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Abstract
Altered brain connectivity has emerged as a central feature of schizophrenia. Low frequency
oscillations and connectivity strength (CS) of resting state brain networks are altered in patients
with schizophrenia (SZs). However, the relationship between these two measures has not yet been
studied. Such work may be helpful in understanding the so-called “rich club” organization (i.e.
high-CS nodes are more densely connected among themselves than are nodes of a lower CS in the
human brain) in healthy controls (HCs) and SZs. Here we present a study of HCs and SZs
examining low frequency oscillations and CS by first decomposing resting state fMRI (R-fMRI)
data into independent components (ICs) using group independent component analysis (ICA) and
computing the low frequency power ratio (LFPR) of each ICA time course. Weighted brain graphs
consisting of ICs were built based on correlations between ICA time courses. Positive CS and
negative CS of each node in the brain graphs were then examined. The correlations between LFPR
and CSs as well as “rich club” coefficients of group mean brain graphs were assessed. Results
demonstrate that the LFPR of some ICs were lower in SZs compared to HCs. In addition, LFPR
was correlated with positive CS in HCs, but to a lesser extent in SZs. HCs showed higher
normalized rich club parameter than SZs. The findings provide new insight into disordered
intrinsic brain graphs in schizophrenia.
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1. Introduction
Schizophrenia is a severe mental illness characterized by symptoms including delusions,
hallucinations, apathy, social withdrawal, and deficits in cognitive functions such as
attention and working memory (American, 2000; Marin, 2012). Resting-state fMRI (R-
fMRI) has emerged as a powerful tool to explore the underlying intrinsic neuromechanism
of schizophrenia. In R-fMRI studies, low frequency (0.01–0.10 Hz) blood oxygen level
dependent (BOLD) signals are believed to reflect underlying neuronal activity (Damoiseaux
et al., 2006; van den Heuvel and Hulshoff Pol, 2010). Recent studies have found aberrant
spontaneous low frequency fluctuations in patients with schizophrenia (SZs) which may
form the basis of some resting state deficits in the condition (Hoptman et al., 2010).

Abnormal brain network connectivity in SZs is also revealed using R-fMRI data which
support the hypothesis that schizophrenia is a dysconnection (Stephan et al., 2006)
syndrome (Friston and Frith, 1995; Volkow et al., 1988; Weinberger et al., 1992). Graph
theory-based analysis is a popular technique to examine brain connectivity in R-fMRI data.
In such work, connectivity strength (CS) is an important measure to assess the centrality or
functional importance of a node (Zuo et al., In Press). Brain regions with high CS are hubs
which often interact with many other regions, facilitating integration (Rubinov and Sporns,
2010). Rich club coefficient is another graph measure which is closely related with CS,
describes the tightness and completeness of connections within a subset of high-CS nodes. A
recent study has demonstrated the so-called “rich-club” (the hubs tend to be more densely
connected among themselves than nodes of a lower degree) phenomenon is present in
structural brain networks (van den Heuvel and Sporns, 2011). Though multiple studies have
reported altered CS and/or other graph metrics in schizophrenia (Bassett et al., 2012; Liang
et al., 2006; Liu et al., 2008; Lynall et al., 2010; Pettersson-Yeo et al., 2011; Yu et al., 2012;
Yu et al., 2011), the rich club organization of functional brain graph has not been explored
in HCs or SZs.

Another limitation of previous studies is that they explored the alteration of CS or low
frequency BOLD fluctuations of brain network in SZs separately. It is also important to
consider whether the relationship between low frequency BOLD signals and CS is altered in
SZs compare with HCs, because it has been thought that correlation of low frequency
fluctuations during resting state is a manifestation of functional connectivity in human brain
(Biswal et al., 1995; Cordes et al., 2001; Cordes et al., 2000). Such information with rich
club analysis may contribute to understand the intrinsic organization of the functional brain
graph and provide new insights into the relationship between univariate and bivariate
properties of brain graph in which to discuss the neuropathology of schizophrenia (Bassett et
al., 2012; Zalesky et al., 2011). In this study, after building weighted brain graphs consisting
of independent brain components assessed by group independent component analysis (ICA)
using R-fMRI data, correlations between low frequency power ratio (LFPR) and CS, as well
as rich club parameters of the brain network are evaluated. Based on the findings of
dysconnectivity and altered topological properties of brain networks in schizophrenia
reported by previous studies, we hypothesize that: I) low frequency fluctuations are
associated with CS in HCs; II) this association is disrupted in SZs coincident with altered
rich club phenomena.
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2. Materials and methods
2.1. Participants

24 (8 females) HCs (mean age: 31.7 ± 9.2; range: 23–50) and 24 (5 females) SZs (mean age:
35.9 ± 12.1; range: 21–52) participated in this study. Age of the subjects showed no
significant group difference (two-sample t-test, P = 0.18). All participants provided written,
informed, IRB-approved consent from Hartford Hospital and Yale University and were
compensated for their participation. Schizophrenia was diagnosed according to DSM-IV-TR
criteria on the basis of a structured clinical interview (First et al., 1995) administered by a
research nurse and by review of the medical records. All patients had chronic schizophrenia
[Positive and Negative Syndrome Scale, PANSS, (Kay et al., 1987); positive score 16 ± 6,
range 7–28; negative score 15 ± 6, range 7–27] and all were taking medication (including
the atypical antipsychotic medications aripiprazole, clozapine, risperidone, quetiapine and
olanzapine, first-generation antipsychotics including fluphenazine, and miscellaneous mood-
stabilizing, hypnotic and anti-cholinergic medications including zolpidem, zaleplon,
lorazepam, benztropine, divalproex, trazodone, clonazepam). All participants except 1 HC
and 3 SZs were right-handed. Healthy participants were free of any DSM-IV TR Axis I
disorder or psychotropic medication and had no family history of Axis I disorders.

2.2. Image acquisition
One 5-min resting state run for each subject was acquired at the Olin Neuropsychiatry
Research Center at the Institute of Living/Hartford Hospital on a Siemens Allegra 3T
dedicated head scanner equipped with 40 mT/m gradients and a standard quadrature head
coil. Functional scans were acquired transaxially using gradient-echo echo-planar-imaging
with the following parameters: repeat time (TR) 1.50 s, echo time (TE) 27 ms, field of view
24 cm, acquisition matrix 64 × 64, flip angle 70°, voxel size 3.75 × 3.75 × 4 mm3, slice
thickness 4 mm, gap 1 mm, 29 slices, ascending acquisition. Six “dummy” scans were
acquired at the beginning to allow for longitudinal equilibrium, after which the paradigm
was automatically triggered to start by the scanner.

2.3. Preprocessing
FMRI Data were preprocessed using the SPM5 software package (http://
www.fil.ion.ucl.ac.uk/spm/software/spm5/). Data were motion corrected using INRIalign—
a motion correction algorithm unbiased by local signal changes (Freire et al., 2002),
spatially normalized into the standard Montreal Neurological Institute (MNI) space, and
spatially smoothed with a 10 × 10 × 10 mm3 full width at half-maximum Gaussian kernel.
Following spatial normalization, the data (originally acquired at 3.75 × 3.75 × 4 mm3) were
resliced to 3 × 3 × 3 mm3, resulting in 53 × 63 × 46 voxels.

2.4 Group ICA
Group spatial ICA (Calhoun et al., 2001; Calhoun et al., 2009) was performed using the
GIFT software (http://mialab.mrn.org/software/gift/). Subject-specific data reduction by
principal component analysis (PCA) retained 100 principal components (PCs) using a
standard economy-size decomposition. Reduced data for all 48 participants were then
decomposed into 75 aggregate components. We chose the relatively high model order ICA
as previous studies demonstrated that such models yield refined components which
correspond to known anatomical and functional segmentations (Abou-Elseoud et al., 2010;
Allen et al., 2011; Kiviniemi et al., 2009; Smith et al., 2009). The Infomax ICA algorithm
(Bell and Sejnowski, 1995) was repeated 10 times in ICASSO (http://research.ics.tkk.fi/ica/
icasso/) and resulting components were clustered to estimate the reliability of the
decomposition. Following the group decomposition, single subject time courses and spatial
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maps were back-reconstructed (Calhoun et al., 2001; Erhardt et al., 2011). Fifty-seven
independent components (ICs) which did not contain large edge effects or ventricles by
visual inspection were selected to compute power spectra.

2.5. Computation of low frequency power ratio and CS
Firstly, translations and rotations of the head estimated in the preprocessing of image
realignment were regressed out from the time courses of each of the fifty-seven ICs in each
subject. Time courses corrected for the effect of head motion were used for further analysis.

Spectra of ICs were estimated on time courses using fast Fourier transforms (FFTs). Then
low frequency power ratio [LFPR, the ratio of the integral of spectral power between 0.01
and 0.10 Hz to the integral of power between 0.15 and 0.33 Hz (Allen et al., 2011)] of each
component in each subject was computed. Group mean LFPRs were also assessed based on
the group mean (average across 24 HCs and 24 SZs separately in HC group and SZ group)
spectra.

ICs with time courses dominated by low frequency fluctuations often considered as resting
state networks (Allen et al., 2011; Robinson et al., 2009). Following these studies, fifty-three
ICs which have high (> 0.6) group mean LFPR in both HC group and SZ group were
considered as of interest to do further analysis.

For each subject, a 53 × 53 fully connected, undirected, positively and negatively weighted
brain graph in which nodes are the 53 ICs of interest was built by the Pearson correlations
between band pass filtered (0.01–0.10 Hz) ICA time courses (Auer, 2008; Cordes et al.,
2001). Following (Rubinov and Sporns, 2011), if the correlation between node i and node j,
rij is positive, we denote the weight of this connection with

(1)

(2)

Equivalently, if rij is negative, we denote the weight of this connection with

(3)

(4)

Then the positive and negative CSs of node i were computed as

(5)

Finally, groups mean CSs of each node were estimated (averaged across 24 individuals in
each group).

2.6. Correlation between LFPR and CSs and statistical analysis
Statistical differences between HCs and SZs of LFPR and CSs for individual nodes were
assessed with two-tailed two-sample t-tests. False discovery rate (FDR) (Benjamini and
Hochberg, 1995) was used to correct for multiple comparisons.
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Pearson correlations between LFPR and positive CS, negative CS were computed in three
analyses. i) correlation across 53 ICs estimated by group mean values. Each IC has the
group mean LFPR and group mean (positive and negative) CSs. The correlations between
53 values of group mean LFPR and 53 values of group mean (positive and negative) CSs
were computed in each group. ii) correlation across 53 ICs estimated in each subject. iii)
correlation across subjects at a single IC (node). For each IC, correlations between LFPR
and (positive and negative) CSs across 24 subjects in each group were estimated.

2.7 Rich club organization
A weighted rich club parameter Φreal of the 53 × 53 group averaged brain graphs was
computed. The rich club coefficient was usually calculated as a function of k (degree or CS)
in previous studies (Opsahl et al., 2008; van den Heuvel and Sporns, 2011). However, in the
present study, in order to compare the rich club coefficient between the two groups, it was
computed as the function of n (the top n nodes with high positive CS). Firstly, the 53 nodes
were ranked according to the positive CS, resulting in a vector Nranked. Then all connections
of the examined graph G were also ranked in respect by weight, resulting in a vector wranked.
Next, within G, for each value of n (n = 3,4,5,…50 in this study), a weighted n × n sub-
graph consisting of the top n nodes in Nranked was generated. Subsequently, the collective
weight Wn was computed as the sum of the weights of the resulting n(n-1)/2 connections in
the sub-graph. The weighted rich club parameter Φreal(n) was then computed as the ratio
between Wn and the sum of the weights of the strongest n(n-1)/2 connections of the whole
network which was evaluated based on the top n(n-1)/2 number of connections in wranked.

(6)

The rich club coefficient Φreal is typically normalized relative to a (set of) comparable
random network(s), giving a normalized rich club coefficient Φnorm (Colizza et al., 2006;
McAuley et al., 2007; van den Heuvel and Sporns, 2011). Φnorm > 1over a range of n
reflects the existence of rich club organization in a graph. In this study, for each examined
graph, the rich club curve was compared with the rich club curve of a set (m = 100) of
random graphs, created by the Brute-Force Mean/Variance Matching algorithm [for details
of this approach see (Zalesky et al., 2012)]. For each of the randomized graphs, at each level
of n, the rich club coefficient Φrand was computed. Next, the overall Φrand(n) was computed
as the average rich club coefficient over the m random graphs. The normalized rich club
coefficient Φnorm(n) was computed as below.

(7)

3. Results
3.1. Group ICA and weighted graph

Brain components indentified by group ICA are similar to the resting state networks
observed in previous studies (Abou-Elseoud et al., 2010; Allen et al., 2011). Spatial maps of
the selected 53 components of interest are shown in Figure 1. ICs are indexed based on the
sequence of output from GIFT. Figure 2 shows the structure of the group mean weighted
graphs which were calculated by averaging the 53 × 53 correlation matrix across 24 subjects
in HC group or SZ group.
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3.2. LFPR and CSs of individual nodes
For CSs of individual ICs, although HCs showing higher positive CS and SZs showing
higher negative CS in most ICs, group differences are not statistically significant (two
sample t-tests on both positive and negative CS, P > 0.05, FDR correction).

LFPRs of individual ICs are higher in HCs and group differences are statistically significant
(two sample t-tests, P < 0.05, FDR corrected) in 10 ICs. See Figure 3 for the group mean
values of positive CS and LFPR for each IC.

3.3. Correlation between LFPR and CSs
We didn’t find any correlation between LFPR and negative CS. Based on the correlation
across 53 ICs between group mean LFPR and group mean positive CS, LFPR is
significantly positively correlated with positive CS in HCs (r = 0.3672; P = 0.0068) and the
two measures are not significantly correlated in SZs (r = 0.2126; P = 0.1264). Patterns of the
correlation in both groups are shown in Figure 4. Weighted graphs about the relationship
between LFPR and positive CS plotted based on the group mean values in HCs and SZs are
shown in Figure 5.

For the correlation between LFPR and positive CS in individual subjects, LFPR is
significantly positively correlated with positive CS (P < 0.05, FDR corrected) in 15 HCs and
9 SZs. Based on the correlations computed across 24 subjects in each group between LFPR
and positive CS at individual nodes, LFPR and positive CS are positively correlated in 19
ICs in HCs and 3 ICs in SZs (P < 0.05, FDR corrected).

3.4 Rich club
Figure 6 shows the normalized rich club coefficient curve Φnorm for the weighted group
averaged graphs. The figure shows rich club organization (Φnorm > 1) over a range of n in
both HCs (3 – 50) and SZs (10 – 11, 16 – 50). However, HCs showing higher Φnorm (HCs:
1.128 ± 0.033; SZs: 1.068 ± 0.071; two sample t-test: P < 1.0 × 10−6, df = 94).

4. Discussion
In the present study, relationship between LFPR and CSs, as well as rich club coefficient of
resting state brain networks were estimated in HCs and SZs. Firstly, R-fMRI data of 24 HCs
and 24 SZs were decomposed into spatially independent brain components by group ICA.
53 × 53 weighted brain graphs were built based on the correlations between ICA time
courses. LFPR, negative CS, and positive CS of the 53 ICs of interest were assessed. Then
the correlations between LFPR and CSs were examined. Some individual ICs showing
statistically higher LFPR in HCs compared with SZs which is in line with previous study
(Garrity et al., 2007). Most of the connections in the weighted brain graphs are positive (see
Figure 2). Although the group difference is not statistically significant, most of the ICs
showing higher positive CS in HCs (see Figure 3). That is consistent with previous studies
which also found decreased connectivity in SZs (Bassett et al., 2012; Lynall et al., 2010;
Skudlarski et al., 2010; Zalesky et al., 2011). LFPR is significantly positively correlated
with positive CS in HCs while this relationship is disrupted in SZs which may play a role in
the altered rich club parameter in SZs. The findings supply new evidence for the deficits of
resting state brain network in schizophrenia.

It is notable that LFPR is positively correlated with positive CS in HCs which suggests that
the low frequency oscillations from an individual brain component are related to the
functional connectivity to the rest of the brain components. This finding supports the
hypothesis that correlation of low frequency fluctuations during resting state is a
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manifestation of functional connectivity in human brain (Cordes et al., 2001; Cordes et al.,
2000). Importantly, the correlation between LFPR and positive CS is decreased in SZs
which is consistent with our hypothesis.

Rich club analysis demonstrates that the brain graph is showing rich club organization in
both HCs and SZs in a range of n (top n nodes with high positive CS, see Figure 6) which
means high-CS nodes are more densely connected among themselves than nodes of a lower
CS in both groups. However, the normalized rich club coefficient is significantly decreased
in SZs. The rich-club regions play a central role in overall brain communication (van den
Heuvel et al., 2012; van den Heuvel and Sporns, 2011). In HCs, LFPR is correlated with
positive CS which suggests high-CS nodes have relatively higher LFPR than other nodes.
Hence, the brain graph in HCs is dominated by nodes with more low frequency BOLD
fluctuations which is consistent with the hypothesis that the low frequency oscillations of
BOLD signals are underlying neuronal activation whereas high frequency oscillations are
contaminated by artifacts including those of respiratory and cardiac origin (Fornito et al.,
2011; van den Heuvel and Hulshoff Pol, 2010). Whereas, in SZs, the association between
LFPR and positive CS is decreased, which implies the high-CS nodes in SZs are more
severely contaminated by noise, hence they less connected to each other than in HCs. Thus,
the disrupted correlation between LFPR and positive CS in SZs may be one cause of the
altered rich club parameter. The observations of this study suggest that schizophrenia affects
the rich club organization in resting state brain and increase our knowledge about the
disordered intrinsic brain graph in this disease.

There are several methodological limitations to this study. Our approach uses visual
inspection to choose ICs; although this process is relatively quick, as we only need inspect
the group average components and followed by the use of LFPR which is a very good
differentiator of artifactual and interesting components (Allen et al., 2011). Also, it has been
argued that group-mean graphs often do not adequately represent the topological
organization of the individuals (Simpson et al., 2012). To test this, two sample t-tests were
performed both on the correlation values between LFPR and positive CS and the normalized
rich club coefficients of the individual graphs. SZs showed decreased correlation between
LFPR and positive CS, with the group difference being marginally significant (HCs: 0.3248
± 0.1668; SZs: 0.2120 ± 0.2613; P = 0.0812). For the normalized rich club parameter, HCs
show higher values over a range of n (on n = 30, 31,…41; P < 0.05 uncorrected). The
directions of group differences are consistent with the results of group-mean graphs.
Another concern regards the potential of spatial smoothing to influence the results. Spatial
smoothing may introduce spurious short-range connections in high-resolution networks
where individual voxels represent distinct nodes (van den Heuvel et al., 2008; Zalesky et al.,
2011). However, in this study, intrinsic networks represent graph nodes and reduce
resolution of the graph; the connectivity is computed by cross-correlating time courses of
ICA components. Hence we are less concerned about spurious connections related to
smoothing. Finally, all patients were taking psychotropic medications, thus drug impact
cannot be disambiguated.

5. Conclusions
To our knowledge, this is the first study to explore the relationship between LFPR and CS,
as well as rich club parameter of resting state brain graphs of brain components in both HCs
and SZs using R-fMRI data. Several ICs showing significantly decreased LFPR in SZs.
Most interestingly, the correlation between LFPR and positive CS is decreased in SZs
compared with HCs, which may be one cause of the altered rich club organization in SZs.
The findings support the hypothesis that low frequency BOLD signals are important in R-
fMRI, increase our knowledge about the disordered intrinsic brain graph in SZs and provide
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a new framework to explore the rich club organization of brain graphs in which to discuss
the neuromechanisms of this mental illness.
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Figure 1.
Spatial maps (z-score maps) of the 53 brain components identified by group ICA. Each
component is shown in one column in axial, sagittal, and coronal views. ICs are indexed
based on the sequence of output from GIFT. L: left; R: right.
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Figure 2.
Structure of the mean correlation matrix in each group. Nodes are indexed the same as
Figure 1.
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Figure 3.
Group mean values of low frequency power ratio (LFPR, up side) and positive connectivity
strength (CS, down side) for each IC. Height of the bar indicates the mean value of the
relative measurement for the two groups and the color of the bar indicates the group. ICs are
indexed (from left to right) same to Figure 1. Star indicates that IC (IC3 IC12 IC13 IC15
IC23 IC28 IC31 IC35 IC39 IC40) show significant group difference in LFPR.
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Figure 4.
Scatter plots with trend lines showing group mean positive connectivity strength (CS) as a
function of group mean low frequency power ratio (LFPR) in HCs and SZs. Each dot
denotes a brain component. Pearson correlation coefficient for HCs (r = 0.367, P = 0.007),
for SZs (r = 0.213, P = 0.126).
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Figure 5.
Schematic weighted graphs showing the relationship between low frequency power ratio
(LFPR) and positive connectivity strength (CS) plotted based on group mean values. Each
node is a brain component. Color of a single line indicates the weight (correlation value) of
that connection; size of the nodes indicates LFPR; color of nodes indicates positive CS.
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Figure 6.
Normalized rich club coefficient (Φnorm) as a function of n (top n nodes with high positive
CS) for the group mean weighted graphs. HCs showing higher Φnorm over the range 3 – 50
(HCs:1.128 ± 0.033; SZs: 1.068 ± 0.071; two sample t-test: P < 1.0 × 10−6, df = 94).
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