, 0.01 to 0.03, and 0 to 0.02 Hz, respectively. Previous studies have suggested
that these low-frequency oscillations are major contributors to the correlation at resting
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state (Cordes et al. 2001; Zuo et al. 2010; Fox and Raichle 2007). In addition to the
IMF6-end levels network, we also found the corresponding four low-frequency band
networks shown the increased function connectivity when the frequency is gradually
decreased. Moreover, in different IMF levels, the most hub region is altered; for ex-
ample, the aMPFC and right SFC have a highest degree centrality in the IMF2 level,
whereas the right SFC has a highest degree centrality in the IMF3 level. These may
indicate that in different frequency bands, the hub region is dynamic change in DMN.

The MPFC, PCC, and SFC are the core hub regions of DMN (Raichle et al. 2001). In
our study, the degree centrality of vMPFC is kept relatively high in all sub-band DMNss,
being largest in IMF1, IMF2, and IMF5 networks. This is consistent with previous stud-
ies demonstrating that vYMPFC is playing a critical role in DMN. The medial prefrontal
cortex (MPFC) has been proved to be associated with several functions including the
internal “narrative” (Fair et al. 2008), the “autobiographical” self (Gusnard et al. 2001;
Buckner and Carroll 2007), “stimulus independent though” (Mason et al. 2007),
“mentalizing,” and recently revealed “self-projection” (Frith and Frith 2003). And, we
also found the PCC and SFC in the low-frequency bands have a high-degree centrality.
A recent study (Dziobek et al. 2011; Cui et al. 2012) about the role of frontal cortex in
empathy demonstrates that SFC is associated with the theory of mind.

In addition, the functional connectivity of the left lateral parietal cortex and the right
lateral parietal cortex always exists and the connection strength is almost kept consist-
ently high across the different sub-frequency networks. The lateral parietal area has
function to differentiate and attend spatial locations (Davidson et al. 2008). LPC is im-
portant in the attentional mechanisms preceding the choice of saccade target rather
than in the intention to generate the saccade itself (Goldberg et al. 2006).

Several limitations should be noted in this study. First of all, our sample size was rela-
tively small and the age range was narrow. Larger, independent, and multi-center data-
sets will be necessary to improve our findings. Second, in our study, we only concerned
the healthy young participants. As we known, the functional connectivity of DMN re-
lated to several high-order cognition and diseases, such as AD, pain, and depression
(Kornelsen et al. 2013; Luo et al. 2011; Yao et al. 2013). Third, the current work is fo-
cused on the resting-state fMRI. As for task-related fMRI, the related cognition process
can also be assumed to be performed in different frequency bands. Therefore, MEMD
can also be employed to decompose task fMRI into sub-frequency bands. In our future
work, we will further probe the analysis of task fMRI utilizing MEMD, which may pro-
vide the new insights for task fMRI. Finally, the complex network as a tool for explor-
ing the human brain has attracted considerable attention (Lee et al. 2013; Sporns
2014). Besides the degree centrality concerned in this study, more other brain network
measures like betweenness centrality, eigenvector centrality, should be considered for
deepening our understanding of the DMN in different frequency bands.

Conclusions

In summary, this study used a full data-driven method to adaptively decompose BOLD
signals into different bands based on the inherent characteristics of signal, which may
provide more natural sub-frequency bands for fMRI analysis. Further analysis demon-
strates that sub-network constructed from the IMFs revealed that the different sub-
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band DMNs corresponds to the different brain functions, inferring the possible rela-
tionships between frequency band and cognitions. Our results imply that brain func-
tions of DMN may be frequency specified. Due to its data-driven merit, the proposed
MEMD analysis may provide a new insight for fMRI-related studies.
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BOLD: blood oxygenation level-dependent; DMN: default mode network; ICN: intrinsic connectivity network;
MEMD: multivariate empirical mode decomposition; IMFs: intrinsic mode functions; Rs fMRI: resting-state functional
connectivity MRI; ROI: region of interest; FPN: fronto-parietal network; AD: Alzheimer's disease.
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