Progress in Neuropsychopharmacology & Biological Psychiatry 84 (2018) 79-92

Contents lists available at ScienceDirect

NeuroPsychopharmacology
& Biological Psychiatry

Progress in Neuropsychopharmacology
& Biological Psychiatry

journal homepage: www.elsevier.com/locate/pnp

Effect of distress on transient network dynamics and topological equilibrium @ R

Check for

in phantom sound perception s

Anusha Mohan?, Sandra Jovanovic Alexandra?, Cliff V. Johnson?, Dirk De Ridder”,
Sven Vanneste™*

2 Lab for Clinical & Integrative Neuroscience, School of Behavioral and Brain Sciences, The University of Texas at Dallas, USA
® Department of Surgical Sciences, Section of Neurosurgery, Dunedin School of Medicine, University of Otago, Dunedin, New Zealand

ARTICLE INFO ABSTRACT

Keywords: Distress is a domain-general behavioral symptom whose neural correlates have been under investigation for a
Metastability long time now. Although some studies suggest that distress is encoded by changes in alpha activity and func-
Small-world tional connectivity between specific brain regions, no study that we know has delved into the whole brain
;];EOGRETA temporal dynamics of the distress component. In the current study, we compare the changes in the mean and

variance of functional connectivity and small-worldness parameter over 3 min of resting state EEG to analyze the
fluctuation in transient stable states, and network structure. On comparing these measures between healthy
controls and patients experiencing low and high levels of distress due to a continuous ringing in the ear (tin-
nitus), we observe an increase in fluctuation between transient stable states characterized by an increase in both
variance of functional connectivity and the small-worldness parameter. This results in a possible increase in
degrees of freedom leading to a paradoxical equilibrium of the network structure in highly distressed patients.
This may also be interpreted as a maladaptive compensation to look for information in order to reduce the hyper-
salience in highly distressed individuals. In addition, this is correlated with the amount of distress only in the
high distress tinnitus group, suggesting a catastrophic breakdown of the brain's resilience. Distress not only
accompanies tinnitus, but other disorders such as somatic disorders, fibromyalgia, post-traumatic stress disorder,
etc. Since the current study focuses on a disorder-general distress symptom, the methods and results of the
current study have a wide application in different neuropathologies.

Functional connectivity

1. Introduction

The brain is a complex system wherein brain areas are connected to
one another in a specific cost-effective “small-world” topology that
balances metabolic cost with efficiency of information transfer
(Bullmore and Sporns, 2012; Sporns and Zwi, 2004). Such an organi-
zation coordinates two opposing functions: functional segregation
versus functional integration (Watts and Strogatz, 1998). Functional
segregation is the ability of the brain to carry out specialized processes
in densely interconnected groups of brain regions or modules (Rubinov
and Sporns, 2010). Conversely, functional integration is the ability of
certain brain regions to rapidly combine information across different
modules (Rubinov and Sporns, 2010). Empirically this is estimated
using a measure called “small-worldness”, calculated as the ratio be-
tween functional integration and segregation in comparison to a fully
random network (Humphries and Gurney, 2008).

Previous studies have examined this balance in network topology

only from the point of static functional connectivity, assuming the as-
sociations between brain regions are constant throughout the length of
the functional recording using several neuroimaging techniques
(Bassett and Bullmore, 2006; Humphries and Gurney, 2008; Sanz-
Arigita et al., 2010). However, the brain is a dynamic entity whose
functional connectivity and network organization constantly changes
even across the length of the recording (Cérdova-Palomera et al., 2017;
Park et al., 2017). This property of the brain aids in rapid, efficient, and
flexible communication across brain regions by opening multiple
functional paths for information transfer (Deco and Kringelbach, 2016).
Thus, functional integration and segregation, and the balance between
the two, are also temporally varying parameters.

The balance between these temporally varying and functionally
opposing network properties is proposed to be a direct consequence of
the brain's ability to spontaneously and rapidly switch between mul-
tiple transient stable states, a characteristic known as metastability
(Fingelkurts and Fingelkurts, 2004; Kelso and Tognoli, 2006; Shanahan,
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2010; Tognoli and Kelso, 2014). Metastability is empirically measured
as the variance of phase coherence of neural activity between brain
regions over the length of the recording (Deco and Kringelbach, 2016;
Vasa et al., 2015). It is also directly related to the number of degrees of
freedom in the brain, which is important in maintaining the critical
balance between functional integration and segregation (Fingelkurts
and Fingelkurts, 2004). In ecology, metastability was found to be di-
rectly related to the resilience of the system (Scheffer et al., 2015).
Resilience is defined as the ability of a system to absorb disturbances
and resist transformation from one regime to the other (Holling, 1973,
1996; Walker et al., 2004). From a behavioral perspective, resilience is
defined as the ability to avoid deleterious behavioral changes in the
presence of chronic stress (Russo et al., 2012). From these definitions of
resilience, we may conclude that resilience is the property of a system
to absorb disturbances and preserve its characteristics in the presence of
a chronic stressor.

In the current study, we are interested in evaluating the disruption
of the brain's metastability and in turn the balance between functional
integration and segregation in the presence of a pathology, like tinnitus.
Tinnitus is the continuous perception of a phantom sound in the ab-
sence of an external sound source (Jastreboff, 1990). Tinnitus was
shown to be accompanied by changes in functional connectivity be-
tween cortical and subcortical regions in resting state networks (Husain
and Schmidt, 2014). Increased functional connectivity was estimated
between the auditory cortices and the amygdala in the tinnitus group
when compared to age-matched normal hearing controls (Kim et al.,
2012). Some other studies reported increased connectivity between the
brainstem, cerebellum, basal ganglia, nucleus accumbens, para-
hippocampal areas, right frontal and parietal areas, left sensorimotor
areas and left superior temporal region and a decrease in connectivity
between the right primary auditory cortex, left fusiform gyrus, left
frontal and bilateral occipital regions (Maudoux et al., 2012). Changes
in activity and functional connectivity in and between auditory, non-
auditory and limbic regions were also shown to be correlated with
specific symptoms of tinnitus such as pitch of the percept (De Ridder
et al., 2014, 2011b), loudness of the percept (De Ridder et al., 2015a),
type e.g. pure tone or narrow-band noise (Vanneste et al., 2010b), la-
terality (Vanneste et al., 2011) and chronicity (Song et al., 2013).
Hence, tinnitus was hypothesized to be segregated into different be-
havioral symptoms coded into multiple separable subnetworks that
were integrated into a unified percept (De Ridder et al., 2014). In our
previous studies we showed that tinnitus was accompanied by changes
in functional connectivity not only between specific regions of interest
but showed changes in whole brain network connectivity where the
tinnitus network shifted to a lattice topology in the lower frequencies
and a random topology in the higher frequencies (Mohan et al., 2016b).
Further, the pathology could act as a stressor producing a chronic ne-
gative emotional component associated with several pathologies by
different terms — annoyance, suffering or distress.

Distress is a domain-general symptom that accompanies several
disorders such chronic pain, chronic tinnitus, post-traumatic stress
disorder, dyspnea in asthma, social rejection, and in functional somatic
syndromes such as electro-sensitivity to mobile phones etc. (Kross et al.,
2007; Landgrebe et al., 2008; Moisset and Bouhassira, 2007; Vanneste
et al., 2010a; von Leupoldt et al., 2009; Wager et al., 2013). Several
studies have investigated the neural correlates of distress. Specifically,
in tinnitus, distress is associated with increased activity in the dorsal,
subgenual and pregenual anterior cingulate cortex, insula, para-
hippocampus, dorsal lateral prefrontal cortex, and the amygdala,
mainly in the alpha (but also beta) frequency band (De Ridder et al.,
2011a; Imperatori et al.,, 2014; Vanneste et al., 2010a; Weisz et al.,
2005). Distress has also shown to be encoded by changes in static
functional connectivity between these regions also mainly observed in
the alpha (and beta) frequency bands (Chen et al., 2017; De Ridder
et al., 2011a; Imperatori et al., 2014; Song et al., 2015; Vanneste et al.,
2014). The alpha frequency band is physiologically associated with two
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processes, inhibition and timing that governs two basic qualities of top-
down attention — suppression of irrelevant stimuli and selection of
salient stimuli (Klimesch, 2012; Klimesch et al., 2007). Reduction in
alpha power has been attributed to disinhibition in tinnitus and serves
as an important neural marker of dysrhythmic thalamocortical oscil-
lations (De Ridder et al., 2015b; Llinas et al., 1999). Further, the dis-
tress percept is hypothesized to be the behavioral manifestation of
hypersalience, or increased top-down goal related attention that is also
encoded in the alpha frequency band (De Ridder et al., 2014).

Although the neural correlates of distress are seemingly well in-
vestigated, there is still no study that examined the link between dis-
tress and the dynamic aspects of network equilibrium i.e. balance be-
tween functional integration and segregation, and the resilience of the
brain. As mentioned before, distress is an integral part of various dis-
orders and there have been several attempts to objectively quantify
chronic distress to try and alleviate the emotional component of a
disorder, but with little success. Thus, the current study investigates the
association between distress and changes in the metastability of the
brain, and dynamic changes in functional network topology using
resting state EEG. Through this study we aim to establish the dynamic
neural correlates of the distress/emotional percept of a disorder which
can give us important insight into the dynamic changes in the brain in
the presence of chronic distress and a tangible and objective parameter
that may be clinically modified by means of invasive or non-invasive
neuromodulation techniques. The dynamic aspect of metastability
provides a more realistic and accurate correlate of brain functioning
accounting for spatio-temporal changes in network topology. Further,
the disorder-general nature of distress may allow the results of the
current study to extrapolate to other disorders apart from tinnitus,
defining a general correlate for chronic distress. Metastability is mea-
sured as the variance in functional connectivity between brain areas
and is associated with the variance of the small-world parameter, which
is used to characterize dynamic changes in functional network to-
pology. The changes in mean and variance of the connectivity strength
and the small-world parameter are compared between healthy controls
and tinnitus subjects with low and high levels of distress, specifically in
the alpha frequency bands. We hypothesize that distress will have a
non-linear effect on the changes in mean and variance in functional
connectivity and fluctuation of functional network topology, i.e. the
changes will depend on the amount of distress experienced by the pa-
tients. We hypothesize that an increase or decrease in the variance of
network connectivity will reflect corresponding changes in metast-
ability, characterizing an increase or decrease in fluctuation between
transient states. This in turn would characterize a change in fluctuation
of the network topology which may be confirmed by an increase or
decrease in the variance of the small-world parameter. Finally, we
hypothesize that the relationship between metastability and distress
will depend on the amount of distress perceived characterizing the re-
silience of the brain to the presence of the tinnitus stressor.

2. Materials and methods
2.1. Patients with an auditory phantom percept

The patient sample consisted of 151 patients (M = 45.87 years;
SD = 13.25; 102 males and 43 females) all experiencing continuous
tinnitus. The patient's condition was considered chronic if the onset of
the tinnitus dated back a year or more. Patients with pulsatile tinnitus,
Méniere disease, otosclerosis, chronic headache, neurological disorders
such as brain tumors, and individuals being treated for mental disorders
were excluded from the study. Audiometric tests consisted of pure tone
audiometry, where hearing thresholds at 0.125 kHz, 0.25 kHz, 0.5 kHz,
1 kHz, 2 kHz, 3 kHz, 4 kHz, 6 kHz and 8 kHz were obtained according to
the procedures prescribed by the British Society of Audiology
(M = 23.28 dB HL, SD = 16.65) (Audiology, 2008). Further, the pitch
and loudness of the tinnitus were recorded by performing a simple
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analysis of the ear contralateral to the tinnitus ear in patients with
unilateral tinnitus, and of the ear contralateral to the worst tinnitus ear
in patients with bilateral tinnitus. A 1 kHz pure tone was presented to
the ear contra lateral to the (worst) tinnitus ear at an intensity that was
10 dB above the patient's hearing threshold of that ear. The pitch of the
perceived tinnitus was measured by adjusting the frequency of the tone
to match the pitch of the perceived tinnitus. The perceived loudness
was matched to the intensity of the tone in a similar way. The tinnitus
loudness in dB SL was computed as the difference between the absolute
tinnitus loudness in dB HL and the audiometric threshold at the tinnitus
frequency (Meeus et al., 2011; Meeus et al., 2010). The perceived lo-
cation of patients' tinnitus (left ear (N = 43), right ear (N = 37), both
ears (N = 47), and centralized in the middle of the head (bilateral) as
well the type of tinnitus (pure tone-like tinnitus (N = 60) or noise-like
tinnitus (N = 84)) was noted. In addition to the audiological tests, pa-
tients also answered a set of questionnaires describing some of the
subjective behavioral symptoms of tinnitus. A visual analogue scale
(VAS) for loudness (‘How loud is your tinnitus?’: 0 = no tinnitus and
10 = as loud as imaginable’) was assessed (M = 5.50, SD = 2.45). The
Tinnitus Questionnaire (TQ) (Meeus et al., 2007) that measures a broad
spectrum of tinnitus-related psychological complaints was adminis-
tered. The global TQ score can be computed to measure the general
level of psychological and psychosomatic distress (M = 38.55,
SD = 17.24). Tinnitus patients were first subdivided into the low and
high distress groups based on their Tinnitus Questionnaire scores. Pa-
tients with TQ score < 46 were classified into the low distress group
and patients with TQ score > 46 were classified into the high distress
group. These thresholds are based on the clinical classification of dif-
ferent grades of distress in tinnitus - Slight (0-30 points; grade 1),
moderate (31-46; grade 2), severe (47-59; grade 3), and very severe
(60-84; grade 4) distress (Goebel and Hiller, 1994). Thus, patients
suffering from grade 1 and grade 2 distress were classified into the low
distress (N = 91) group, and patients suffering from grade 3 and grade
4 tinnitus were classified into the high distress group (N = 45). This
study was approved by the local ethical committee (Antwerp University
Hospital) and was in accordance with the declaration of Helsinki.
Collection of the data was under approval of IRB UZA OGAS85. All pa-
tients gave an informed consent.

2.2. Healthy control group

A healthy control group (N = 125; M = 44.04 years; SD = 15.33; 45
males and 80 females) was included in the study. None of these subjects
were known to suffer from tinnitus of any kind. Subjects suffering from
psychiatric or neurological illnesses, having a history of psychiatric or
drug/alcohol abuse, history of head injury (with loss of consciousness)
or seizures, headaches, or physical disabilities were excluded from the
study. No hearing assessments were performed on the healthy controls.
A summary of the demographics of the control and tinnitus group are
given in Table 1.

Table 1
Demographics of participants in control and tinnitus group.

Demographics Controls Tinnitus

Number of participants 125 151

Age 44.04 + 15.33 years 45.87 + 13.25years
Sex 45M 80 F 102 M 43 F

23.28 + 16.65dB HL

LE = 43; RE = 37; both = 47
PT = 60; NNB = 84

5.50 + 2.45

38.55 + 17.24

Hearing loss Not recorded
Tinnitus laterality

Tinnitus type

Tinnitus loudness (VAS)

Tinnitus distress (TQ

score)

M = Male; F = Female; LE = Left ear; RE = Right ear; PT = Pure tone; NNB = Narrow
band noise.
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2.3. Data collection

Continuous resting state Electroencephalogram (EEG) data was
obtained from both the tinnitus and control groups (sampling
rate = 500 Hz, band passed 0.15-200 Hz). Subjects in both the groups
were instructed to close their eyes for 5min. The participants were
seated upright on a comfortable chair in a fully-lit room. EEG data was
collected using 19 electrodes (Fpl, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz,
C4, T8, P7, P3, Pz, P4, P8, 01, 02) placed per the standard 10-20
International placement, sampled using Mitsar-201 amplifiers
(NovaTech http://www.novatecheeg.com/) and referenced to digitally
linked ears. Impedances on each of the electrodes were maintained
below 5kQ. The data was re-sampled to 128 Hz and band-pass filtered
in the range 2-44 Hz as a part of the off-line analysis. The data was then
transposed into Eureka! software (Congedo, 2002), where it was care-
fully plotted and manually inspected for artifacts. Artifacts including
eye-blinks, eye movements, teeth clenching, body movement, and ECG
artifacts were removed from the EEG.

2.4. Time windows

After manual cleaning of EEG data, each participant had at least
3 min of continuous EEG data. The first 3 min of data was used for the
participants who had > 3min of data. The first 15s of the data was
disregarded and the next 2 min 45s of stable EEG recording was con-
sidered for further analysis. The continuous stream of EEG was divided
into 3 second epochs of overlapping and non-overlapping time win-
dows. The overlapping time windows were constructed using a 1 second
sliding window and the non-overlapping time windows were epoched
back-to-back. This resulted in 163 epochs with overlapping sliding
windows, and 55 epochs with non-overlapping sliding window. The
functional connectivity was calculated in the overlapping 163 epochs
and non-overlapping 55 epochs in the low and high alpha frequency
bands as detailed below. A visual representation of dynamic functional
connectivity between the 84 Brodmann areas in the three groups and
two frequency bands within overlapping and non-overlapping sliding
conditions are shown in the video included in supplementary material.

2.5. Source localization

Intracerebral electrical sources were estimated using the standar-
dized low-resolution brain electromagnetic tomography (sLORETA;
Pascual-Marqui, 2002) software. SLORETA is useful in computing the
neuronal activity in current density (A/m?) without assuming a pre-
defined number of active sources. A common average reference trans-
formation is performed even before the application of the source-lo-
calization algorithm (Pascual-Marqui, 2002). The solution space for the
algorithm used in this study along with the lead field matrix are im-
plemented in the LORETA-Key software (freely available at http://
www.uzh.ch/keyinst/loreta.htm). This software applies the boundary
element method on the MNI-152 (Montreal neurological institute, Ca-
nada) template of Mazziotta et al. (2001) to implement the revisited
realistic electrode coordinates (Jurcak et al., 2007) and the lead field
produced by Fuchs et al. (2002). Thus, the neocortical volume (in-
cluding hippocampus and anterior cingulate cortex) in 6239 voxels,
each having a 5 mm? thickness in MNI space, is divided and labeled by
the SLORETA-key anatomical template based on probabilities returned
by the Daemon Atlas (Lancaster et al., 2000). The 6239 voxels were
distributed into 84 Brodmann areas which form the regions of interest
for the current study. The position of the Brodmann areas used in the
current study is shown in Fig. 1 and the abbreviations are expanded in
Table 2. The following analyses were performed in 2 frequency bands
defined as alphal (8-10 Hz), alpha2 (10-12 Hz).
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Fig. 1. The 84 Brodmann areas used in the current study.

2.6. Lagged phase coherence and temporal variance

“Lagged phase coherence” between sources is interpreted as the
amount of cross-talk between the regions contributing to the activity
within the sources (Congedo et al., 2010). The cross-talk between the
sources is equivalent to the information shared by axonal transmission
owing to the coherent, lagged-phase oscillatory property of the sources.
More precisely, the signal is decomposed into a finite series of sine and
cosine waves which characterize the in-phase and out-of-phase carrier
waves. The sine and cosine counterparts, form the real and imaginary
part of the Fourier decomposition (Bloomfield, 2004). The lag of the
cosine waves behind their respective sine counterparts is inversely
proportional to their frequency, and accounts to a quarter of the period;
for example, the period of a sinusoidal wave at 10 Hz is 100 ms. The
cosine is shifted a quarter of a cycle (25 ms) with the respect to the sine.
This would mean that the lagged phase coherence at 10 Hz indicates
coherent oscillations with a 25 ms delay. The same at 20 Hz would in-
dicate a delay of 12.5ms, etc. The lagged phase coherence between
each pair-wise combination of Brodmann area signifies the functional
connectivity strength between them. The lagged phase coherence be-
tween pairs of 84 Brodmann areas were computed in each of the 163
epochs in the sliding window condition, and 55 epochs in the non-
sliding window condition from the 2 groups in the 2 frequency bands
defined above. The average connectivity strength of the network
(average of all the connections in each epoch) and the average con-
nectivity strength of each connection (average of the connectivity
strength of pairwise Brodmann areas across epochs) were additionally
calculated. The variance of the functional connectivity of the network
and pairwise connection across the 163 epochs in the sliding window
condition, and 55 epochs in the non-sliding window condition, served
as a measure of metastability.

2.7. Small-world parameter

The small-world parameter is a graphic theoretical measure that
empirically describes the topology of a given network. It is calculated as
the ratio of the relative characteristic path length to the relative cluster
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coefficient. The closer the value of the small-worldness parameter is to
1, the more small-world the network; the greater the value of the small-
worldness parameter, the more random the topology and the lesser the
value of the small-worldness parameter the more ordered the topology
(Humphries and Gurney, 2008).

The characteristic path length is defined as the length of the shortest
path connecting any two nodes in the network. The connectivity
strength matrix is converted to a connection length matrix by taking the
inverse of the values of the functional connectivity strength. The
functional distance between every pair of Brodmann areas is calculated
using Dijktra's algorithm (Dijkstra, 1959). Finally, the average of all the
distances is calculated as the shortest path length of the network. The
relative path length is the ratio of characteristic path length of the
network to the characteristic path length of a random network. In the
current study, the characteristic path length of the random network was
calculated by averaging the characteristic path length of 300 random
networks.

The cluster coefficient is a measure that describes the strength of
connectivity among neighboring nodes. It is calculated by estimating
the number of triangles around a node. The relative cluster coefficient is
the ratio of the cluster coefficient of the network to the cluster coeffi-
cient of a random network. In the current study, the cluster coefficient
of the random network was calculated by averaging the cluster coeffi-
cient length of 300 random networks.

The characteristic path length and cluster coefficient of the control,
low distress, high distress, and random networks were calculated using
the Brain Connectivity Toolbox in Matlab (Rubinov and Sporns, 2010).
The average characteristic path length of each group was calculated as
the mean of the characteristic path lengths across all epochs. Similarly,
the average clustering coefficient of each group was calculated as the
mean clustering coefficients across all epochs. The small-worldness was
calculated for the functional network in each epoch in the overlapping
and non-overlapping sliding window conditions. The average small-
worldness was calculated as the average of the measure across all
epochs. The variance of the small-worldness was also calculated across
the 163 and 55 epochs in the overlapping and non-overlapping window
conditions in the controls, low distress, and high distress groups. The
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Table 2
List of Brodmann areas used in the study.

Brodmann areas Abbreviation Name of the Brodmann area
BAO1 S1 Primary somatosensory cortex
BA0O2 S2 Secondary somatosensory cortex
BAO3 S3 Tertiary somatosensory cortex
BA04 M1 Primary motor cortex

BAO5 SPS Superior parietal sulcus

BAO6 SMA Supplementary motor area
BA0O7 SPG Superior parietal gyrus

BA08 Pre-SMA Pre-supplementary motor area
BAO9 DLPFC Dorsolateral prefrontal cortex
BA10 FPC Fronto-parietal cortex

BAll OFC Orbital frontal cortex

BA13 Insula Insula

BA17 \21 Primary visual cortex

BA18 V2 Secondary visual cortex

BA19 Cuneus Cuneus

BA20 ITG Inferior temporal gyrus

BA21 MTG Medial temporal gyrus

BA22 STG Superior temporal gyrus

BA23 PCC1 Posterior cingulate cortex1
BA24 dACC Dorsal anterior cingulate cortex
BA25 sgACC Subgenual anterior cingulate cortex
BA27 PHC1 Parahippocampal gyrusl

BA28 HIP1 Hippocampal areal

BA29 RSC1 Retrosplenial cortex1

BA30 RSC2 Retrosplenial cortex2

BA31 PCC2 Posterior cingulate cortex2
BA32 prACC Pregenual anterior cingulate cortex
BA33 rACC Rostral anterior cingulate cortex
BA34 HIP Hippocampus

BA35 HIP2 Hippocampal area2

BA36 PHC2 Parahippocampal gyrus2

BA37 OTC Occipital-temporal cortex

BA38 TP Temporal pole

BA39 AG Angular gyrus

BA40 1PS Intra-parietal sulcus

BA41 Al Primary auditory cortex

BA42 A2 Secondary auditory cortex

BA43 PCG Postcentral gyrus

BA44 OPCG Opercular part of inferior frontal gyrus
BA45 IFG Inferior frontal gyrus

BA46 MPFC Medial prefrontal cortex

BA47 VLPFC Ventro-lateral prefrontal cortex

average functional connectivity strength at the network and connection
level and the average small-worldness parameter are considered a
measure of static connectivity. The variance in functional connectivity
strength at the network and connection level and small-worldness
parameter are considered measures of dynamic connectivity.

2.8. Probability of occurrence of a transient network configuration

In order to understand in detail how network configurations
changed over time, we assumed that the brain could assume three
possible configurations — small world, lattice, and random topology — at
any given point of time. If the value is closer to 1, the network is said to
be small-worlded. In order to arrive at the range of possible values that
correspond to the range of small-world configurations, we derived the
values of small-worldness corresponding to +1.65 and —1.65 Z-score
(95% confidence interval) using the formula

(£1.65x%0)
u

Range of small — worldness =

where, 0 = standard deviation of the small-worldness parameter of the
control group, u = mean of the small-worldness parameter of the con-
trol group.

All values of small-worldness in the control, low distress, and high
distress groups over the 163 epochs in the overlapping window, and 55
epochs in the non-overlapping window, were separated into small-
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world, random, and lattice configurations. The values in the three
groups that lay between the upper and lower limit values of the small-
world range were considered small-world configuration; values that
were greater than the upper limit of the range were considered random
configuration, and all the values below the lower limit of the range
were considered lattice configuration. The number of occurrences of
small-world, lattice, and random configurations in each frequency band
was summed for each window condition. The probability that the
system would be present in the small-world, lattice, or random con-
figuration(state) was calculated by diving the total number of occur-
rences taken in the two alpha frequency bands by the total number of
epochs in each window condition (326 for overlapping and 110 for non-
overlapping windows).

2.9. Correlation with behavioral data

The network level measures of metastability i.e. the variance in
functional connectivity strength in the low and high distress tinnitus
groups were partially-correlated with the Tinnitus Questionnaire con-
trolling for age, duration of tinnitus, and rating on the visual analog
scale for loudness — a numeric scale where patients rate their loudness
on a 10 cm scale and mean hearing loss. The hypothesis for the corre-
lation analysis will depend on the results of the Bartlett test for var-
iance. If there was a significant change in correlation coefficient, the
amount of change in steepness of the slopes of the partial correlation
between the variance and TQ score were compared between the low
and high distress groups.

2.10. Statistical methods

2.10.1. Average functional connectivity

The average connectivity strength across the 163 sliding windows
and 55 non-sliding windows was calculated in the low and high distress
tinnitus and control groups in each frequency band. The average con-
nectivity strength at the network level between the three groups in the
two frequency bands (3 2 = 6 comparisons) were compared using an
independent t-test assuming unequal variance corrected for multiple
comparison at p < .008 (approximately .05/6). Further, an in-
dependent t-test assuming unequal variances was applied to compare
the average connectivity strength between pairs of Brodmann areas
across the time windows between the three groups at the different
frequency bands. The comparisons were corrected for multiple com-
parisons using Bonferroni correction accounting for the number of
connections (83 x 84/2 = 3486) in the network, number of groups (3)
and the number of frequency bands (2) (p < .000002) (.05/
(3486 * 2 x 3)).

2.10.2. Average graph parameters

The average characteristic path length, cluster coefficient, and
small-world parameter of the low and high distress tinnitus groups and
the control group in the in the two frequency bands were compared
using an independent t-test assuming unequal variance corrected for
multiple comparison at p < .008. This comparison was performed in
both the overlapping and non-overlapping window condition.

2.10.3. Temporal variance of connectivity and small-world parameter

A Bartlett-test was applied to compare the variance in connectivity
strength of the network, small-worldness of the network, and con-
nectivity strength of each pairwise connection between low and high
distress tinnitus and control groups, both in the overlapping and non-
overlapping sliding window conditions. The Bartlett-test was also cor-
rected for multiple comparisons using Bonferroni correction accounting
for the number of frequencies and connections. In order to account for
multiple comparisons, a p < .008 was used at the network level and
p < .000002 at the connection level.



A. Mohan et al.

Average
connectivity
Strength

Variance in
connectivity
strength

Average
pathlength

Average
clustering
coefficient

Average small-
world parameter

Variance in small-
world parameter

Overlapping window

3.25 — 3
. — ! ,
e | II |
25 ‘
Alphal Alpha2

Frequency Bands

*

Alphal Alpha2
Frequency bands

05 - 3

Progress in Neuropsychopharmacology & Biological Psychiatry 84 (2018) 79-92

Non-overlapping window

(b)
3.5

3.25

T | e |
-
2.75 : g
ol T T

Alphal Alpha2

Frequency Bands

0.012 * i
0.01 e —
0.008
0.006
0.004
0.002
0

Alphal Alpha2
Frequency bands

* *

(d)

(f)

* * 0.5 * *
0.4 i : T 4“ 0.4 -—-—|_ ——
03 - 0.3
0.2 0.2
0.1 0.1
0 +—. T - ) 0 T 1
Alphal Alpha2 Alphal Alpha2
Frequency Bands Frequency Bands
3.5 (&) 35 (h)
3.25 * 3.25 * *
3 3 LI
2.75 2.75 -
2.5 T 1 2.5 T
Alphal Alpha2 Alphal Alpha2
Frequency Bands Frequency Bands
(i) 1.0015 (i)
1.0015 . 1.0013 *
1.0013 —r— * ’ ™
1.0011 s L . .
1.0009 ' : & 10009 ;
1.0007 I I 1.0007
1.0005 .. T 1 1.0005 T
Alphal Alpha2 Alphal Alpha2
Frequency Bands Frequency Bands
®  0.0005 N 0
*
——  0.0004 i —
0.0003
0.0002
, 0 | . ‘
Alphal Alpha2 Alphal Alpha2
Frequency bands Frequency bands
B controls
B Low distress

*

84

High distress

Significant difference

(caption on next page)



A. Mohan et al.

Progress in Neuropsychopharmacology & Biological Psychiatry 84 (2018) 79-92

Fig. 2. Network level measures in the two sliding window conditions - (a) and (b) display the network level measures of average connectivity strength; (c) and (d) display the network
level measures of variance in connectivity strength; (e) and (f) display the average characteristic path length; (g) and (h) display the average clustering coefficient; (i) and (j) display the
average small-world parameter and (k) and (1) display the variance in the small-world parameter in the overlapping and non-overlapping windows respectively in the alphal and alpha2
frequency bands in controls (black bars), low distress tinnitus patients (dark grey bars) and high distress tinnitus patients (light grey bars). The error bars represent standard error bars.

2.10.4. Probability of occurrence of a transient network configuration

The overall association between the 3 groups and probability of
occurrence of the 3 possible configurations, in the overlapping and non-
overlapping window condition, in the two frequency bands taken to-
gether was analyzed using a 3 X 3 chi-square contingency table. In the
presence of a significant group X topology interaction, a comparison of
the probability of occurrence of topologies between individual groups
was performed using individual chi-square tests in the overlapping and
non-overlapping windows.

3. Results
3.1. Average connectivity

Changes in average connectivity over all the epochs in both the
sliding and non-sliding window condition followed very similar pat-
terns (Fig. 2a, b). Within the overlapping window condition, in the
alphal frequency band, the connectivity strength of the control group
was significantly higher than both the low (t = 55.76, p < .001) and
high distress (t = 27.43, p < .001) tinnitus groups. The connectivity
strength of the high distress tinnitus group was significantly greater
than the low distress tinnitus group (t= 13.71, p < .001). In the
alpha2 frequency band, the connectivity strength of the control group
was significantly higher than both the low (t = 41.23, p < .001) and
high distress tinnitus (t = 20.26, p < .001) groups. The connectivity
strength of the high distress tinnitus group was significantly greater
than the low distress tinnitus group (t = 8.56, p < .001).

Similarly, within the non-overlapping window condition, in the
alphal frequency band, the connectivity strength of the control group
was significantly higher than both the low (t = 29.69, p < .001) and
high distress (t = 14.68, p < .001) tinnitus groups. The connectivity
strength of the high distress tinnitus group was significantly greater
than the low distress tinnitus group (t = 7.51, p < .001). In the alpha2
frequency band, the connectivity strength of the control group was
significantly higher than both the low (t = 22.02, p < .001) and high
distress tinnitus (t = 12.00, p < .001) groups. The connectivity
strength of the high distress tinnitus group was significantly greater
than the low distress tinnitus group (t = 4.16, p < .001).

A similar pattern was observed at the connection level as well. The
connectivity strength of most connections in the control group was
significantly greater than in the low and high distress tinnitus groups.
The connectivity strengths of most of the connections in the high dis-
tress tinnitus group were significantly greater than those in the low
distress tinnitus group. This was observed in both the overlapping and
non-overlapping window conditions in both the frequency bands
(Fig. 3).

3.2. Variance in functional connectivity (metastability)

At the network level, changes in variance of functional connectivity
from the overlapping and non-overlapping window conditions followed
a similar pattern (Fig. 2¢c, d). In the overlapping window condition, in
the alphal band, the variance in functional connectivity of the high
distress group was significantly higher than the low distress (F = 53.07,
p < .001) and the control groups (F = 24.06, p < .001). The variance
in functional connectivity of the control group was higher than the low
distress tinnitus group (F = 6.31, p = .012). In the alpha2 frequency
band, the variance in functional connectivity of the high distress group
was significantly higher than the low distress (F = 42.79, p < .001)
and the control group (F = 59.19, p < .001), but the variance in
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functional connectivity of the control group was not significantly dif-
ferent from the low distress group (F = 1.54, p = .214).

From non-overlapping window condition, in the alphal band, the
variance in functional connectivity of the high distress group was sig-
nificantly higher than the low distress (F = 16.59, p < .001) and the
control group (F = 7.25, p = .007). The variance in functional con-
nectivity of the control group was not significantly different from the
low distress tinnitus group (F = 2.11, p = .147). In the alpha2 fre-
quency band, the variance in functional connectivity of the high distress
group was significantly higher than the low distress (F = 11.16,
p < .001) and the control group (F = 15.64, p < .001), but the var-
iance in functional connectivity of the control group was not sig-
nificantly different from the low distress group (F = 0.43, p = .513).

A similar pattern was observed at the connection level in both the
alphal and alpha2 bands of the overlapping and non-overlapping
window conditions. The variance of the connectivity strength of most of
the connections in the controls and low distress groups were not sig-
nificantly different from each other. However, the variance in con-
nectivity strength of most of the connections from the high distress
group was significantly greater than that of the low distress and control
groups (Fig. 4).

3.3. Average characteristic path length

Changes in average characteristic path length over all the epochs, in
both the sliding and non-sliding window condition, followed very si-
milar patterns (Fig. 2e, f). Within the overlapping window condition, in
the alphal frequency band, the average characteristic path length of the
control group was significantly lower than both the low (t = 57.85,
p < .001) and high distress (t = 29.37, p < .001) tinnitus groups. The
average characteristic path length of the high distress tinnitus group
was significantly lower than the low distress tinnitus group (t = 12.42,
p < .001). In the alpha2 frequency band, the average characteristic
path length of the control group was significantly lower than both the
low (t=41.47, p < .001) and high distress (t = 21.51, p < .001)
tinnitus groups. The average characteristic path length of the high
distress tinnitus group was significantly lower than the low distress
tinnitus group (t = 7.42, p < .001).

Similarly, within the non-overlapping window condition, in the
alphal frequency band, the average characteristic path length of the
control group was significantly lower than both the low (¢t = 31.20,
p < .001) and high distress (t = 15.73, p < .001) tinnitus groups. The
average characteristic path length of the high distress tinnitus group
was significantly lower than the low distress tinnitus group (t = 6.75,
p < .001). In the alpha2 frequency band, the average characteristic
path length of the control group was significantly lower than both the
low (t=21.95, p < .001) and high distress (t =12.71, p < .001)
tinnitus groups. The average characteristic path length of the high
distress tinnitus group was significantly lower than the low distress
tinnitus group (t = 3.36, p = .001).

3.4. Average clustering coefficient

Changes in the average clustering coefficient over all epochs, in
both the sliding and non-sliding window condition, followed very si-
milar patterns (Fig. 2g, h). Within the overlapping window condition, in
the alphal frequency band, the average clustering coefficient of the
control group was significantly higher than both the low (t = 56.00,
p < .001) and high distress (t = 28.00, p < .001) tinnitus groups. The
average clustering coefficient of the high distress tinnitus group was
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Fig. 3. Average connectivity strength of an edge and difference in connectivity strength between the three groups in the overlapping and non-overlapping sliding window condition. (a)
and (b) show the average functional connectivity strength in the controls (right panel), low distress (middle panel) and high distress (left panel) tinnitus patients in the alphal frequency
band; (c) and (d) show the same in the alpha2 frequency band in the overlapping and non-overlapping window condition respectively. (e) and (f) show the difference in connectivity
strength between the controls and low distress group (right panel), controls and high distress group (middle panel) and low and high distress group (left panel) in the alphal frequency
band; (g) and (h) show the same in the alpha2 frequency band in the overlapping and non-overlapping window conditions respectively. In a generic A-B difference in functional
connectivity strength, connections in black show significantly greater connectivity strength in group A, connections in red show significantly greater connectivity strength in group B and
connections in white are those connections that are not significantly different from one another. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

significantly greater than the low distress tinnitus group (t = 13.35,
p < .001). In the alpha2 frequency band, the average clustering coef-
ficient of the control group was significantly higher than both the low
(t = 41.34, p < .001) and high distress tinnitus (t = 20.68, p < .001)
groups. The connectivity strength of the high distress tinnitus group
was significantly greater than the low distress tinnitus group (¢t = 8.28,
p < .001).

Similarly, within the non-overlapping window condition, in the
alphal frequency band, the average clustering coefficient of the control
group was significantly higher than both the low (t = 29.87,p < .001)
and high distress (t = 14.98, p < .001) tinnitus groups. The average
clustering coefficient of the high distress tinnitus group was sig-
nificantly greater than the low distress tinnitus group (t= 7.31,
p < .001). In the alpha2 frequency band, the clustering coefficient of
the control group was significantly higher than both the low (¢t = 22.00,
p < .001) and high distress tinnitus (t = 12.23, p < .001) groups. The
average clustering coefficient of the high distress tinnitus group was
significantly greater than the low distress tinnitus group (t = 3.96,
p < .001).

3.5. Average small-world parameter

Changes in the average small-world parameter over all epochs, in
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both the sliding and non-sliding window condition, followed very si-
milar patterns (Fig. 2i, j). Within the overlapping window condition, in
the alphal frequency band, the average small-world parameter of the
control group was significantly lower than the low distress group
(t = 8.44, p < .001) and not significantly different from the high dis-
tress group (t = 2.48, p = .014). The average small-world parameter of
the high distress tinnitus group was significantly lower than the low
distress tinnitus group (t = 3.94, p < .001). In the alpha2 frequency
band, the average small-world parameter of the control group was
significantly lower than the low distress group (t = 4.18, p < .001)
and not significantly different from the high distress group (¢t = 0.19,
p = .848). The small-world parameter of the high distress tinnitus
group was significantly lower than the low distress tinnitus group
(t = 3.12, p = .002).

However, within the non-overlapping window condition, in the
alphal frequency band, the average small-world parameter of the
control group was significantly lower than the low distress group
(t =3.97, p < .001) and not significantly different from the high dis-
tress group (t = 0.76, p = .452). The average small-world parameter of
the high distress tinnitus group was also not significantly different from
the low distress tinnitus group (t = 2.15, p = .035). In the alpha2 fre-
quency band, there were no significant differences in the average small-
world parameter in between the control group and low (t= 1.78,
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Fig. 4. Variance in functional connectivity strength of an edge and difference in variance between the three groups in the overlapping and non-overlapping sliding window condition. (a)
and (b) show the variance in functional connectivity strength in the controls (right panel), low distress (middle panel) and high distress (left panel) tinnitus patients in the alphal
frequency band; (c) and (d) show the same in the alpha2 frequency band in the overlapping and non-overlapping window condition respectively. (e) and (f) show the difference in
variance between the controls and low distress group (right panel), controls and high distress group (middle panel) and low and high distress group (left panel) in the alphal frequency
band; (g) and (h) show the same in the alpha2 frequency band in the overlapping and non-overlapping window conditions respectively. In a generic A-B difference in variance in
functional connectivity strength, connections in black show significantly greater variance in connectivity strength in group A, connections in red show significantly greater variance in
connectivity strength in group B and connections in white are those connections that are not significantly different from one another. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

p = .078) and high distress (t = 0.09, p = .931) tinnitus group, or be-
tween the low and high distress tinnitus groups (t = 1.21, p = .230).

3.6. Variance of small-world parameter

Changes in variance of the small-world parameter in the over-
lapping and non-overlapping window conditions followed a similar
pattern (Fig. 2k, 1). Within the overlapping window condition, in the
alphal frequency band, the variance of the small-world parameter in
the control group was significantly lower than that of the low distress
(F=9.57, p=.002) and high distress tinnitus group (F = 50.85,
p < .001) and the variance of the small-world parameter of the low
distress group was significantly lower than that of the high distress
tinnitus group (F = 17.42, p < .001). In the alpha 2 frequency band,
the variance of the small world parameter in the control group was
significantly lower than the high distress group (F = 53.33, p < .001)
but not from the low distress group (F = 1.40, p = .236). The variance
of the small-world parameter in the low distress group was significantly
lower than the high distress group (F = 38.39, p < .001).

Within the non-overlapping window condition, in the alphal fre-
quency band, the variance of the small-world parameter of the control
group was significantly lower than that of the high distress tinnitus
group (F = 20.22, p < .001), but not the low distress group (F = 3.71,
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p = .054), and the variance of the small-world parameter in the low
distress group was significantly lower than that of the high distress
tinnitus group (F = 7.14, p = .008). In the alpha 2 frequency band, the
variance of the small world parameter in the control group was sig-
nificantly lower than the high distress group (F = 13.62,p < .001) but
not from the low distress group (F = 0.01, p = .918). The variance of
the small-world parameter in the high distress group was significantly
greater than the low distress group (F = 12.92, p < .001).

A summary of the results of static and dynamic connectivity
common to both the frequency bands and the two sliding window
conditions are shown in Table 3.

3.7. Probability of occurrence of a transient network configuration

In the overlapping (¥ = 106.97, p < .001) and non-overlapping
(Xz = 23.25, p < .001) window conditions, we observed a significant
interaction between group and topology where the association between
group and topology were significantly different for the different groups.
Changes in average connectivity over all the epochs in both the sliding
and non-sliding window condition followed very similar patterns
(Fig. 5a, b). In the overlapping window condition, the probability of
occurrence of the small-world topology was significantly lower in the
low distress (2 = 23.62, p < .001) and high distress (x> = 62.20,
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Table 3
Summary of results of average and dynamic functional connectivity common to both
frequency bands in the overlapping and non-overlapping window conditions.

Static and dynamic measures Summary of results

Average connectivity strength Controls > High distress > Low
distress

Controls > High distress > Low
distress

Low distress > High

distress > Controls

Low distress > High distress ~ Controls
High distress > Low distress = Controls

Average cluster coefficient
Average path length

Average small-world parameter
Variance in functional connectivity
strength

Variance in small-world parameter High distress > Low distress = Controls

p < .001) tinnitus group as compared to the control group. The
probability of occurrence of the small-world topology in the high dis-
tress tinnitus group was significantly lower than the low distress group
tinnitus group (2 = 10.46, p = .001). The probability of occurrence of
the random topology was significantly higher in the low (x> = 39.95,
p < .001) and high distress tinnitus group (y*= 27.90, p < .001)
compared to the control group. However, no significant difference was
observed in the difference in probability of occurrence of the random
topology between low distress group and high distress tinnitus group
(x* = 1.31, p = .253). The probability of occurrence of the lattice to-
pology was significantly higher in the high distress tinnitus group
compared to the low distress tinnitus (> = 47.20, p < .001) and
control groups (¥ = 26.24, p < .001). The probability of occurrence
of the lattice topology was significantly lower in the low distress tin-
nitus group compared to the control group (x* = 5.73, p = .017).
However, in the non-overlapping window condition, the probability
of occurrence of the small-world topology was significantly lower in the
high distress tinnitus group (x* = 10.91, p = .001) compared to the
control group, but no significant difference was found between the low
distress tinnitus group and the control group (x? = 1.95, p = .163). The
difference in probability of occurrence of the small-world topology in
the high distress and the low distress tinnitus group was marginally
significant (x? = 3.82, p = .051). The probability of occurrence of the
random topology was significantly higher in the low distress tinnitus
group compared to the control group (x> = 5.24, p = .022). However,
no significant difference was observed in the difference in probability of
occurrence of the random topology between low distress group and
high distress tinnitus group (2 = 0.27, p = .604) and the high distress
group and control group (x? = 3.20, p = .074). The probability of oc-
currence of the lattice topology was significantly higher in the high
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distress tinnitus group compared to the low distress tinnitus
(x> =14.01, p < .001) and control groups (x> = 6.71, p =.01).
However, no significant difference was observed between the prob-
ability of occurrence of the lattice topology between the low distress
tinnitus group compared to the control group (x> = 2.06, p = .15). The
difference in results between the overlapping and non-overlapping
window conditions, in spite of similar magnitude of difference in the
two conditions between the different groups, may be attributed to the
reduced degrees of freedom in the non-overlapping window condition
(df = 109) compared to the overlapping window condition (df = 325).

3.8. Correlation of behavioral measures with variance of functional
connectivity

We hypothesize that the results of the correlation of the variance in
functional connectivity with tinnitus distress will follow the results of
the Bartelett test for changes in variance. From the Bartlett test, we
observe that in both the overlapping and non-overlapping window
conditions, there was no significant change in variance observed for the
low distress group, but a significant increase in variance for the high
distress group. Thus, we hypothesize based on these results that there
will be no significant correlation of tinnitus distress and variance in
functional connectivity in the low distress group, but a significant po-
sitive correlation between tinnitus distress and variance in functional
connectivity in the high distress group. Thus, a one-tailed correlation
was performed between tinnitus distress (TQ score) and the variance in
functional connectivity in the two alpha frequency bands. The one-
tailed p-value was corrected for multiple comparison for the two fre-
quency bands p < .025 (.05/2).

In the overlapping window condition, we observed no significant
correlation between variance and TQ score in the alphal (r = —0.11,
p = .262) and alpha2 (r = —0.17, p = .155) frequency bands in the low
distress group. However, we observed a significant positive correlation
between variance and TQ score in the alphal frequency band (r = 0.60,
p = .021) and not in the alpha2 frequency band (r = 0.55, p = .032)
(Fig. 6a).

Similarly, in the non-overlapping window condition, we observed
no significant correlation between variance and TQ score in the alphal
(r= —0.08, p =.314) and alpha2 (r = —0.21, p =.112) frequency
bands in the low distress group. However, we observed a significant
positive correlation between variance and TQ score in the alphal fre-
quency band (r = 0.58, p = .023) and not in the alpha2 frequency band
(r = 0.50, p = .049) (Fig. 6¢, d). Further, the change in the steepness of
the partial correlation between the variance in functional connectivity
and TQ score was significantly increased in the high distress compared
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Fig. 5. Probability of transient network configurations in the overlapping and non-overlapping sliding window conditions. (a) and (b) show the comparison of the probability of the
occurrence of a transient network configuration i.e. the small-world, lattice and random topologies over the 3 min of recording in the controls, low distress and high distress tinnitus

groups in the overlapping and non-overlapping window conditions respectively.
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Fig. 6. Partial correlations of variance in functional connectivity with TQ score in (a) low and high distress tinnitus group in the overlapping and non-overlapping sliding window
conditions in the alphal frequency band. (b) Shows significant difference in the partial correlations of TQ score with variance in functional connectivity between the low and high distress
groups in the overlapping and non-overlapping window conditions in the alphal frequency band.

to the low distress tinnitus group in the alphal frequency band in the
overlapping (t=2.28, p =.027) and non-overlapping (t= 2.14,
p = .037) window conditions (Fig. 6b).

4. Discussion

The current study investigates the relationship between chronic
distress in the presence of pathology, metastability, and the balance
between functional integration and segregation. This was investigated
by examining the overall and transient changes in functional con-
nectivity and network topology over time (i.e. recording) using resting
state EEG. From the results of the mean functional connectivity across
3 min of the recording, we observed an overall decrease in transfer of
information between long distance and local connections, in both the
low distress and high distress groups compared to the control group.
This is characterized by an increase in average path length and decrease
in average clustering coefficient. These results are consistent with our
previous findings where we examine the changes in graph theoretical
parameters calculated from the static functional connectivity matrix in
control and tinnitus groups (Mohan et al., 2016b). However, we ob-
served an overall increase in transfer of information over long distance
and local connections in the high distress group compared to the low
distress group. This is characterized by a decrease in average path
length and increase in average clustering coefficient. Decrease in
average connectivity strength in the low and high distress tinnitus
group compared to the control group, and increase in connectivity
strength of the high distress group compared to the low distress group
seems to be spread out across the brain. Such an increase in a disease
state (high distress), termed “hyperconnectivity”, has shown to be
evident in several disorders such as depression, autism, and schizo-
phrenia, and has been hypothesized as a compensatory mechanism of
the brain to overcome loss of function (Berman et al., 2011; Hillary and
Grafman, 2017; Supekar et al., 2013; Whitfield-Gabrieli et al., 2009).
These changes in measures of mean functional integration and segre-
gation are reflected in changes in network topology. On average, we
observe that the functional network of the low distress group shifts to a
more random topology compared to the control network, and there is
seemingly no difference in the network topology between the high
distress tinnitus and control groups. From this we may conclude that in
the high distress group, although there is a decrease in local and long-
distance connectivity, there seems to be an overall balance between
network integration and segregation.

However, by comparing the transient changes in functional con-
nectivity strength and network topology, we observed no significant
difference in the fluctuation in functional connectivity and network
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topology between the controls and low distress groups, but a significant
increase in the high distress group. Once again, these changes seem to
reflect across most connections in the whole-brain network in the high
distress group. This characterizes an increase in metastability of the
brain, or increased fluctuation between transient stable states in the
high distress group, accompanied by large fluctuations in the balance
between network integration and segregation (Deco and Kringelbach,
2016; Shanahan, 2010; Vasa et al., 2015).

In order to better interpret the changes in the mean and variance of
the network topology, and understand the concept of changes in me-
tastability from a conceptual standpoint, let us assume that at any given
epoch the network could broadly assume one of three configurations —
small-world, lattice, and random - characterized by the small-world
parameter, and let each of these configurations correspond to a tran-
sient state. When the small world parameter is close to 1, it is proposed
that the network topology is perfectly balanced between functional
integration and segregation; when it is > 1, then functional integration
is greater than functional segregation and the network starts shifting to
a more random topology. When it is < 1, then functional segregation is
greater than functional integration and the network starts shifting to a
lattice topology. Thus, from the probability of a network configuration
occurring across 3 min of continuous recording, we observed that the
control network is mostly present in the small-world state and equally
fluctuates between lattice and random states. In the low-distress group,
the probability that the network is present in the small-world state was
between that of the control and high distress group and fluctuates more
often to the random state than to the lattice state. In the high distress
group, the probability that the network is present in the small-world
state was significantly lower than both the controls and low distress
group. Although the frequency of fluctuation to the random state was
similar to the low distress group, the network in the high distress group
fluctuates with nearly equal probability to the lattice state as well. From
these observations, we clearly see that the shift of the average topology
of the low distress group to a more random topology may be attributed
to the increase in probability of the system's existence in the random
state. Further, the paradoxical “balance” in the average network to-
pology of the high distress group may be attributed to the similarity in
pattern of fluctuation between the controls and high distress groups.
However, the significantly higher probability of fluctuation to the lat-
tice and random topology of the high distress groups, compared to the
low distress and control groups, fits together with the increase in me-
tastability in the high distress group. Distress is also attributed to a
hyper-salience in the brain (De Ridder et al., 2014). Salience directly
refers to top-down goal related attention which possibly results in
hyper-focusing on the disorder (Mohan and Vanneste, 2017; White
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et al., 2010). Thus, the increase in metastability could be a maladaptive
compensatory mechanism of the brain to look for information in order
to reduce the hyper-salience in highly distressed individuals. In other
words, the brain possibly increases its fluctuation between multiple,
transient metastable states and increases its degrees of freedom by in-
creasing its range of network configurations to compensate for the
hyper-salience in highly distressed individuals.

The relationship between changes in fluctuation between transient
network configurations and the resilience of the brain could be ex-
plained by Selye's General Adaptation Syndrome (Campbell et al., 2013;
Selye, 1946). According to Selye, chronic stress has two types of effects
on the body, and in this case, the brain. In the resistance phase, the
brain/body is in a state of high physiological arousal and presents an
adaptive response to the stressor, thus actively resisting the negative
effects of the presence of the stressor (Campbell et al., 2013). This re-
sistance can also be viewed as the resilience of the brain/body to
changes in different parameters that may be affected by the stressor. In
the exhaustion phase, there is a catastrophic breakdown of the brain's
adaptive response and depletion of reserves, and it succumbs to the
negative effects of the stressor and results in a chronic illness (Campbell
et al., 2013). In the current study, the perception of a phantom sound
acts as the stressor in both the low and high distress tinnitus groups.
However, the difference in the amount of distress caused by the stressor
in the two groups may be attributed to how the brain responds to the
stressor per Selye's theory. In the low distress group, although there is
an overall shift to a more random topology, the transient fluctuations
around this average topology remain unchanged. This is also evident in
the preservation of variance in both functional connectivity and small-
world parameters between control and low distress groups. This pre-
servation of fluctuation around this new topology may be attributed to
the brain's adaptive response to resist the negative effects of the
stressor. Further, the absence of a correlation between variance in
functional connectivity and the amount of distress perceived in the low
distress groups demonstrates the resilience of this state to temporal
changes in connectivity, or external factors that may influence the
psychological distress component.

However, in the high distress group we observe that the variance in
functional connectivity and the fluctuations around its average network
topology are both significantly higher than that of the low distress
group. Further, we observe a significant positive correlation between
the variance in functional connectivity and the amount of perceived
distress. This could mean that in the high distress group, the brain
enters the exhaustion phase where there is a catastrophic breakdown of
its resistance to the stressor and the network becomes less resilient.
Thus, the increase in fluctuation of the average network topology, going
from order to randomness in highly distressed patients, exhibits an
increase in fluctuation between transient metastable states.

Thus, in the current study we show that the presence of a stressor,
such as tinnitus, can induce a change in the overall network topology
and shift the normal, small-world network to a more random network,
characterized by a decrease in long distance and local connectivity in
the alpha bands. This agrees with the hypothesis that stress changes the
normal healthy state of the brain to a lower utility state (Oken et al.,
2015). Per the results of the current study, the stability and resilience of
this state depends on the amount of distress perceived by the patients.
In patients with low distress, the new state is resilient to temporal
changes in functional connectivity and changes in network topology.
However, in patients with high distress, this state becomes more sen-
sitive to temporal variations in functional connectivity, leading to an
increase in fluctuation of network topology. This increases the degrees
of freedom and leads to a paradoxical stability of the current state
characterized by increased inter- and intra-community communication.
These results are complementary to our findings from static functional
connectivity. In our previous studies, we showed that the tinnitus net-
work shifts from the usual small world topology to a random or lattice
topology in a frequency dependent way (Mohan et al., 2016b). Further,
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these shifts were characterized by either a change in connectivity
strength, change in important regions controlling information flow or a
combination of both (Mohan et al., 2016a). Specifically, in the alpha
frequency bands, we observed that the shift to a more lattice topology
was engineered by changes in hubs and connectivity strength (Mohan
et al., 2016a,b). In the current study, where our data overlaps with
these previous studies, we observe that this shift changes temporally
and depends on the amount of distress perceived by the patients. Pa-
tients with low distress present an increased probability of shifting to a
random topology, whereas the high distress patients sway from a lattice
to random with almost equal probability. Further, analogous to static
functional connectivity, these temporal shifts in network topology de-
pend on the changes in dynamic functional connectivity.

The current study is one of the first studies to investigate the re-
lationship between transient changes in network topology and how it
may relate to chronic distress in the presence of a pathological stressor.
Thus, the current study presents a dynamic neural marker to chronic
distress and the resilience of the brain to chronic distress. Since distress
is a domain-general symptom, the neural marker presented in this study
may be a domain-general phenomenon generalizing to other chronic
pathologies.

4.1. Limitations

The current study successfully investigates the temporal changes in
functional connectivity, metastability and functional network topology
in chronic distress in tinnitus patients, however with some limitations.
Previous studies show that functional connectivity of the tinnitus group
shows changes with hearing loss and differs between male and female.
However, the tinnitus population in current study is not matched for
hearing loss and sex ratio within the tinnitus group and with the control
group and hence future studies replicating the same results with a more
controlled population would be worthwhile. Second, the study uses a
low-resolution source localization technique to identify 84 Brodmann
areas. This limits the findings of the current technique only to cortical
areas and the connections with mesolimbic structures have been shown
to play a significant role may in modulating tinnitus distress. The re-
plication of the current technique with high resolution techniques will
help with not only confirming the results but investigating the dy-
namics of deeper subcortical structures.

5. Conclusion

The current study successfully investigates the changes in transient
network dynamics and network topology in a disorder, such as tinnitus,
that arouses a distress component. We observe that distress has a non-
linear effect on the transient network dynamics and the network
structure. Patients with low distress demonstrate a more random, yet
resilient dynamics characterized by a preservation in fluctuation of
transient stable states and network topology. However, high distress
patients demonstrate an increase in fluctuation in transient stable states
and network topology, characterizing a possible breakdown of the
brain's adaptive response to the stressor (i.e., tinnitus). This para-
doxically increases the number of degrees of freedom of the brain, and
results in an undesired balance of the network topology in the diseased
state. Such an undesired stability, due to the increase in fluctuation
between transient states, may also be a maladaptive compensation to
increase in salience in highly distressed individuals.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pnpbp.2018.01.025.
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