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ABSTRACT

Brain connectivity biomarkers are powerful tools for not only identifying neuropsychiatric disorders in patients but also
validating treatment effectiveness. In this work, we used energy landscape techniques to analyze resting state fMRI data
collected from 107 healthy control (HC) and 86 Schizophrenia patients (SZ). Activity patterns and disconnectivity graphs
were obtained from 264 ROIs and 180-second fMRI time course of each subject. Statistics of individual and subgroups’
inter-network and intra-network connections of Auditory Network (AUD), Attention Network (ATN), Default — Mode
Network (DMN), Frontoparietal Network (FPN), Salience Network (SAN), Sensorimotor Network (SSM), and Visual
Network (VIS) were analyzed. For inter-network results we found that the DMN and ATN of SZ are strongly coupled.
But for HC, a stable brain states that the ATN, SAN, and FPN are coupled as a group and anti-correlated with the other
coupled group of DMN, SSM, VIS, and AUD. For intra-networks we found that in FPN, controls have more flexibility to
allow the Inferior Frontal Gyrus independently working together with the Superior Temporal Gyrus. In FPN we found that
regions that process language and regions that process motor and planning can sometimes be decoupled in SZ. In SMN,
some controls can accomplish a brain state to separate voluntary and autopilot activities. In VIS, controls have the ability
to separate lower-level visual processing from working memory, motor planning, and guided coordination, whereas
patients mixed some of them together, suggesting lack of self-awareness and self-constraint.

Keywords: energy landscape, fMRI, brain connectivity, biomarkers, Schizophrenia

1. INTRODUCTION

Functional magnetic resonance imaging (fMRI) is an effective tool used to study neural systems and functional
connectivity patterns among brain structures (Rangaprakash, 2016; Subbaraju, 2017). FMRI helps uncover the functional
differences in normal, diseased or injured brains, and mental disorders such as Schizophrenia (Rangaprakash, 2016;
Subbaraju, 2017). In this study, we investigated brain activity differences in healthy controls (HC) and schizophrenic (SZ)
patients in order to understand the work of each brain network involved. The differences in structural and functional
behavior between SZ and HC could be attributed to inter-network and intra-network activity (Fan, 2016). Local minima
were identified as potential biomarkers between patients and controls. This paper discusses the role of flexibility and
stability in brain states within coupled networks.

1.1 Role of Intra-Networks

The intra-networks found in the Attention Network (ATN): Middle Frontal Gyrus (MFG), Inferior Frontal Gyrus (IFG),
Superior Temporal Gyrus (STG), and Middle Temporal Gyrus (MTG) correspond with cognitive control, semantic
decisions, perception of sound, and facial recognition, respectively (Koyama, 2017; Sundermann & Pfleiderer, 2012;
Buchsbaum, 2010; Davey, 2016). More specifically, MFG corresponds to working memory, task switching, inhibitory
control, short-term memory, inductive reasoning and planning. The IFG is involved in word association and representation
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(Sundermann & Pfleiderer, 2012). The STG corresponds with the physical properties of pitch and sound intensity, in
addition to understanding the meaning of words (Buchsbaum, 2010). The MTG is involved in recognizing faces (Acheson
& Hagoort, 2013).

The STG and posterior Superior Temporal Sulcus (pSTS) intra-networks are found in the Auditory Network (AUD). The
pSTS is responsible for recognizing movement and processing speech (Hocking & Price, 2008). It also corresponds with
visual gaze and social cues (Hocking & Price, 2008). The “TE1.0 is particularly affected by high frequency hearing loss
and may be a target for evaluating the efficacy of interventions for hearing loss. TE1.2 is associated with low frequency
hearing” (Eckert, 2012). There is correlation between AUD and ATN inter-networks because of the STG region. In
addition to the MFG and IFG regions, the Inferior Parietal Lobule (IPL) is included in the Frontoparietal Network (FPN).
The IPL is primarily responsible for body image and perception (Torrey, 2007). IPL is also involved in word processing
and phonology of texts (Baldo & Dronkers, 2006). There is correlation between ATN and ATN inter-networks because of
the MFG and IFG regions.

The Sensorimotor Network (SSM) contains the following regions: Superior Frontal Gyrus (SFG), Precentral Gyrus (PrG),
Paracentral Lobule (PCL), Superior Parietal Lobe (SPL), Postcentral Gyrus (PoG), and Cingulate Gyrus (CG). The SFG
is responsible for self-awareness and laughter (Pollatos, 2007). The PrG is involved in executing voluntary motor
movements (Yousry, 1997). The PCL controls motor and sensory innervations of the contralateral lower extremity (Torres
& Beardsley, 2019). It is also responsible for control of defecation and urination (Radziunas, 2018). The SPL is responsible
for spatial orientation (Kamali, 2014). The PoG is the main sensory receptive area for the sense of touch (Preusser, 2015).
The CG is involved with emotion formation and processing, learning, and memory (Vogt, 2005) These functions combined
makes the CG highly influential in linking motivational outcomes to behavior (Pujol, 2002; Posner, 2007).

The Visual Network (VIS) comprises of the Fusiform Gyrus (FuG), Medio Ventral Occipital Cortex (MVOcC), Lateral
Occipital Cortex (LOcC) regions. The FuG is located in the temporal lobe region and plays a part in high-level visual
processing and recognition memory (Fliessbach, 2006). Specifically, the FuG is responsible for processing color, face and
body recognition, word and number recognition (Devlin, 2006). The MVOcC is located in the calcarine sulcus and the
posterior part of the collateral sulcus of the occipital lobe (Wade, 2002; Astafier, 2004). MVOcC region is responsible for
visual processing, dreaming, and encoding of complex images (Wade, 2002; Astafier, 2004). The lingual gyrus of the
MVOcC processes whole shapes, and not the individual components of a shape (Wade, 2002; Astafier, 2004; Tosoni,
2015).

The LOcC region is primarily responsible for object recognition, (Grill-Spector, 2001; Silvanto, 2010). The LOcC
comprises of the following areas: Middle Occipital Gyrus (MOccG), area V5/MT+, Occipital Polar Cortex (OPC), Inferior
Occipital Gyrus (iOccG), Medial Superior Occipital Gyrus (msOccG), Lateral Superior Occipital gyrus (IsOccG). The
MOccG showed that it was activated more during spatial than nonspatial tactile and auditory tasks. Visual area V5/MT+
would respond to all dynamic stimuli indiscriminately, given its sensitivity to visual motion cues (Malach, 1995; Tootell,
1995; Huk & Dougherty, 2002). The inferior occipital gyrus (iOccG) has been found to be related to the visual function
of processing faces. The iOccG is connected to the amygdala via white matter connectivity. This allows the iOccG to form
a network for facial recognition with the amygdala. The lateral superior occipital gyrus (IsOccG) is part of the dorsal
extrastriate cortex implicated in higher level visual association processes, as a part of the visual dorsal stream (Uddén,
2017). Uddén et al (2017) suggests that problems with coordination, gait, balance and posture are due to impairment in
motion detection and visually guided action processing located in the visual dorsal stream (Uddén, 2017).

2. MATERIALS AND METHODS

2.1 Data Preprocessing

We collected resting state fMRI data of 107 HC and 86 SZ. MR data was collected on a GE 1.5 T scanner with an eight-
channel head coil. The resting-state data used for this study was preprocessed by the Maryland Psychiatric Research
Center (MPRC) at the University of Maryland School of Medicine (UMSOM).
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Table 1: Subnetwork affiliations parceled into inter-network and intra-network connectivity.

Network Gyrus Number Architecture
. 1 left, ventrolateral area 6
MFG, Middle Frontal Gyrus 2 right, ventrolateral area 6
IFG, Inferior Frontal Gyrus 3 I'?Jﬂ’ rostral area 45
ATN 4 right, rostral area 45
STG, Superior Temporal Gyrus S I?ﬁ’ area 41/42
' 6 right, area 41/42
. 7 left, dorsolateral area 37
MTG, Middle Temporal Gyrus 8 right, dorsolateral area 37
1 left, TE1.0 & TE1.2
2 right, TE1.0 & TE1.2
. 3 left, caudal area 22
STG, Superior Temporal Gyrus 4 right, caudal area 22
5 left, rostral area 22
AUD 6 right, rostral area 22
7 left, rostro pSTS
. . 8 right, rostro pSTS
pSTS, posterior Superior Temporal Sulcus 9 left, caudo pSTS
10 right, caudo pSTS
SFG, Superior Frontal Gyrus 1 gyrus, SFG
MFG, Middle Frontal Gyrus 2 gyrus, MFG
STG, Superior Temporal Gyrus 3 gyrus, STG
DMN MTG, Middle Temporal Gyrus 4 gyrus, MTG
PhG, Parahippocampal Gyrus 5 gyrus, PhG
IPL, Inferior Parietal Lobule 6 gyrus, IPL
Pcun, Precuneus 7 gyrus, Pcun
CG, Cingulate Gyrus 8 gyrus, CG
1 left & right, inferior frontal junction
MFG, Middle Frontal Gyrus 2 left & right, ventral area 9/46
PN 3 left & right, lateral area 10
IFG, Inferior Frontal Gyrus 4 left & r!ght, Fiorsa?l area 44
5 left & right, inferior frontal sulcus
6 left & right, rostrodorsal area 39
IPL, Inferior Parietal Lobule 7 left & right, rostrodorsal area 40
8 left & right, caudal area 40
MFG, Middle Frontal Gyrus 1 left & right, area 46
2 left & right, caudal area 45
IFG, Inferior Frontal Gyrus 3 left & right, opercular area 44
4 left & right, ventral area 44
SAN 5 left & right, ventral agranular insula
INS, Insular Gyrus 6 left & right, dorsal agranular insula
7 left & right, dorsal granular insula
. 8 left & right, pregenual area 32
CG, Cingulate Gyrus 9 left & right, caudodorsal area 24
SFG, Superior Frontal Gyrus 1 gyrus, SFG
PrG, Precentral Gyrus 2 gyrus, PrG
SSM PCL, Paracgntral Fobule 3 gyrus, PCL
SPL, Superior Parietal Lobule 4 gyrus, SPL
PoG, Postcentral Gyrus 5 gyrus, PoG
CG, Cingulate Gyrus 6 gyrus, CG
1 left & right, rostroventral area 20
FuG, Fusiform Gyrus 2 left & right, medioventral area 37
3 left & right, lateroventral area 37
4 left & right, rostral & caudal lingual gyrus
MVOcC, Medio Ventral Occipital Cortex 5 left & right, rostral & caudal cuneus gyrus
VIS . : : el
6 left & right, ventromedial parietooccipital sulcus
7 left & right, middle & inferior occipital gyrus
- 8 left & right, area V5/MT+
LOcC, lateral Occipital Cortex 9 left & right, occipital polar cortex
10 left & right, medial & lateral superior occipital gyrus
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2.2 Brainnetome

Brain-connectivity analysis requires a clear and accurate definition of brain network regions, which we achieved using the
Brainnetome Atlas, a connectivity-based parcellation framework that contains information on anatomical and functional
connections. We used 3D coordinates and subnetwork affiliations from the 264 ROl Power atlas and 90 ROl Automated
Anatomical Labeling (AAL) atlas respectively, to align the Brainnetome atlas containing 246 voxels or subregions to 7
brain networks (Fan, 2016). The Energy Landscape toolbox interpreted brain activity of inter-network and intra-network
connections among the 7 networks, including: ATN, AUD, DMN, FPN, SAN, SSM, and VIS. This was interpreted based
on the properties and functions of each brain region and subsequent network brain network.

2.3 Energy Landscape

The energy landscape is an analysis tool used to calculate and interpret multivariate time series data (Ezaki, 2017). The
energy landscape is achieved by (1) binarization of the data, (2) maximum entropy model (Boltzmann distribution)
estimation, (3) disconnectivity graph and basin of energy local minima, (4) dynamics of energy landscapes (Ezaki, 2017).
We constructed activity patterns and disconnectivity graphs for each subject using the Energy Landscape toolbox to
interpret multivariate fMRI data.

The Boltzmann distribution is denoted by

exp[-E(0 | h,])]

P hJ) = ; 1
@D = e TR 1)
with Energy, E

E(e| b)) = 2l oy = BLi B Jij o1 )
JE!

and maximum likelihood

(h.)) = argmax L (h,]) ®)
with likelihood, £(h,])
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2.4 Local Minima

The local minima are states that have lower energy (more frequent) relative to their neighboring nodes, N. Two minima
are in different sets if the highest energy transitions state (a local maxima) or lowest energy pathway between them exceeds
energy, E (Ezaki, 2017). The number of local energy minima (attractor states) is estimated and the disconnectivity graph
shows the positions of the local minimum states and their relationships (Ezaki, 2017). The numbers on the x-axis of the
activity patterns and disconnectivity graphs labeling the energy local minimum states are consistently used in both panels.
White and black cells represent that variables (ROIs) are active (+1) and inactive (-1).

3. RESULTS

The following results are taken along the inter-network and intra-network regions. Each network was averaged in
accordance with the Brainnetome cortical and subcortical region allocation. The controls tend to have more states than the
patients, with the exception of the FPN and VIS intra-network calculations. The number of local minima vary between
and controls and have been identified as biomarkers.

3.1 Local Minima as Potential Biomarkers

The internetwork results indicate that HC have 4 states that have been identified as local minima, whereas SZ has 2 states
identified as local minima. For the ATN region, HC have 5 states that have been identified as local minima, whereas SZ
has 4 states identified as local minima. There are 6 identifiable states that are local minima in the AUD region for both SZ
and HC subjects. There are 2 identifiable states that are local minima in the DMN region for both SZ and HC subjects. For
the FPN region, HC have 3 states that have been identified as local minima, whereas SZ has 4 states identified as local

Proc. of SPIE Vol. 11756 1175610-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 14 May 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



3.1.1 Intra-Network Results
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Figure 1: Activity Patterns and Disconnectivity Graph for ATN of (a) all the averaged controls (b) all the averaged patients.
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Figure 2: Activity Patterns and Disconnectivity Graph for AUD of (a) all the averaged controls (b) all the averaged patients.
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Figure 3: Activity Patterns and Disconnectivity Graph for DMN of (a) all the averaged controls (b) all the averaged patients.
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Figure 4: Activity Patterns and Disconnectivity Graph for FPN of (a) all the averaged controls (b) all the averaged patients.
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Figure 5: Activity Patterns and Disconnectivity Graph for SAN of (a) all the averaged controls (b) all the averaged patients
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Figure 6: Activity Patterns and Disconnectivity Graph for SSM of (a) all the averaged controls (b) all the averaged patients
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Figure 7: Activity Patterns and Disconnectivity Graph for VIS of (a) all the averaged controls (b) all the averaged patients
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3.1.2 Inter-Network Results
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Figure 8: Activity Patterns and Disconnectivity Graph for 7 inter-networks of (a) all the averaged controls (b) all the averaged patients.
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minima. There are 2 identifiable states that are local minima in the SAN region for both SZ and HC subjects. For the SSM
region, HC have 3 states that have been identified as local minima, whereas SZ has 2 states identified as local minima. For
the VIS region, HC have 2 states that have been identified as local minima, whereas SZ has 3 states identified as local
minima.

4. DISCUSSION

4.1 Connectivity States

The internetwork results show that DMN and ATN are strongly decoupled for the HC group. Whereas for SZ, there is a
high probability that ATN and DMN are not decoupled. This may suggest that patients who have hallucinations never
have a decoupled state. For HC, the probability that ATN and DMN are not decoupled is low, since anticorrelation occurs
more frequently.

The intra-network results show that in the ATN region, MTG and STG are coupled and there is more brain flexibility in
HC than in SZ. The STG and pSTS in ATN have mostly decoupled states. For both SZ and HC subjects, the AUD, DMN
and SAN regions shows all coupled states are working together.

For the FPN region, IPL (body image and perception) is related to IFG (manipulation) through the caudal area, which is
related to language due to the temporal region. The SZ separate language processing and other manipulation. The region
to process language and region to process motor/planning are separated in SZ. The HC stably separated these regions. SZ
formed a stable state to separate regions that process motor/planning and region that process language.

The SSM region explains free will — the ability or inability to control actions. The HC can separate these states, but SZ
cannot. In order to separate, one must have awareness and training, and self-awareness is the hallmark of HC. Consistent
training helps to form a local minimum which represent habits, thus controlling behavior. Local minima respond to
stimulus to make a decision. Local minima could change depending on the response.

In the VIS region, SZ have reproducibility. The different separation between SZ and HC suggests that lower-level visual
processing and higher-level visual processing (interpretation, planning, reaction) are separated for SZ, whereas HC are
mixing them together.

5. CONCLUSION

Energy landscape analysis technique has been employed to identify brain connectivity biomarkers to separate SZ patients
and normal control subjects. Potential biomarkers were identified and their corresponding meanings were interpreted,
showing that the analysis technique is an effective method for brain connectivity biomarker extractions.
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