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Abstract

Functional Magnetic Resonance Imaging (fMRI) research employing naturalistic stimuli, particu-
larly movies, examines brain network interactions underlying complex cognitive processes such as em-
pathy. Leveraging graph learning methods applied to whole-brain time-series signals, a novel processing
pipeline is proposed, integrating high-pass filtering, voxel-level clustering, and windowed graph learn-
ing with a sparsity-based approach. The study involves the analysis of fMRI data collected from healthy
participants while watching empathetic movies and during resting-state conditions. Key brain regions
implicated in the empathy network, including the Insula, Pre-Frontal Cortex (PFC), Anterior Cingulate
Cortex (ACC), and parietal regions, are examined.

Results of the exploratory analysis reveal that the sparsity-based graph learning method consistently
outperforms others in capturing graph cluster label variations in comparison with the emotion contagion
scale, achieving over 88% match across participants. The analysis demonstrates a gradual induction
of empathy with a match after 150 seconds through the stimulus. Additionally, edge-weight dynamics
analysis of the edge between empathy supporting areas underscores the superiority of sparsity-based
learning, with some providing noisy activations. Connectome-network analysis highlights the pivotal
role of the Insula, Amygdala, and Thalamus in empathy, with lateral brain connections facilitating
synchronized responses. Spectral filtering analysis emphasizes the significance of the band-pass filter
in isolating regions linked to emotional and empathetic processing during high emotional states. Strong
similarities across movies in graph cluster labels, connectome-network analysis, and spectral filtering-

based analyses reveal robust neural correlates of empathy.

Furthermore, a comparative study of task and resting-state conditions reveals alignment with the
resting-state during low emotional valence intervals of the movie but diverges notably during high emo-
tional valence intervals, suggesting a shared connectivity pattern between stimulus-induced directed
(controlled) mind wandering (bottom-up process) and resting-state activity (top-down process). The
sparsity-based method shows a 98% match with viewer ratings on the emotion contagion scale, sur-
passing the 84% match achieved by Pearson’s correlation-based method. This nuanced understanding
of neural dynamics in empathy-related tasks versus resting-state enhances the understanding of the net-
works underlying cognitive processes in real-life situations (naturalistic) and the use of resting-state for
the same, paving way for targeted interventions and treatments for conditions associated with empathetic

processing and offering significant real-life applications and impact.

vi
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Chapter 1

Introduction

1.1 Motivation

Empathy is our ability to take the perspective and share the emotions and feelings of others. Em-
pathizing includes mentalizing or cognitive evaluation and emotional response, making it a complex
construct to study from behaviour and brain activity. Learning empathy is essential as it is integral to
many aspects of human behavior, such as interpersonal interactions and moral development. Proso-
cial behaviors like care and interaction are facilitated by empathy and are necessary for maintaining

constructive relationships.

A number of psychopathological disorders, such as conduct disorders, schizophrenia, and autism
spectrum disorders, have been associated with empathy deficits [1,2]. Thus, understanding human social
behavior, emotional processing, and mental health requires an understanding of empathy. Investigations
over the cognitive processes underlying empathy would contribute to a comprehensive understanding
of the neural processing concerning empathetic responses, paving way for targeted interventions and

treatments for conditions associated with empathetic processing.

From a regional activation perspective, empathy involves multiple regions contributing to a multi-
faceted response to an emotional stimulus, deprecating the use of traditional regional activation analyses.
Graph Signal Processing (GSP) allows a nuanced exploration of connections between different regions,
capturing the brain’s dynamic network. Modelling the brain as a graph unveils patterns governing

coordinated activity, fitting the brain’s interconnected nature during a multi-modal stimulus.

GSP [3] is a versatile field that merges graph theory, linear algebra, and signal processing to analyze
signals on graphs, offering a robust framework for extracting insights from networked data. The tools
offered by GSP present the data in an irregular graph domain unlike the conventional time and frequency
domains, opening a spectrum of applications over the data represented across graph nodes. GSP finds
its applications in scenarios where the data can be overlaid onto a set of nodes and the edges model

interactions between them.



The edges of the graph can either be existing, making the graph an apriori knowledge or they can be
learnt from the data over the nodes referred to as the graph signals. The process of constructing the graph
from the data is termed as graph learning. The process of making connections between nodes depends
on the application of a similarity metric, wherein the strength of an edge is quantified by the strength
of similarity between signals at the respective nodes. Some well-known methods of graph learning, of

interest for this work are detailed in Chapter 5 Section 4.5.

Utilizing GSP and graph learning is motivated by the brain’s intricate functional organization. Unlike
traditional approaches that focus solely on specific brain regions, GSP enables a detailed examination
of the connections between various brain areas, thus capturing the dynamic network of the brain. Graph
Fourier Transform (GFT) goes beyond traditional GSP by incorporating both signal properties and graph
properties. It allows us to understand not only how signals change across the nodes of a graph but also
how different frequency components contribute to these changes. GFT’s spectral bands serve distinct
purposes: the low-pass band emphasizes brain regions associated with global network dynamics and
slower oscillatory patterns, such as Default Mode Network (DMN) regions, the high-pass band explores
deeper localization, while the band-pass band strikes a balance, identifying patches without extremes,
making it interesting for empathy-related brain activity exploration. Applying GFT aligns with our
objective to understand empathy-specific regions efficiently.

Further, in fMRI research, the investigation of connectivity patterns during tasks as compared to
resting-state is critical for understanding the differences in neural activation. We can understand the
brain by localization, that is looking at functions of certain regions of interest or by connectivity, where
the interest is to understand connections between spatially segregated areas. Both the analysis pro-
vide valuable insights for a task paradigm with stimuli, the connectivity is explored for resting-state
data. Resting-state captures brain function when subjects are not focused on a task and reveals brain
networks involved in fop-down processing. Top-down processing refers to the directional flow of in-
formation within the brain, from higher-level brain regions to lower-level regions. Regions of the brain
responsible for functions such as attention, memory, and decision-making are known to influence lower-
level sensory regions, altering their activity even in the absence of external input [4]. In contrast, task-
fMRI engages focused brain functions like memory, emotions, language, decision-making, and sensory-
differentiation, making it both bottom-up and top-down processing. Bottom-up processing refers to the
directional flow of information from sensory regions at lower neural levels towards cognitive regions
situated at higher neural levels. This includes the initial encoding and evaluation of sensory stimuli,

subsequently guiding the activation of advanced cognitive functions and behavioral responses [4].



1.2 Summary of contributions

This work contributes a signal processing pipeline to extract functional connectivity networks from
raw fTMRI BOLD data and analyse them according to the task in hand. The details and two applications
of the pipeline are detailed in this work in three chapters.

* Chapter 4 introduces the proposed signal processing pipeline to extract dynamic functional con-
nectivity networks from raw fMRI BOLD data. The fMRI signal processing pipeline presented
in this work processes raw fMRI BOLD signals by modularizing data extraction from voxel-level
to region-level, subsequently extracting functional connectivity networks in a windowed manner.
Optimization problems are employed to derive functional connectivity matrices from data over
time-windows, while denoising is achieved through high-pass filtering and phase-based voxel

clustering.

e Chapter 5 presents an application of the proposed pipeline in analysing empathy in the brain.
This work investigates brain network states and empathy-related brain activity in response to
naturalistic stimuli, highlighting sparsity-based graph learning approach. It contrasts traditional
regional activation studies, revealing alignment with the emotion scale (detailed in Chapter 5)
and highlighting key brain regions associated with empathy like Insula, ACC and Amygdala.
Comparisons of empathy-related brain activity between two movies identify common regions

with a stronger foundation in eliciting empathetic responses.

» Chapter 6 presents another application of the proposed pipeline in comparing task-based and
resting-state networks in the brain. This study demonstrates the correlation between time-varying
graph-dissimilarity metrics and the emotion scale (detailed in Chapter 5), highlighting similari-
ties and dissimilarities between task-based and resting-state networks across different emotional
intervals. Further validation is provided through connectome-network analysis, revealing over-
lapping highlighted edges during low-emotion intervals in both networks. Overall, the findings
confirm the hypothesis on similarity between the resting-state and task-based network during low
emotional intervals in the stimulus, underscoring the superior performance of the sparsity-based
method in supporting this hypothesis.

These contributions provide valuable insights into neural interactions during complex tasks such
as empathy, as well as a comparison with the resting-state, which holds particular significance for re-

searchers in the field of empathy and brain research.

1.3 Organisation of the thesis

The thesis is organised into seven chapters.

¢ Chapter 1 - Introduction: Provides an overview of the research problem, motivation, and con-

tributions of the study.



* Chapter 2 - Related Work: Reviews existing literature on graph learning, empathy research,

resting-state study and analyse their relevance to this work.

* Chapter 3 - Preliminaries: Introduces fundamental concepts and background information rele-

vant to graph signal processing, brain connectivity, and empathy.

* Chapter 4 - fMRI processing pipeline: Describes the proposed methodology and pipeline for
analyzing raw BOLD fMRI data using graph learning techniques.

¢ Chapter 5 - Graph Learning for Empathy: Investigates the application of graph learning specif-
ically for understanding empathy, including data collection, pre-processing, and analysis methods.

* Chapter 6 - Graph Learning to Compare Resting State with Empathy: Explores how graph
learning can be used to compare brain connectivity patterns during resting state and empathy-

inducing stimuli like movies.

* Chapter 7 - Conclusion: Summarizes the findings of the study, discusses implications, limita-

tions, and future directions for research.

Note

The author was involved in developing the code base, formulating the processing pipeline, analysing
the results, and formatting the manuscript for both [P1] and [P2]. Collaborators Ayushi Agrawal and
Kavita Vemuri from the Cognitive Sciences Lab at International Institute of Information Technology
(IIIT) Hyderabad were responsible for data collection, analysis, and interpreting the results in both [P1]
and [P2]. Santosh Nannuru contributed to all the submissions by providing input on conceptualization,

reviewing technical aspects, and assisting with manuscript editing and submissions.



Chapter 2

Preliminaries

2.1 Graph Signal Processing

GSP [3] is a versatile field that merges graph theory, linear algebra, and signal processing to analyze
signals on graphs, offering a robust framework for extracting insights from networked data.

2.1.1 Notations

A graph G consists of a set of N nodes N' = {1,2,..., N} and a set of edges £. The graph
connectivity is described using the adjacency matrix A where the (7, j)-th entry denotes the weight
associated with the edge connecting nodes ¢ and j. The graph Laplacian matrix L is givenby L = D—A
where D is the degree matrix, obtained by summing over rows or columns of the adjacency matrix A.
A graph signal x € R¥ is a vector with the entry x[n] denoting the signal at node n of the graph. For
a P dimensional signal at each node, the graph signal is an N x P matrix X = [x1,%3...xp]". X[n]
denotes all the P observations of the graph signal at node n and X,[n] denotes the pth observation of

the signal at node n.

An important property of the graph Laplacian arises through its eigendecomposition. Mathemati-
cally, the eigendecomposition of the graph Laplacian is given as L = UAU” where, A is the set of
eigenvalues, while U is the set of eigenvectors for the corresponding eigenvalues. The eigenvalue ma-
trix A is diagonal matrix with the diagonal entries consisting of the eigenvalues \;, [ =0,1,..., N —1
in the increasing order 0 < Ay < ... Any_1,and \g = 0.

2.1.2 Graph Fourier Transform (GFT) and spectral filtering

On eigendecomposition of the graph Laplacian matrix, the obtained eigenvectors show different
levels of variations when overlaid on the graph. Here, we define total variation of a graph signal x on
a graph G with graph Laplacian L as TVg(x) = x! Lx, which quantifies the overall variation of the
graph signal over all the edges. The eigenvectors corresponding to lower eigenvalues represent lower
total variation, and vice-versa giving rise to the concept of frequencies. Considering the total variation

of the eigenvectors, the corresponding eigenvalues can be interpreted as graph frequencies, or Fourier



modes [3], which holds frequency information of the graph. Similarly, the set of eigenvectors U consists
ofu;, [ =0,1,..., N — 1, which are the Fourier bases corresponding to the Fourier modes.

GFT of a graph signal x is mathematically defined as * = U”x. The GFT transforms the signal
from the graph domain to the spectral domain, capturing the frequency content of signals, revealing
essential information about the underlying structure and connectivity of the graph. By decomposing
a signal into its graph Fourier components, one can identify patterns, clusters, or anomalies within
complex networks. Similar to the classical Fourier transform, the graph Fourier coefficient X[{] serves

as an indicator of the energy of the signal x at the corresponding graph frequency A;.

Just as in the classical Fourier domain, it is possible to design spectral domain filters that operate on

specific graph frequencies. An ideal filter f(\) in spectral domain can be written as

1 if )\low <A< )‘high

f()\v Alow Ahigh) = (2.1)

0 otherwise

where, the parameters A\, and Ap; 4, determine the characteristics of the filter (cutoff frequencies). The
filter shown in (2.1) denotes a spectral band-pass filter with cutoffs X\;o,, and Ap;gp. Tuning Ajo,y = 0
and Ap;gn = Ac designs a spectral low-pass filter with cutoff A\.. Tuning Ay, = Ac and Apigp =
An—1 designs a spectral high-pass filter. For practical use, the filter in (2.1) defined on continuous
graph frequency A is uniformly sampled to produce N samples, making it a discrete spectral filter
fp(\;), operating on the graph frequencies \;, { = 0,1,..., N — 1. This discrete spectral filter can be

represented as an NV x 1 vector.

The inverse operation from the spectral domain back to the graph domain is mathematically defined
as x = UZX, termed as Inverse Graph Fourier Transform (IGFT). From the above definitions, a graph
spectral filtering operator can be defined as

He,x = Ufp © (UTx) 2.2)

where fp is the discrete spectral filter, ® represents an element-wise product.

This work explores the brain regions identified in each of these spectral bands, by splitting the graph
spectrum into 3 equal-sized bands, i.e., the cutoffs A\, = A y_1 for the low-pass band, \;,,, = Ax—1 and
3

3
Ahigh = A2(v—1) for the band-pass band and A, = A2v—1) for the high-pass band.

3 3

The different graph spectral bands offer valuable insights into the underlying structure and dynam-
ics of regional activations. Intuitively, the low-pass band targets stationary nodes and predominantly
captures components of the signal that exhibit consistency across the entire graph, emphasizing brain
regions associated with global network dynamics and slower oscillatory patterns, such as DMN regions.
Conversely, the high-pass band delves into deeper localization of nodes, emphasizing dynamic changes

and localized variations within the network.



Of particular interest is the band-pass band, which focuses on identifying patches within the graph.
Unlike the extremes of the low-pass and high-pass bands, the band-pass band strikes a balance, high-
lighting regions with significant variations while avoiding the extremes. This characteristic renders it
particularly useful for further analysis in this work, as it offers a nuanced perspective on the connectivity

patterns associated with empathy-related brain activity.

2.2 Functional connectivity

Functional connectivity refers to the temporal alignment of neurophysiological events occurring in
different regions of the brain. This concept relies on statistical associations between activity measures
recorded across different brain areas, suggesting functional connectivity when there is a considerable
statistical relationship between their activities, irrespective of their physical proximity. It is essential
to note that functional connectivity, being purely correlative, reflects observational patterns of how
activities in various brain regions coincide over time, without implying a causal connection or direct

anatomical linkage between these regions.

Two regions of the brain are expected to show functional connectivity if their activation levels and
patterns over a short time-interval are related above-chance. It solely relies on correlation between
the activations between the regions, which can be explained through indirect anatomical pathways for
signal overlay. It is crucial to distinguish functional connectivity from structural connectivity in the
brain, which refers to the physical interconnection of different brain regions through white matter tracts,
establishing the anatomical organization. The structural network comprises specific physical pathways
linking various brain regions and provides insights into the brain’s physical architecture and information
transmission pathways. Though not necessary, in many cases, both structural and functional connectiv-

ity show similarities [5, 6].

Obtaining functional connectivity over a pattern-match over multiple snapshots of data is preferred,
as the stochastic properties and temporal coincidences of signals cannot be captured with a single snap-
shot. The applications of structural connectivity are limited to providing insights about the organization
of the brain (which may be useful to identify malformations in the brain [7]), while functional connec-

tivity is capable of identifying task-based connectivity patterns, which is of interest in this work.

Among the array of methods available for assessing functional connectivity, Pearson’s correlation
coefficient stands out as a widely utilized approach, which we use for comparison with the proposed

processing pipeline.

2.3 Graph Learning

In graph learning, the task involves obtaining the edges of a graph based on the signals generated by

interactions among its constituent nodes. This process involves making informed assumptions about the



nature of interactions between nodes, for example, signal smoothness, sparsity, and stationarity. These
underlying assumptions serve as guiding principles that shape the resulting graph structures, with each
assumption potentially generating varied graphs. Therefore, the selection of the appropriate assumption
is important, necessitating a comprehensive understanding of the intrinsic properties of the signals under
examination. The connections between nodes are made over a similarity metric, which governs the
weight of the edge between the pair of nodes. Some well-known methods of graph learning, of interest

for this work are listed below.

1. Node-distance-based graph learning [8] method computes the euclidean distance between the
signals associated with every pair of nodes and inverts them to form the adjacency matrix of the

learnt graph.

2. Pearson-coefficient-based graph learning [9] method models the node signals as random vectors
and finds the Pearson-correlation-coefficient between signals at every node pair. The pair-wise
coefficient matrix forms the adjacency matrix of the learnt graph.

3. Sparsity-based graph learning [8] tries to explain the signal at a given node using a sparse linear
combination of signals at all the other nodes. Specifically, it solves an optimization problem for

each node to extract its sparse connections which is converted into the adjacency matrix.

4. Smoothness-based graph construction method learns a graph such that the given graph signals
tend to be smooth on the learnt graph. It solves an optimization problem to fit a learnt data, which

is close to the original data, which is smooth over the learnt graph.

Detailed explanation of each of the graph learning methods are discussed in Chapter 5 Section 4.5.



Chapter 3

Related work

A wide-spectrum of prior work exists on the field of brain and cognition. This work sets itself apart
from them by focusing on GSP and graph learning applications to complex constructs like empathy.
The related work can be broadly categorized into four fields - naturalistic stimuli and empathy response,
conventional whole-brain studies, resting state based studies and more recent studies using GSP.

3.1 Naturalistic stimuli and empathy response

Movies, whether short clips or full-length features, serve as stimuli in fMRI studies to provide a
rich context and complex sensory input, enabling the examination of the temporal dynamics of brain
regions. This approach allows viewers to evoke scene-dependent empathy responses, facilitating the
analysis of brain activity patterns over time [10-12]. However, analyzing long-duration stimuli, such
as movies, poses challenges when using traditional methods like the General Linear Model (GLM),
which is typically employed to separate signal from noise and account for time-delays introduced during

experimental design [10].

Task-based fMRI studies engage specific brain functions such as memory, emotion, language, decision-
making, and sensory differentiation, involving both bottom-up and top-down processing. Naturalistic
stimuli like movies or text narratives provide ecologically valid contexts in fMRI or Electroencephalo-
gram (EEG) experiments, as they simulate real-life experiences, which are inherently complex. Addi-
tionally, such stimuli offer insights into brain networks involved in processing complex sensory infor-
mation [13].

Empathy, defined as the ability to understand and share others’ emotions or feelings, entails both
top-down processing, such as mentalizing or cognitive evaluation of others’ mental states, and botfom-
up processing, including emotional responses and self-evaluation contexts [13]. Research on empathy
has explored various conditions such as Autism spectrum disorder [14], psychopathy [15], age-related
differences [16], and social interactions [17]. Recent studies have emphasized the role of context or

situational settings in influencing differential empathy responses [13].



Using techniques like fMRI, studies have identified several brain regions consistently implicated
in empathy-related processes. These regions include the ACC, associated with decision-making, so-
cial cognition, judgments, and emotion regulation; the Insula, crucial for emotion processing, self-
awareness, introspection, and pain empathy; the Inferior frontal gyrus, supporting functions like lan-
guage processing, memory, and cognitive judgments of others’ emotional states; the Amygdala, partic-
ularly involved in fear processing; and the Superior temporal gyrus and Somatosensory cortex, along

with regions forming the DMN, which contribute to empathy networks in the brain [18-22].

3.2 Conventional whole-brain studies

To investigate whole-brain dynamics in response to naturalistic stimuli, researchers have employed
various statistical methods, each with its own advantages and limitations. Independent Component
Analysis (ICA) is frequently used, leveraging blind source separation to decompose the fMRI signal
into spatially independent components and their associated time courses [23]. While ICA offers the
advantage of capturing temporally correlated component maps, its consistency can be affected by non-
deterministic algorithms, posing a challenge to reproducibility. Another approach is Functional Connec-
tivity Density (FCD) analysis, which quantifies the correlation between voxel signals without relying on
specific pathways. However, FCD analysis often requires additional multivariate pattern analysis and

can be computationally intensive.

Further, Multi-Voxel Pattern Analysis (MVPA) and Inter-Subject Correlation (ISC) have been widely
utilized in task-based fMRI studies [24,25]. MVPA examines patterns of activity across multiple voxels
to decode cognitive states or stimuli representations, offering insights into the distributed neural rep-
resentations underlying cognitive processes. On the other hand, ISC assesses the consistency of brain
activity across participants, revealing shared neural responses to stimuli or tasks. While MVPA and
ISC provide valuable insights into brain function and inter-subject variability, they also have limita-
tions, such as the need for large datasets to achieve robust results and challenges in interpreting complex

patterns of activity.

Neural networks [26-29] have also been employed due to their ability to approximate complex func-
tions and adapt to nonlinear problems. However, these models require careful architecture design and
parameter tuning, and their performance heavily depends on the availability of large datasets for training.
Task-based fMRI studies, which typically involve a limited number of participants, may not provide suf-
ficient data for effective training and generalization. In recent years, deep learning [30-32] approaches
have gained popularity for analyzing fMRI data due to their strong expressive ability and suitability for
processing complex information. However, deep learning models also demand large datasets for training
and substantial computing resources, posing challenges for task-fMRI studies with limited participant
numbers. Moreover, the interpretability of deep learning models can be limited, and their training and

tuning processes are often complex and less transparent compared to traditional statistical methods [10].
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3.3 Resting state studies

Brain activity showing synchronized low-frequency signals (0.01-0.1 Hz) observed in resting-state
functional connectivity was first demonstrated in [33]. Resting-state captures brain function when sub-
jects are not focused on a task and reveals brain networks involved in fop-down processing. These
networks mainly include the DMN and dorsal attention network [33, 34], with minimal insights to the

source of these triggers and hence termed ‘mind-wandering’.

As reviewed in [35, 36], resting-state analysis includes Time-Frequency Analysis (TFA), regional
homogeneity, seed-based analysis, ICA, clustering, graph theory, and multi-band functional connectivity
approaches. Further, deep learning based approaches [30] have also been applied for analysing resting
state fMRI.

3.4 Graph signal processing studies

Graph theory efficiently assesses brain network states, modeling inter-relationships between brain
areas via edges and nodes using various metrics. Previous studies have applied graph theory to identify
measures of neurological and psychiatric disorders [37,38], emotional brain states, and task-aware ef-
fective brain connectivity [26]. However, it hasn’t been utilized to study empathy-specific regions to the

best of our knowledge.

In brain signal analysis, GSP has emerged as a powerful tool with diverse applications, including
filtering brain activity using graph spectral modes [39] and signal decompositions [40]. GSP offers the
advantage of extracting important structure-function relationships in the human brain by representing
individual brain areas as nodes, enabling the analysis of small-worldness, modular organization, and

highly connected hubs.

In functional brain connectivity analysis, approaches such as distance-based and Pearson’s correlation-
based methods, as employed in [40] and [9], have been commonly utilized. Previous methods relying
on smoothness assumptions, like those described in [41], have been outperformed by sparsity-based

approaches.

Comparing with existing studies utilizing sparse representations. the approach in [42] focuses on
learning task-aware effective brain connectivity using Graph Neural Network (GNN)s, where subject-
specific functional connectivity networks are simultaneously computed for a group of subjects, reg-
ularized by group sparsity. In contrast, this work computes subject functional connectivity networks
independently with individual node-domain sparsity constraints, maintaining subject-specificity and en-

abling subject-based analysis.

Unlike [43], which proposes a method for metric learning with spectral graph convolutions empha-

sizing spectral sparsity, this work imposes node-domain sparsity constraints, promoting the contrast of
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node-domain and spectral constraints. Furthermore, unlike the work in [44], which explores localization
and temporal coherence in resting state paradigms, this study investigates sparse graph representations

for task-based data, demonstrating versatility in addition to resting state scenarios.

In contrast to prior research utilizing GNN [26] and Graph Convolutional Network (GCN) [27] for
task-based problems, this work focuses on GSP and graph learning based methods to model brain dy-
namics. Unlike densely connected graphs and convolutional operations commonly found in GNN and
GCN approaches, this work prioritizes dynamic and sparse functional connectivity patterns, particularly
in the context of studying empathy-related brain activity. GNNs and GCNs typically operate by prop-
agating information across nodes in the graph to learn node embeddings or make predictions based on
graph-structured data. While GNNs and GCNs have shown effectiveness in tasks such as node classifi-
cation and graph-level prediction, they may not explicitly capture the deeper interactions and temporal

dynamics relevant to empathy-related brain activity analysis.

This work extracts meaningful graph connectivity patterns directly from the data using optimization
methods, distinguishing our approach from studies primarily employing GSP for task-oriented applica-
tions. This approach allows for a more flexible and adaptive analysis of brain connectivity, although
it is important to consider the sensitivity of GSP to parcellation strategy and node specification when

interpreting the results.
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Chapter 4

fMRI data processing pipeline

4.1 Introduction

This chapter introduces a novel signal processing pipeline specifically designed to extract functional
connectivity networks from fMRI data. The pipeline encompasses a series of pre-processing steps and
leverages windowed graph learning techniques, with the ultimate goal of analysing secondary metrics
extracted from the generated functional connectivity networks in the absence of a concrete ground truth

network.

Most of the existing work involve pre-processing the raw fMRI BOLD signals with motion correc-
tion, coregistration to existing templates and data normalization [37-40,45]. Subsequently, the data is
directly used for graph inference tasks. However, without employing statistical methods like ICA (In-
dependent Component Analysis), the presence of task-specific activations in a region can be obscured

by various types of external (e.g., scanner noise) and internal (e.g., breathing, heartbeat) noises.

Moreover, in cases where regions are large, activations may not be uniformly distributed across the
region but localized in specific sub-parts, potentially distant from the region’s center. In such scenar-
ios, existing approaches may struggle to accurately capture targeted activations, either by selecting an
incorrect set of voxels (around the region’s center) or by averaging out the activations across the entire
region. In both the mentioned cases, the targeted activations may not be captured efficiently, leading to

erroneous inferences.

This calls the need for denoising and voxel-level activation analysis for a more efficient and localized
activation capture. The pipeline (shown in Figure 4.1) begins with normalization and high-pass filtering
to improve data quality. Phase-based voxel clustering is then employed to reduce loss of activations due
to out-of-phase voxels, capturing the activations better. Graph learning techniques, including Pearson-
coefficient, node-distance, sparsity-based, and smoothness-based methods, are integrated to construct

functional connectivity networks.

The pipeline and the subsequent analyses (detailed in Chapter 5 and Chapter 6) were run on an
NVIDIA RTX 3050Ti GPU using MATLAB and Python code.
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Figure 4.1 Pipeline used for fMRI BOLD signal functional connectivity analysis

4.2 Contributions

Some features and contributions of this pipeline are listed here.

* The pipeline uses raw fMRI BOLD signals from all voxels from chosen regions in the brain and
modularizes the data extraction from voxel-level to region-level and finally extracts functional

connectivity networks in a windowed manner.

* The pipeline involves utilization of optimization problems to obtain functional connectivity ma-

trices from data over time-windows.

* The pipeline performs denoising using high-pass filtering and phase-based voxel clustering to
remove misleading noise from raw fMRI BOLD data.

* Statistical methods like ICA are not used, ensuring the subjectivity of the analysis is not lost.

* Multiple analyses like the graph clustering over time, edge-weight dynamics and connectome-

network analysis are included to analyse secondary metrics from the obtained graphs.
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4.3 Data Extraction

The following subsections provide details of the data extraction module of the pipeline.

4.3.1 SPM-12 pre-processing of fMRI data

Pre-processing raw BOLD signals is a crucial step in fMRI data analysis, as it helps to remove
noise and artifacts and extract meaningful information from the data. Pre-processing steps, such as
slice-timing correction, motion correction, template-based normalization, and spatial smoothing, are

typically applied to the raw fMRI data to improve the quality of the data.

The fMRI data were analyzed with Statistical Parametric Mapping (SPM)12 toolbox [46] running
on MATLAB R2019a. Spatial pre-processing steps include: realignment (realigned to the mean image),
coregistration (to each participant’s individual T1 structural scan), segmentation (segmentation into grey,
white matter and cerebrospinal fluid tissues) and template-based normalization (normalized to the Indian
Brain Templates [47]). The slice time correction was avoided as the Repetition Time (TR) was 2 seconds
[48]. The head movement correction was applied with the maximum head motion of < 2 mm and <
0.5°.

4.3.2 BOLD signal normalization and High-Pass filtering

In fMRI BOLD processing, denoising the data is important to remove artifacts, enhancing signal
interpretability and the accuracy of subsequent analyses. This section outlines the BOLD signal pro-

cessing steps involving normalization and high-pass filtering.

The raw BOLD signal undergoes normalization through mean-removal, followed by high-pass fil-
tering of the time-series signal at each voxel. Normalization ensures better capture of simultaneous
activations, particularly when the mean value of each region’s time-series is biased and non-zero. By
removing the mean, all signals are centered around 0 DC (DC refers to the amplitude of zero-frequency
component in a signal), enhancing the ability to capture small variations and temporal coincidences in

the signals.

As depicted in Figure 4.3 (top), the signals exhibit a wide range of DC levels, spanning from 0
to 1700. This variability makes it challenging to capture simultaneous activations accurately. Despite
potential similarities in signal shape, differences in DC levels persist, leading to a loss of activation cap-
ture. Mean removal addresses this issue by centering the signals around zero, facilitating the detection
of subtle variations. However, variance normalization is omitted to preserve the magnitude of activation

in different regions.

Another BOLD signal processing step is high-pass filtering, which targets the removal of slow tem-
poral fluctuations unrelated to neural activity. These low-frequency components, including scanner drift,

physiological noise and subject movement noise [49], can mask neural activity and reduce the sensitivity
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Figure 4.2 Magnitude response of the Least Squares FIR filter used for high-pass filtering

of the analysis to the effects of interest. By removing these low-frequency components using high-pass
filtering, the quality of fMRI data can be improved. The removal of slow-moving signals from fMRI
data can be particularly important in studies investigating the dynamics of brain networks [50], where
the focus is on detecting and characterizing rapid fluctuations in neural activity. A Finite Impulse Re-
sponse (FIR) Least-Squares high-pass filter, with a normalized cutoff of 0.0437 rad/s (= 0.05Hz) is
applied. An FIR filter is chosen to preserve phase information. The phase of the BOLD signals provides
a notion of temporal synchronization, which is of interest in the further step of phase-based voxel clus-
tering (detailed in Chapter 4 Section 4.3.3), as well as in specific analyses, detailed in Chapter 5 Section
5.7.3 and Chapter 6 Section 6.6.3.1.

The order of the filter is chosen as N = 10, the stop-band cutoff of F'stop = 0.043, the pass-band
cutoff of F'pass = 0.051, the stop-band weight of Wstop = 0.5, pass-band weight of Wpass = 1
and density factor of dens = 20. It was generated using the filterDesigner tool of the Signal Processing
Toolbox 9.0 in MATLAB R2023a. The magnitude response of the designed filter is shown in Figure
4.2. Further, after applying the filter over the time-series signal at each voxel, Figure 4.3 demonstrates
the importance of high-pass filtering by illustrating improved neural activation capture compared to
raw BOLD signals. The filtered time-series signal at one voxel from each of the regions chosen for an

empathy-based study (detailed in Chapter 5) is shown.

4.3.3 Phase-based voxel clustering

A voxel represents a small three-dimensional parcellated portion of the brain. Voxel clustering aims
to reduce flattening of activations due to out-of-phase voxels, thereby facilitating meaningful analysis at

the regional level.
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Figure 4.3 The raw BOLD and high-pass filtered BOLD signals at all the brain regions considered

Voxel clustering involves grouping voxels with similar activation patterns to obtain a representative
signal for each brain region [51]. The phase component of the time-series signal at each voxel is chosen
as the metric to compare similarity between voxel time-series, as the activation pattern is captured best
in the phase component. Clustering on such a similarity metric ensures the voxels in a cluster posses

similar phase components.

The phase of each voxel’s time-series signal is obtained using Discrete Fourier Transform, and K-
means clustering is applied to group voxels with similar phase patterns. The K-means clustering al-
gorithm partitions the voxel time-series data into K clusters, where K is predefined. Each cluster
represents a group of voxels with similar activation patterns. The algorithm iteratively assigns voxels
to clusters based on their similarity to cluster centroids, aiming to minimize intra-cluster variance. The
value of K is chosen as 3. This choice is made considering three states of voxels during a task - 1)

task-specific activation state, 2) baseline resting state and 3) transitional or mixed state.
Following clustering, a post-clustering selection criterion is applied to choose the most representative

voxel cluster for each brain region. This criterion typically involves selecting the cluster with the least

intra-class variance, ensuring the selection of coherent signals while rejecting out-of-phase voxels. This
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Figure 4.4 The progress in each step of the pipeline in processing the signal from raw BOLD to voxel-
level combined BOLD

choice ensures that task-specific activations are preserved and can be better captured, followed by simple

average performed over the selected voxels’ time-series to obtain region-level time-series.

4.4 Region BOLD time-series

So far, the pipeline focused on BOLD signal processing. Figure 4.4 illustrates the current status
of the pipeline’s progression for an empathy-based task (detailed in Chapter 5). For visualization, at
each stage of the pipeline, all voxels’ time-series in Left ACC are combined to a single time-series
through a simple average and subsequently analyzed. The impact of high-pass filtering is noticeable
as it effectively eliminates slow variations in the signal attributed to factors such as scanner noise,
breathing, and heartbeats—considered noise in the context of task-based analysis and thus rightfully
discarded. The clustered and aggregated data visibly demonstrates that selecting voxels with similar

phases enhances the capture of activations, preparing the data for the upcoming graph learning module.
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Figure 4.5 Region time-series signal for regions important for empathy processing like Insula (top),
ACC (middle) and Amygdala (bottom)

Figure 4.5 shows the region time-series signal for regions important for empathy processing like Insula,
ACC and Amygdala.

Subsequently, the upcoming module will involve the extraction of functional connectivity networks
from the processed BOLD signals (X). The data matrix X used in the graph learning module is an
N x P matrix obtained by stacking X[n], n = 1,2, ..., N which are the P dimensional signals (region

level time-series) at each of the N regions.

4.5 Graph learning

Graph learning plays a crucial role in functional connectivity analysis, enabling the construction
of networks that represent relationships between brain regions based on their activation patterns. This

section explores application of graph learning techniques to learn functional brain connectivity.
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Figure 4.6 Variation of the accuracy of sparsity-based graph learning (here, the accuracy is measured
as the average empathy score as detailed in Section 5.5.2) with respect to the window size

The graph learning process is conducted in a windowed fashion, taking into account the temporal
dynamics of brain signals. Regarding the choice of the size of time window, [52] shows the hemo-
dynamic response time of fMRI signals to be around 10 seconds, while the graph learning algorithms
require at least 8-10 data points for obtaining a good accuracy [53]. With this knowledge a window
size of 16 seconds was chosen for the study. Nevertheless, a comparative analysis is conducted across
different window sizes varying from 5 to 35 seconds. Figure 4.6 shows the variation of the accuracy of
sparsity-based graph learning (here, the accuracy is measured as the average empathy score as detailed
in Section 5.5.2) with respect to the window size. It can be seen that the ideal choice of window size
ranges above 15 seconds, after which the average empathy score plateaus. To maintain a considerable
temporal resolution, the window size is chosen to be 16 seconds as the average empathy score remains
approximately constant after 15 seconds. Windowing is executed in a sliding manner, with a stride of
one sample, ensuring continuous coverage of the signal. Additionally, a non-windowed approach is

included, where all the data samples are utilized for graph learning.

Utilizing multiple samples for learning is essential as a single time instant may not capture the full
range of stochastic properties inherent in the signal [54]. By considering multiple samples, various
stochastic properties of the time-series signal like state-dependent dynamics (like wakefulness, arousal,
attention) and the hemodynamic response variability can be accounted for, aligning with the assumptions

made by graph learning methods during the learning process.
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Throughout all the graph learning methods and all the analyses to be discussed in further chapters,
undirected, weighted graphs with no-self loops are used, making the graph Laplacian and the graph

adjacency matrices symmetric.

Four graph learning techniques are employed to extract functional connectivity networks from the

processed BOLD signals.

4.5.1 Pearson-coefficient

Pearson-coefficient-based graph learning [9] method models the node signals as random variables
and finds the Pearson-correlation-coefficient between signals at every node pair. For P dimensional

signals, the Pearson-correlation-coefficient between the signals at nodes n and m is given as

25:1 (Xp[n] - :U’X[n]) (Xp{m] - .LLX[m])

p(X[n],X[m]) = (4.1)
where, X,,[n] is the pth element of the signal at node n, px[n) and ox|, are the mean and standard
deviation of the time-series signal X[n]|. This is directly used in the adjacency matrix construction
by setting the non-diagonal entries as A, = |p(X[n], X[m])|, since p(.) € [—1,1], and zero in the

diagonal entries. Each graph signal is considered a random variable overlaid on the graph.

4.5.2 Node-distance

Node-distance-based graph learning [8] method computes the distance between the signals associ-

ated with every pair of nodes. The edge-weight (A,,,,) between the nodes n and m is then defined

as
A
A =€ o2 | dpm = || X][n] — X[m]||2 4.2)
where, X[n] and X [m] represent the graph signals at nodes n and m respectively, || - ||2 represents the /5

norm of a vector, o is a hyperparameter which controls the magnitude of weights generated. The choice
of hyperparameters is provided further in Section 4.6. It is important to note here that the ‘distance’
referred to in the name of the method is not related to the anatomical distance between the regions, and
is related to a distance-based metric between the signals at the two regions.

4.5.3 Smoothness

Smoothness-based graph construction method [55] learns a graph such that the given graph signals

tend to be smooth on the learnt graph. It solves the following optimization problem

. 1
(LY} = Lrgﬁi?y 5\|Y — X|[% + a Trace{YTLY} + 8 ||L||% 4.3)
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where, || - || denotes the Frobenius norm of a matrix and L is the graph Laplacian matrix. In (4.3),
the first term represents data fidelity, which guarantees that the learnt data (Y') closely approximates the
observed data (X), the second term represents the smoothness of the data and the third term ensures the

entries of the Laplacian are small.

In4.3 and 4.4, L € £ imposes a constraint that a valid Laplacian is learnt, where £ denotes the set
of all possible valid Laplacian matrices. In order to ensure this, the following two constraints are added
to the optimization problem: L.1 = 0and L;; <0V # j, 7,5 = 1,2,..., N, which are the properties
of a graph Laplacian matrix. Additionally, another constraint is added: Trace{L} = N, which makes

sure the trivial solution, that is, a null matrix is not obtained.

The optimization problem in (4.3) is not convex in both L and Y. This is addressed by solving for
each of these variables separately in an iterative manner [55] as follows:

L= min o Trace{YTLY} + 3 ||L||%, (4.4)
S
- 1
Y =min ||Y - X||% + o Trace{ YTLY} . (4.5)

The hyperparameter o governs the emphasis on smoothness, influencing the overall balance in the
optimization process, while the hyperparameter /3 dictates the magnitude of entries in the Laplacian

matrix.

4.5.4 Sparsity

Sparsity-based graph learning [56] tries to explain the signal at a given node using a sparse linear
combination of signals at all the other nodes. Specifically, it solves an optimization problem for each
node to extract its sparse connections which is converted into the adjacency matrix. For node n, the
edge-weights 3,, € RN from node n to all the other nodes m = 1,2,...,n — 1,n + 1,..., N are

estimated by minimizing the following objective function

B, = min [[X[n] = X5 8,15 + A 18, I (4.6)
where X, is the data matrix of all the nodes except node n and || - ||; represents the /1 norm of a vector.
The first term in the objective function ensures that the signal at node n is well described by the chosen
neighbors whereas the second term promotes sparsity of connections. \ is a hyperparameter which
controls the sparsity of the learnt edge-weights. The problem (4.6) can be solved using the LASSO
algorithm [57]. Since the solution generally does not provide a symmetric adjacency, it is obtained by

performing

A = VBBT 4.7)

where B is the non-symmetric adjacency constructed using 3,, for all nodes n.
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4.6 Hyperparameter selection

Selecting appropriate hyperparameters is crucial for optimizing the performance of graph learning
techniques in functional connectivity analysis. The efficacy of these techniques relies on the choice of

hyperparameters, which may impact the resulting connectivity networks.

To determine the optimal hyperparameters for each graph learning technique, a systematic grid
search methodology is employed. This approach involves systematically exploring a range of hyper-

parameter values and evaluating their performance using predefined metrics.

Through rigorous experimentation, optimal hyperparameter values are identified for each graph
learning technique. These values are selected based on their ability to enhance the quality of extracted
functional connectivity networks and improve overall analysis outcomes. The effectiveness of hyperpa-
rameters is evaluated using specific metrics tailored to assess the quality and robustness of functional

connectivity networks.

For the node-distance-based approach, we find that setting the hyperparameter o to 0.5 yields optimal
results, evaluated based on the variance of edge weights preserved post-thresholding with 10~3. Higher
variance indicates better activation capture, thus identifying this hyperparameter choice as optimal. The
smoothness-based method entails a 2D grid search for hyperparameters « and 3, with optimal values of
0.25 and 9, respectively. Here, the chosen metric is the smoothness of the signal over the learnt graph,
where graphs on which the signals are smoother indicate better hyperparameter choices. In the sparsity-
based method, the hyperparameter A is identified to be most effective at 2.5, with the number of edges in
the graph serving as the metric. Smaller values of A provide a dense graph, while higher values provide
a very sparse graph. To strike the balance, the number of edges |£| ~ N is chosen, aiming for a graph

that is informative yet not dense.
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Chapter 5

Graph learning to understand empathy networks

5.1 Introduction

The exploration of empathy extends beyond mere observation, delving into the underlying neural
mechanisms that drive this phenomenon. Understanding how the brain responds to empathetic experi-
ences provides valuable insights into social cognition, emotional regulation, and interpersonal dynamics.
Naturalistic stimuli like movies, or text narratives present an ecologically valid context to participants
in an fMRI or EEG experiment, as real-life experiences are complex. Such stimuli can provide insights

into brain networks, processing complex sensory information.

Using techniques like fMRI, experiments have revealed that the following constant but distributed
brain areas [18-22], like the ACC (attributed to decision-making, social cognition, judgements and
emotion regulation), Insula (emotion, self-awareness, introspection and critical for pain empathy), the
Inferior frontal gyrus which supports a host of functions from language, memory, and cognitive driven
judgements on other’s emotional states, Amygdala (emotion processing especially fear), and the Supe-
rior temporal gyrus, Somatosensory cortex, the areas forming the default mode network (a resting state
network) contribute to empathy networks in the brain.

Movies (short or full length) as stimuli in fMRI provide the context and the complex sensory input,
which allows the viewer to form a scene-dependent empathy response, for analysis of the temporal dy-
namics of the brain regions [10-12]. The questions endeavoured to be answered by this preliminary
study are: given the complexity of empathy brain networks and the multi-modal stimulus used, can
methods be built to model whole brain dynamics reflecting the behavioral responses to the narrative?
This study explores the application of various graph learning techniques to fMRI data for extracting
region-level activation, analysing the dynamic functional connectivity of empathy-supporting brain re-
gions within a whole-brain setting, and validating the findings by comparing emotional scale ratings
with the graph clusters plotted over time.

In reference to this study, graph nodes represent brain regions, each node containing a time-series
fMRI BOLD signal, further processed using the proposed pipeline before being used for learning the
functional connectivity. We aim to learn the underlying brain functional connectivity among these
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regions from collective fMRI activation signals, particularly focusing on long-duration movie stimuli (it
is a short movie, but from an fMRI standpoint, it is a long-duration movie). The learnt graphs’ edge-
weights quantify connectivity strength between different brain regions, allowing us to examine dynamic
changes in edge-weights among different brain regions over time and variations in fMRI signals across
the emotion scale. These graphs act as intermediate results, laying the groundwork for subsequent

analyses and the derivation of more detailed outcomes.

This study presents novel contributions aimed at advancing the understanding of the neural correlates
of empathy through fMRI data, which include -

* Proposing a unique signal processing pipeline incorporating high-pass filtering and phase-based

voxel clustering.

« Utilization of graphs to model brain network states and investigate empathy-related brain activity

in response to naturalistic stimuli, employing a sparsity-based graph learning approach.

» Comparison of the sparsity-based approach with existing methods, demonstrating superior per-

formance in capturing relevant activations in empathy-related neural processes.

* Exploration of dynamic functional connectivity patterns and graph metrics, revealing alignment
with the emotion scale (detailed in Chapter 5 Section 5.2) and highlighting key brain regions

associated with empathy.

» Examination of edge-weight dynamics and variations between specific brain regions, indicating
the effectiveness of the sparsity-based approach in identifying influential nodes and capturing

temporal dynamics.

» Application of GFT for isolating task-specific regions using spectral-domain band-pass filtering,
enabling the analysis of spectral filtering-based patterns and highlighting contributions from key

brain regions across different stimulus intervals.

The results were analysed using codes written in MATLAB and Python on an NVIDIA RTX 3050Ti
GPU. The codes are available online [58].

5.2 Data acquisition and pre-processing

The data used for the study was obtained from the Cognitive Sciences Lab, IIIT Hyderabad. The

dataset was collected by Mohit, under the supervision of Kavita Vemuri.

Sixteen healthy subjects (9 male and 7 female) participated in this study. For the preliminary analysis
performed in this work, 14 participants’ data were considered. The consent form mentioned that two

short movie clips of 8 minutes 45 seconds will be shown in the scanner. Additionally, as a part of the
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consent form and pre-scanning instruction, the experimenter informed the participant that they could
quit the experiment at any time without any penalty. The human ethics committee of the Institute
(Institutional Review Board (IRB)) approved the study, and all subjects provided a written informed

consent. They received Rupees (Rs).1,500 ($18) in compensation for their time.

There were two short feature films used for the analysis: An Egyptian short film titled “These Times”
(M1) and a Czech live action short film titled "Most”, re-titled "The Bridge” (M2). The story-line for
both the movies and the plot for the emotion contagion scale are provided in Appendix A, at the end
of this chapter. The movies were edited to run for 8 minutes 45 seconds approximately. The rationale
for considering the non-local language movies was - a) The movies had actors who did not have same
ethnicity as the participants, to control for intra-cultural biases arising from economic status, caste,
language, and physical characteristics and b) the direction was concise and had very poignant instances

of change in narrative.

Along with the movies, resting state data was also collected for a duration of 3 minutes. The total
number of scans was 262 for M1 and 242 for M2. The total number of scans for the resting state data was
90. Additionally, 40 participants with similar backgrounds participated in a survey to dynamically scale
the movies on emotional context (refer to Appendix B), which acts as the ground truth in all the studies
discussed in Chapter 5 and Chapter 6. The emotion scale shown in Appendix B is at a sampling rate of
1Hz (1 sample per second), but the TR for the fMRI scan was 2 seconds (sampling rate of 0.5Hz). Thus,
for all the analyses using the emotion scale, the original scale had been downsampled by a factor of 2,

by rejecting alternate samples. Further, mean removal and scaling had been performed for visualization.

5.3 Regions considered and choice of ATLAS

The selection of brain regions was conducted using the AAL Atlas, encompassing a total of 54 bilat-
eral regions (27 on each side of the brain). The chosen regions were strategically picked to ensure com-
prehensive coverage, particularly focusing on frontal areas. Emphasis was given to empathy-specific
regions such as the Insula, ACC, and Triangularis. In addition to these targeted regions, a broader set

was considered to cover the entire brain while avoiding redundancy.

It is worth noting that all 90 regions from the AAL Atlas were not included in the study, as the
chosen regions were curated to provide ample representation across the frontal, parietal, occipital, and
temporal lobes, ensuring a well-rounded coverage of the entire brain. This selection not only serves
the purpose of studying empathy-associated regions but also optimizes computational efficiency by
avoiding unnecessary redundancy, thereby expanding the practical applicability of the analysis. The list

of regions chosen for the analysis has been provided in Appendix C.
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Original After Affine

Figure 5.1 Masks for Left ACC before and after the resizing using affine transform

5.4 Applying masks on the data

The process of region-based voxel time-series extraction begins with the acquisition of masks from
the AAL3 Atlas using the SPM12 toolbox in MATLAB. These masks correspond to specific brain
regions of interest. Subsequently, to ensure compatibility with the dimensions of the fMRI data, which
are typically 79 x 96 x 32 images, the extracted masks undergo resizing using an affine transform
associated with them. This affine transform applies a combination of translation, rotation, scaling, and
shearing operations over the mask. This resizing procedure, executed using the Nilearn and Nibabel
libraries in Python, adjusts the dimensions of the masks from their original size of 91 x 109 x 91 to
align with the data dimensions. Figure 5.1 shows the masks for Left ACC before and after resizing with
the affine transform.

Following resizing, the scaled masks are applied to the fMRI data. This application enables the
extraction of time-series data for all voxels within each region of interest. Given that the acquired
masks are binary, indicating voxels that belong to a particular region, element-wise multiplication is
performed between each mask and the each of the 3 Dimensional (3D) slices (one time instant) of the 4
Dimensional (4D) (whole time-series) fMRI data.

Subsequently, the entries in the resulting matrix where the mask is non-zero are consolidated region-
wise into two dimensional matrices. This consolidation step effectively compiles the time-series data
for all the voxels in the given region, facilitating further analysis. This entire process is iterated across

all 54 regions of interest.

27



5.5 Preliminaries

5.5.1 Graph Clustering

In this work, multiple graphs corresponding to distinct time intervals are generated using the win-
dowed graph learning. The objective of graph clustering is to reveal underlying temporal patterns within
this set of graphs. This analysis uses hierarchical clustering with ward linkage [59]. Ward linkage is
preferred over other hierarchical methods due to its ability to minimize within-cluster variance, lead-
ing to well-defined clusters that preserve the hierarchical structure of the data. The method initializes
with each data point as its own cluster, treating them as individual singleton clusters. Further, the algo-
rithm iteratively merges clusters to minimize the increase in total within-cluster variance, resulting in a

dendrogram that represents the hierarchical structure of the data [59].

This analysis flattens the adjacency matrix of each graph into an N? x 1 vector, which are sub-
sequently clustered over the entire time range. This clustering approach enables the categorization of
graphs based on their inherent similarities, allowing the exploration of the temporal evolution of graph

structures.

The specific interest in this work focuses on binary classification, aiming to differentiate between
empathy-related and non-empathy-related graphs. To assess the efficacy of any graph learning algorithm
in extracting functional connectivity, particularly concerning neural activations linked to empathy, the
clusters are examined in relation to the emotion scale. As mentioned in Section 5.2, the emotion scale

acts as a notion for ground truth to compare with and will be used similarly throughout this work.

5.5.2 Cross-correlation and empathy score

To evaluate the empathy levels of each subject against the ground truth, represented by the emotion
scale, cross-correlation is chosen as the metric. Cross-correlation assesses the similarity between two
signals by examining their alignment across various time shifts. In signal processing, it quantifies the
resemblance between the shapes of two signals. By computing correlation coefficients at different time
lags, cross-correlation indicates the degree of matching between the signals at different time points.
This metric ranges from -1 to 1, where a value of 1 indicates a perfect match, O denotes no correlation,
and -1 signifies perfect anti-correlation. The cross-correlation between signals x and y at time-shift 7 is

mathematically given as
oo

CCxy(T) = Z x[n|y[T + n] (5.1)

n=—oo

where x[n] denotes the n — th sample of the signal x.

Applied to time-series data, cross-correlation facilitates the evaluation of temporal alignment and
synchronization between signals, providing a quantitative measure of the percentage match between

their shapes. This proves particularly useful where the signals vary in absolute values, but are similar
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in shape, rendering it suitable for quantifying the ‘empathy score’. In this work, ‘empathy score’ is
defined as the percentage match of the temporal graph clustering labels with the emotion scale, which

is calculated using the highest cross-correlation match between the two signals.

5.6 Analyses

The obtained graphs undergo further processing to extract essential metrics, considering two main
dimensions: time and subjects. Temporal analysis is condensed into two distinct perspectives: 1) Av-
eraging across all time points and 2) focusing on the time point with the highest emotional valence,
labeled as ‘emotion HIGH’ (around 360-400 seconds interval in M1). In terms of subjects, the analysis
is performed by averaging across all subjects. The analyses are performed over both the movies sepa-
rately. The analyses include graph cluster labels, connectome-network analysis, edge-weight dynamics,
region identification with processed BOLD signals (prior to graph learning), BOLD signal vs emotion

contagion scale and region identification using spectral filtering, detailed further.

It is important to note that in all the analyses, due to the absence of any concrete ground truth of the
functional connectivity networks, performance analysis has been done by comparing the emotion scale
with secondary metrics extracted from the obtained networks, like graph cluster labels, edge-weight

dynamics and regional graph signal values in spectral filtering.

5.6.1 Region identification with processed BOLD

Prior to the graph learning module, the pre-processed BOLD signals undergo an initial examination
to identify regions associated with empathy. This involves extracting region-level time-series data uti-
lized prior to the graph learning process. The time-series data is then cross-correlated with the emotion
contagion scale to quantify the degree of similarity between the two signals. The cross-correlation met-
ric is employed to determine the percentage match, ultimately revealing the top 5 regions exhibiting the

highest correlation with the emotion scale.

The objective of this analysis is to compile a list of regions activated in accordance with the emotion
scale, bypassing the need for functional connectivity learning. These results are later compared with the

regions and connections highlighted through the functional connectivity analysis.

5.6.2 BOLD signal vs emotion scale

Prior to the graph learning module, the pre-processed BOLD signal amplitudes at each level in the
Left Insula are regressed over the emotion scale values given at each time instant. The main objective of
this analysis is to observe the spread of BOLD signal amplitudes across various emotion scale ratings to

understand the importance of graph learning in providing a detailed perspective of empathy networks.

29



5.6.3 Graph clustering vs emotion scale

After generating graphs with the graph learning module, the graphs are clustered as detailed in Sec-
tion 5.5.1. The current utilization of a binary clustering algorithm, which simplifies the identification of
empathy presence at a given time instant, proves effective in discerning optimal graph learning methods
for the specific stimulus, which is the primary objective of this analysis. The evaluation focuses on
their ability to distinguish between empathy-related and non-empathy-related networks, aligning with

the emotion scale.

This analysis further aims to identify the graph-based assumptions (like signal smoothness, sparsity)
best suited for a naturalistic stimuli, which can be inferred from the optimal graph learning method
identified. This aids in the formulation of informed decisions regarding the properties and assumptions
applicable to brain signals, particularly concerning connectivity during an external stimulus. Subse-
quently, the empathy scores are generated and averaged across subjects as detailed in Section 5.5.2,

identifying the most effective graph learning method.

5.6.4 Edge-weight analysis

This analysis comprises two distinct sub-parts: 1) Temporal evaluation of edge-weight between spe-
cific regions associated with empathy, and 2) analysis of edge-weight dynamics in relation to the emotion
scale. After obtaining the graphs, the focus shifts to extracting the edge-weight between two regions

and analysing its temporal dynamics.

5.6.4.1 Edge-weight dynamics of important edges

In this analysis, the simultaneous activation of two empathy-specific regions, as reflected in their
edge-weights over time is investigated. From this analysis, the primary objective is to highlight the
impact of sparsity-based approach over the others in capturing temporal coincidences in regional acti-

vations.

5.6.4.2 Edge-weight dynamics correlated with emotion scale

This analysis involves observing the dynamics of edge-weights for all possible connections within
the obtained graphs. The objective is to identify the top 5 edges that exhibit the highest alignment with
the emotion scale, facilitating the recognition of edges crucial to empathy. The alignment is quantified
using the cross-correlation metric. This approach aids in comprehensively understanding the interplay
between specific regions and identifying edges that strongly correlate with the emotion scale, thereby

highlighting connections integral to an empathetic response.
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5.6.5 Connectome-based network analysis

As a part of this analysis, edge thresholding is implemented on the obtained graphs, specifically
focusing on the top IV edges (where N is the number of nodes in the graph) while discarding the
remaining ones. Further, the top 5 edges are highlighted in red. This process highlights networks within
the brain, emphasizing significant and strong connections during distinct time intervals throughout the
stimulus. The primary objective is to identify and compare the regions associated with the strongest
edges resulting from diverse time-based analyses. This comparison becomes particularly vital as it
enables us to contrast connectivity patterns and identify regions characterized by robust connections,

differentiating between all-time-average and the emotion HIGH time-window.

5.6.6 Region identification with spectral filtering

This analysis delves into the GFT-based filtering method outlined in Section 2.1.2. Notably, the
smoothness-based graph learning approach carries an inherent assumption of data smoothness across
the learnt graph. Consequently, studying the spectral decomposition of data over such graphs may be
less suitable, given that energy tends to concentrate primarily on the lower set of graph frequencies. In
contrast, sparsity-based graph learning avoids such assumptions, making its spectral analysis an insight-
ful exploration across various frequency bands.

This study specifically focuses on three bands: 1) the low-pass band (comprising the bottom one-
third of the graph frequency spectrum), 2) the band-pass band (encompassing the middle one-third)
and 3) the high-pass band (encompassing the upper one-third). As detailed in Chapter 3 Section 2.1.2,
emphasis is placed on the band-pass band due to its capacity to concentrate on specific patches and
sets of regions within the graph, in contrast to the broad coverage of the low-pass band or the deeper

localization inherent in the high-pass band.

The procedure unfolds step-wise, commencing with the GFT applied over the graph signal at a cho-
sen time window with respect to its corresponding graph. Given that the data is windowed for learning
the graphs, the median of each data window is selected for the graph spectral analysis. Subsequently,
band-pass filtering is executed by discarding the lowest one-third and highest one-third coefficients,
retaining only the band-pass band. These coefficients are then utilized to perform an inverse GFT,

transforming back to the node-domain signal.

The primary objective of this analysis is to scrutinize groups of regions associated with empathy-
specific activations and analyse variations highlighted across different time-based analyses. Notably,
this analysis extends beyond the realm of BOLD signal activations, capturing nuances attributable to
the underlying graph structure. This multifaceted approach adds depth to the exploration of empathy-
specific regions.
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5.7 Results

A comprehensive analysis across different graph learning methods is performed using average em-
pathy scores as the metric, which are the correlation percentages between graph clustering labels and
the emotion scale, averaged across subjects. Section 5.7.3, reveals the performance of the sparsity-
based method in aligning with the emotion scale, in both the movies. Consequently, further analyses are

restricted exclusively to sparsity-based graph learning.

Further, results such as graph cluster labels and edge-weight dynamics are excluded from the results
with the two broad time-based analyses as they require the whole time-series. On the other hand,
the remaining analyses, such as connectome analysis and region identification with spectral filtering,
undergo both the time-based analyses, and the outcomes for M1 are systematically presented in Table

5.1. All the analyses are performed for both the movies.

5.7.1 Region identification with processed BOLD signals

From this analysis, regions such as Left Fusiform Gyrus, Right Inferior Temporal, Left Inferior
Temporal, Left Medial Orbital Frontal, and Left ParaHippocampal emerged when averaged across all
subjects. Of particular significance are Left Fusiform Gyrus and Left ParaHippocampal, which are
closely associated with empathy-related functions.

5.7.2 BOLD signal vs emotion scale

According to the scatter plot in Figure 5.2, most of the BOLD signal levels are clustered at lower
emotion scale values and show higher variance. BOLD signal levels for higher emotion scale values on
the other hand are spread sparsely implying that the subjects did not show higher emotional response
for the parts of the movie rated higher in emotion scale provided by the independent scorers. The
boxplot in Figure 5.3 shows higher dispersion but comparable medians of the BOLD signals for emotion
scale values less than 0.6, while for the values equal to or more than 0.6, the dispersion is less but
BOLD median values show a random pattern across subjects i.e. they are not comparable. The sparse
distribution and lower dispersion for higher emotion scale values imply smaller range for BOLD signals.
We can conclude from the two figures that a simple BOLD level analysis is not sufficient to make
inferences regarding empathy traits of individuals. This lays ground for the importance of connectivity

based analysis techniques.

5.7.3 Graph clustering vs emotion scale

The sparsity-based approach consistently captures variations in the emotion scale as shown in Figure
5.4, with all participants demonstrating alignment of over 80% with the emotion scale. When subject

responses are averaged, the distance, Pearson’s correlation, smoothness, and sparsity-based methods
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Figure 5.2 Scatter plot of BOLD signal in the Left Insula for 5 subjects (shown in the legend) vs emotion
contagion scale for M1

exhibit 80%, 72%, 80%, and 88% match with the emotion scale, respectively. Figure 5.4 (top) illus-
trates the temporal variation of graph cluster labels using the sparsity-based method, averaged across all

subjects overlaid on the emotion scale for M1.

A notable finding is that, up to the 180 seconds mark in the movie, the averaged graph clustering
labels show limited correlation with the emotion scale. However, they become highly synchronized post
180 seconds. The above mentioned values are with respect to M1. Figure 5.4 (bottom) shows temporal
variation of graph cluster labels using the sparsity-based method, averaged across all subjects overlaid
on the emotion scale for M2, and it can be seen that similar to M1, sparsity-based approach is able to

consistently capture emotion scale variations after 120 seconds, with an overall of 88% match.
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Figure 5.3 Boxplots of BOLD signal for all subjects vs emotion contagion scale

As a comparison with the existing methods, Figure 5.5 shows that other methods like distance,
Pearson’s correlation and smoothness-based approaches fail to capture temporal variations, with a lower
match with the emotion scale, showing the ability of sparsity-based approach to capture activations
better in a task-specific stimulus.

5.7.4 Edge-weight dynamics

In the analysis targeting the edge-weight dynamics between empathy-specific regions, the time dy-
namics of the edge-weight between Right Insula and Right Triangularis Frontal was analysed. Figure
5.6 compares different graph learning methods for a randomly selected subject. The distance-based

method exhibits peaks around 250 seconds in the Insula-Triangularis connection for 10 out of 14 sub-
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Figure 5.4 The subject-averaged graph cluster labels superimposed with emotion contagion scale plotted
over time for M1 (top) and M2 (bottom) for the sparsity-based approach

jects, while the Pearson’s correlation-based method lacks clear edge identification. The sparsity-based
method identifies peaks around 250 seconds and 475 seconds in 11 out of 14 subjects, which aligns with
the peaks observed in the emotion scale in Figure 5.4. Further, the smoothness-based method identi-
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Figure 5.5 The subject-averaged graph cluster labels superimposed with emotion contagion scale plotted
over time for distance-based (top), Pearson’s correlation-based (middle) and smoothness-based (bottom)
approach for M1

fies peaks around 50 seconds which may not be strongly attributed to an empathetic response. Figure
5.6 distinctly illustrates the susceptibility of Pearson’s correlation-based approach to noise, resulting
in noisy activations. This underscores the superior performance of the sparsity-based approach when

dealing with a noisy, task-based stimulus, with activations in-line with the emotion scale.

36



Dista{n ce

o

o

Weight

U R, O FRPO U1 PO U1 B

Smobthness

A

100 200 300 400 500
Time (S)

o

o
o

Figure 5.6 Edge-weight between Right Insula and Right Opercularis Frontal for one subject using all
methods

In the analysis targeting edges with edge-weight dynamics most correlated with the emotion scale,
several significant connections were identified. Averaging across all subjects revealed prominent edges,
including Left Medial Superior Frontal <+ Right Superior Frontal, Right Inferior Orbital Frontal <> Left
Inferior Temporal, Left ParaHippocampal <+ Left Inferior Temporal, Right Inferior Orbital Frontal <>
Right Inferior Temporal, and Right Medial Orbital Frontal <+ Right Inferior Temporal for M1.

5.7.5 Connectome-based network analysis

The listed networks comprise a collection of regions characterized by the strongest edges within the
acquired graphs, as shown in Figure 5.7 and Figure 5.8. This selection is based on the top 5 edges
(in magnitude), shown in red in the figures. The top N edges are also shown in the figures, in blue.
The two regions associated with each of these edges are listed. In the context of connectome-based
network analysis, specifically during the emotion HIGH interval, the regions Left Insula, Right Inferior

Parietal, Left Thalamus and Right Amygdala consistently emerge. In the scenario of all-time-average
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Figure 5.7 Connectome graph illustrating the networks learnt using sparsity-based graph learning. The
significant nodes are labelled according to the AAL Atlas. The blue edges correspond to the significant
top-/V edges, and the red edges correspond to the strongest 5 edges in the graph Adjacency. It shows
variation in networks obtained by averaging on all time (top) and during emotion HIGH interval (bottom)
in M1

analysis, we observe bi-lateral connections being formed with the same region for both the movies,
specifically between Left ACC «+ Right ACC, Left Thalamus <+ Right Thalamus, and Left Precuneus <>
Right Precuneus. During all-time-averaged analyses across both the movies, we observed that the edges

between Right Amygdala <+ Right Angular Gyrus and Left Inferior Occipital <+ Right Inferior Occipital
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Figure 5.8 Connectome graph illustrating the networks learnt using sparsity-based graph learning. The
significant nodes are labelled according to the AAL Atlas. The blue edges correspond to the significant
top-/V edges, and the red edges correspond to the strongest 5 edges in the graph Adjacency. It shows
variation in networks obtained by averaging on all time (top) and during emotion HIGH interval (bottom)
in M2

prevail. During the emotion HIGH interval, in both the movies, the edge between Left Inferior Occipital
<> Right Inferior Occipital is not present. Summarizing, across both the movies, during the emotion

HIGH interval, the Insula, Amygdala and ACC and Angular Gyrus appear to have strong connections.
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Analysis Time Average (Avg). on all subjects

Avg. on all time Left ACC < Right ACC, Left Thalamus <+
Right Thalamus, Left Precuneus <> Right Pre-
cuneus, Right Amygdala <> Left Angular Gyrus
Emotion HIGH Left Insula <+ Right Inferior Parietal, Left Tha-
lamus <> Right Thalamus, Left Inferior Occipital
> Right Inferior Occipital, Right Amygdala <+
Left Angular Gyrus

Avg. on all time Left Hippocampus, Right Angular Gyrus, Right
Inferior Triangularis Frontal, Right Superior
Frontal, Left Inferior Temporal

Emotion HIGH Right Amygdala, Right Insula, Right Thala-
mus, Left Angular Gyrus, Right Middle Orbital
Frontal

Connectome
- network

Spectral
filtering

Table 5.1 Summary of regions and networks identified through graph Fourier transform-based region
identification and connectome-based network analysis for different empathy levels for M1

5.7.6 Region identification with spectral filtering

In contrast to the emphasis on edges in connectome-based network analysis, the spectral filtering-
based approach facilitates the identification of regions across different graph frequency bands. Signals
that have undergone spectral filtering are visualized over the graph, and the regions exhibiting the top 5
amplitudes are selected.

Specifically, during GFT-based filtering in the emotion HIGH (around 360-400 seconds in M1) time
window, regions pivotal to empathy such as Right Amygdala, Right Insula, Right Thalamus, Left An-
gular Gyrus, and Right Middle Orbital Frontal consistently stand out for M1 as shown in Figure 5.10.
These regions are recurrently highlighted across the top 5 amplitudes, underscoring their significance in
capturing heightened empathy states. In contrast, during all-time-average analysis, distinctive regions,
including Right Superior Frontal, Left Hippocampus, Left Inferior Temporal, Right Angular Gyrus, and
Right Inferior Triangularis Frontal (Triangularis), emerge prominently, demonstrating shifts in neural

activity associated with empathy states on an average across time.

Regarding M2, in the emotion HIGH time window (around 370-410 seconds in M2), common high-
lighted regions include Left Amygdala, Left Insula, and Right Insula, as shown in Figure 5.11, mirroring
the observations from M1. Additionally, Left Fusiform Gyrus and Left Medial Orbital Frontal emerge
as noteworthy regions uniquely emphasized during this period. In Figure 5.9, the filtered graph signal at
each region is depicted on a colorbar for M1. The low-pass (Low Pass Filter (LPF)) band prominently
showcases smooth variations across the graph, with connected regions exhibiting similar node colors.
The high-pass (High Pass Filter (HPF)) band brings attention to deeper variations, emphasizing spe-
cific regions with distinct values from their connected regions. Meanwhile, the band-pass (BPF) band

effectively highlights patches, aligning with the anticipated outcome.
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0

Figure 5.9 GFT of the graph signal at emotion HIGH time window, filtered into all 3 bands using
sparsity-based approach averaged across all subjects, for M1

5.8 Claims and propositions

This study asks the question: given the complexity of empathy brain networks and the multi-modal
stimulus used, can we build methods to model whole brain dynamics reflecting the behavioral responses
to the narrative? By comparing the results obtained across different time intervals, particularly during

the emotion HIGH duration and all-time average, several claims can be made.
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MOVIE 1 BPF Average

Angular Gyrus
MOVIE 1 BPF Emotion HIGH

Insula

Angular Gyrus

Thalamus

Figure 5.10 Region plot with the regions identified with with spectral filtering (BPF) using sparsity-
based approach. The top 5 regions are highlighted. It shows variation in regions highlighted by averag-

ing on all time (top) and during emotion HIGH (bottom) in M1

1. The sparsity-based method is able to model whole brain dynamics, reflecting behavioral responses

to the stimulus, better than the other methods.

2. The pipeline proposed is able to perform denoising and capture connectivity dynamics related to

a complex task like empathy.

3. The spectral-domain band-pass filtering is successful in highlighting a group of regions, related

to empathy.

4. The sparsity-based method highlights robust connections between empathy supporting areas and

contributes further knowledge to the field of empathy study.
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MOVIE 2 BPF Average
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Angular Gyrus
MOVIE 2 BPF Emotion HIGH

Insula
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Angular Gyrus 0

Figure 5.11 Region plot with the regions identified with with spectral filtering (BPF) using sparsity-
based approach. The top 5 regions are highlighted. It shows variation in regions highlighted by averag-
ing on all time (top) and during emotion HIGH (bottom) in M2

5.9 Discussion

Graph theory can prove to be useful in assessing brain network states, modeling inter-relationships
between brain areas via edges and nodes using various metrics. This has been shown in previous studies
to identify measures of neurological and psychiatric disorders [37,38], emotional brain states, and task-
aware effective brain connectivity [26]. However, it hasn’t been utilized to study empathy-specific
regions to the best of our knowledge. Here, we employed graph learning methods for whole-brain
analysis to investigate brain activity in response to a naturalistic stimuli, expecting empathetic responses

from participants.
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Using GSP for fMRI empathy analysis offers several advantages. GSP captures complex brain net-
work interactions, providing a deep understanding of functional connectivity and dynamics during em-
pathetic processes. It can help uncover hidden patterns not easily discernible with traditional methods,
potentially leading to novel insights. GSP’s adaptability to individual differences accommodates inter-
subject variability, allowing for both group and individual-level empathy-related brain activity anal-
ysis. It is important to note that in all the analyses, due to the absence of any ground truth for the
functional connectivity networks, performance analysis has been done by comparing the emotion scale
(behavioural) with secondary metrics extracted from the obtained networks, like graph cluster labels,

edge-weight dynamics and region graph signal values in spectral filtering.

5.9.1 Comparison of different graph learning methods

The sparsity-based graph learning approach is well-suited for empathy-related tasks due to its ca-
pacity to efficiently capture selective and specific interactions among brain regions. This method adapts
to individual differences, effectively representing dynamic and localized neural activations associated
with empathy. The resulting sparse graphs enhance interpretability, reducing the susceptibility to noise,
offering a focused and biologically plausible representation of the neural network. By suppressing
non-specific connections, this approach enhances sensitivity to task-relevant signals, proving to be a

powerful tool for investigating the neural correlates of empathy.

The sparsity-based approach consistently captures variations in the emotion scale (Figure 5.4), demon-
strating an alignment of over 80% with the emotion contagion for all participants. When averaging
subject responses, the distance, Pearson, smoothness, and sparsity-based methods exhibit 80%, 72%,
80%, and 88% match with the emotion scale, respectively. In comparison, Figure 5.5 demonstrates
that the other approaches capture temporal variations to a lesser extent, achieving a low match with the
emotion scale. This highlights the superiority of the sparsity-based approach to capture activations in a

task-specific stimulus over existing methods, in both the movies.

In the observed graph clustering dynamics with the sparsity-based approach, a notable misalignment
among clusters is observed before the 180 second mark, suggesting a lack of synchronization. However,
post the initial period, a strong alignment is evident in both the movies, indicating a coherent config-
uration of clusters. The observed temporal shift in cluster alignment can be attributed to the gradual
induction of empathy into the subjects rather than occurring suddenly, indicating a slow and steady
build-up of empathetic responses. Notably, as empathy peaks in the subject, a synchronous alignment
between the graph clusters and the emotion scale becomes evident in both the movies. This alignment
provides compelling evidence that the obtained graph structures indeed correspond to an empathy net-
work, further substantiating the temporal relationship between empathy induction and the configuration

of functional brain networks.
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Method Avg. empathy | Major regions
score

Distance [40] 82% Left Supramarginal Gyrus, Right Superior
Parietal, Right Superior Parietal, Left Inferior
Occipital

Pearson’s Correlation | 72% Left Medial Orbital Frontal, Right Fusiform

[9] Gyrus, Left Inferior Occipital, Right Inferior
Occipital

Smoothness [55] 82% Right Middle Orbital Frontal, Right Angular
Gyrus, Right Superior Parietal, Right Inferior
Temporal

Sparsity 88 % Right Amygdala, Right Insula, Right Tha-
lamus, Left Angular Gyrus, Right Middle Or-
bital Frontal

Table 5.2 Comparison of proposed pipeline of sparsity-based method with existing literature

Analyzing edge-weight variations between the Insula and Triangularis over time reveals that sparsity-
based learning consistently detects activations more frequently than smoothness-based learning, par-
ticularly around the 200 second mark, where there is peak in the emotion scale. This indicates that
smoothness-based learning may lead to fewer activations, especially in the Insula. As it tends to pro-
mote spatially smooth solutions, it may overlook localized variations in connectivity patterns related to
task-specific activations. This constraint biases the learning process towards connections that exhibit
gradual changes across the brain, potentially missing out on the fine-grained, task-specific connectivity
dynamics that are crucial for understanding complex cognitive processes like empathy. Sparsity-based
learning excels in identifying influential neighboring nodes, offering a more insightful perspective. Both
methods exhibit peaks around 475 seconds, requiring further investigation for better interpretation, po-

tentially linked to emotionally weighted movie scenes.

Pearson’s correlation-based method produces noisy activations, hindering clear pattern understand-
ing. This highlights the superior performance of the sparsity-based method in capturing relevant activa-
tions in empathy-related neural processes. In comparison with other methods concerning edge-weight
activations and graph cluster alignment, the sparsity-based approach appears to outperform. Table 5.2
provides a tabulated summary of these results with existing methods.

5.9.2 Extraction of prominent regions and connections

In analysing edge-weight dynamics aligned with the emotion scale, key edges consistently activated
during empathetic responses emerge as crucial markers, particularly in frontal and temporal regions,
with notable emphasis on the Parahippocampal area for M1. Given the Parahippocampal region’s well-
established role in episodic memory and retrieval, its heightened activation aligns with the potential trig-

gering of memory-based recall events during emotionally weighted movie scenes. This underscores the
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significance of the Parahippocampal edge in the interplay between empathetic responses and episodic

memory retrieval.

The connectome-network analysis identifies the Insula, Amygdala, and Thalamus as central regions
in empathy, aligning with established neuroscientific roles [60]. The Insula integrates emotional expe-
riences, the Amygdala regulates emotions, and the Thalamus processes emotional cues. Lateral brain
connections within the same bi-lateral regions suggest synchronized responses, facilitated by the corpus
callosum. This inter-hemispheric coordination enhances the brain’s processing of empathetic informa-
tion. Averaging across all time reveals heightened activity in the ACC, Thalamus, and Precuneus. ACC’s
role in the DMN, Thalamus’ sensory relay, and Precuneus’ affective responses contribute to continuous
engagement. During the emotion HIGH time window, Insula, Angular Gyrus, and frontal regions show
prominent connections. As a part of our study, Angular Gyrus appears to get activated in correlation
with the known emotion processing areas like the Amygdala in both the movies, highlighting its pivotal

role in heightened empathy periods.

As a part of the spectral filtering-based analysis, Figure 5.9 displays patterns in low-pass (LPF),
high-pass (HPF) and band-pass (BPF) bands, offering unique insights. LPF emphasizes brain regions
associated with global network dynamics and slower oscillatory patterns, such as the DMN regions,
while HPF highlights anomalies, proving ineffective in isolating empathy-specific networks as it con-
sists of multiple regions with correlated activations. In the low-pass band, the lower graph frequencies,
corresponding to smoother signals, tend to capture slow oscillations more prominently, as they exhibit
coherent and consistent patterns of activity across the brain, making them more identifiable to spatial
smoothing techniques. On the other hand, high-pass band focuses on regions that have activations that
are not spatially smooth, leading to identifying outliers and anomalous regions in the brain. Notably,
BPF strikes a balance between stability (almost constant throughout the regions) and anomaly (deeper
localization), thereby isolating regions linked to emotional and empathetic processing during the emo-
tion HIGH state.

Key regions, including Right Amygdala, Right Insula, Right Thalamus, Left Angular Gyrus, Right
Middle Orbital Frontal, exhibit heightened activations in both the movies, emphasizing their role in im-
mediate emotional responses. In the all-time-average analysis, sustained activations in Left Hippocam-
pus, Right Angular Gyrus, Right Inferior Triangularis Frontal, Right Superior Frontal, Left Inferior
Temporal suggest broader contributions to empathy across the entire stimulus duration. The activa-
tion in the Hippocampal area suggests memory retrieval taking place throughout the movie along with
highlighting its contributions in emotion processing [61]. These findings align with literature [60-63],
on neural correlates of empathy, reinforcing the selected BPF band as optimal for capturing empathy-

related neural activity.

Both movies exhibited strong similarities across various analyses, ranging from similar patterns in

graph cluster labels matching the emotion scale, to consistent highlighting of regions like Insula, Amyg-
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dala, and Angular in connectome-network and spectral filtering-based analyses. While the obtained re-
gions are largely similar, potential differences in cognitive processing associated with each movie could
contribute to subtle distinctions. However, regions highlighted in common can be claimed to have a

stronger foundation in eliciting empathetic responses in the brain.

5.10 Conclusion

This chapter presents an application of the signal processing pipeline detailed in Chapter 4 to extract
dynamic functional connectivity patterns between brain areas through the sparsity-based graph learning
method. The sparsity-based approach consistently outperforms other methods in capturing variations
in the emotion scale, aligning with over 80% match with the emotion scale across all participants. The
temporal delay in alignment of graph cluster labels with the emotion scale indicates a gradual induction
of empathy, supporting the method’s effectiveness in capturing dynamic connectomes. Edge-weight
dynamics analysis reveals the superiority of sparsity-based learning, particularly in detecting activations

around the 200 second mark, emphasizing its ability to identify influential neighboring nodes.

A comprehensive method comparison highlights sparsity’s ideal performance in emotion HIGH state,
outperforming existing methods in terms of average empathy scores, edge-weight activations, and major
regions involved. Connectome-network analysis underscores the pivotal role of the Insula, Amygdala,
and Thalamus in empathy, with lateral brain connections facilitating synchronized responses. Spectral
filtering analysis demonstrates the significance of the band-pass filter in isolating regions linked to emo-
tional and empathetic processing during emotion HIGH states. The consistent activation of key regions
like Amygdala, Insula, and Angular Gyrus further supports their critical role in immediate emotional
responses. Overall, the obtained results across two movies reveal strong similarities in graph cluster
labels, connectome-network analysis, and spectral filtering-based analyses, indicating robust neural cor-

relates of empathy.
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Chapter 6

Graph learning to compare task-based and resting state networks

6.1 Introduction

fMRI studies utilizing naturalistic stimuli, such as movies, offer a window into ecologically valid
conditions, allowing for the examination of dynamic functional connectivity akin to resting-state condi-
tions. In this comparative study, the analysis focuses on fMRI data collected from participants as they
watched an 8 minute, 45 seconds full-length movie carefully selected to evoke empathy and elicit emo-
tional responses within regions of the brain associated with empathy. This is compared with the resting

state scenario, where the participants were instructed to rest and let the mind wander.

Resting-state captures brain function when subjects are not focused on a task and reveals brain net-
works involved in top-down processing. These networks mainly include the default mode network and
dorsal attention network [33,34], with minimal insights to the source of these triggers and hence termed

‘mind-wandering’.

In contrast, task-fMRI engages focused brain functions like memory, emotions, language, decision-
making, and sensory-differentiation, making it both botfom-up and top-down processing. Use of natural-
istic stimuli (e.g. movies) as the task offers a more realistic setting, reflecting the complexity of real-life
experiences. One such complex construct is empathy [13] which is the capacity to take others’ perspec-
tives and share their emotions or feelings. Empathy simultaneously involves fop-down and bottom-up
processing like mentalizing, or the cognitive evaluation of others’ mental states, self-evaluation contexts,

and emotional responses.

By discerning the intricate neural dynamics underlying empathy-related tasks and resting-state con-
ditions, this study contributes to a deeper understanding of the networks involved in cognitive processes
within real-life contexts. This exploration not only sheds light on the utility of resting-state fMRI for

studying empathy but also enriches our comprehension of cognitive processes in naturalistic settings.

This study is based on the following hypothesis: The brain’s dynamic response to natural stimuli,
such as passive-viewing of movies, is considered “semi-controlled” by the context provided by the ex-

perimenter, compared to resting-state paradigms. Considering this distinction, comparing the functional
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connectivity between the two conditions will help differentiate the cognitive states and the inhibitory or

antagonistic role of default-mode like networks in tasks.

The analysis was run on an NVIDIA RTX 3050Ti GPU using MATLAB and Python code. The codes
used for this analysis are available online [64].

6.2 Summary of contributions and findings

The contributions and findings of this work are summarized here.

* Demonstration of the correlation between the time-varying graph-dissimilarity metric and the
emotion scale (ground truth), indicating similarities and dissimilarities between task-based and

resting-state networks during different emotional intervals.

* Further validation of findings through connectome-network analysis, revealing a significant over-
lap in highlighted edges during the emotion LOW interval in both task-based and resting-state

networks.

* Highlighting specific connections, such as bilateral Superior Parietal connection (associated with
visual tasks), identified only in the task-based network, indicative of the validity of networks

obtained using the sparsity-based approach.

* Interpretation of reduced dissimilarity between task-based and resting-state networks during low-
emotional intervals, suggesting stronger fop-down processing akin to the resting-state, and in-
creased dissimilarity during high-emotional intervals, indicative of directed brain responses to

stimuli features.

» Confirmation of the hypothesis regarding variations in similarities between task-based and resting-
state networks, emphasizing the superior performance of the sparsity-based method in identifying

these variations.

6.3 Data and regions considered

This study utilized data from the movie (specifically, movie 1) as described in Section 5.2, along with
resting-state data collected for a duration of 3 minutes as part of the same experiment. In this chapter,

the term ‘task-based’ data will be used interchangeably with the movie data.

The selection of regions and resizing of masks followed a similar methodology outlined in Sections
5.3 and 5.4.
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Figure 6.1 Pipeline used for fMRI BOLD signal functional connectivity comparison between resting
state and task-based networks

6.4 Pipeline

The signal processing pipeline utilized in this study (shown in Figure 6.1) follows Chapter 4. The
data extraction module, consistent with Chapter 4, includes pre-processing using SPM12, high-pass fil-
tering, and voxel clustering. Subsequently, the resulting regional time-series are employed for functional

connectivity analyses.

In the movie(task)-based analysis, graphs are constructed using a windowed approach with a duration
of 16 seconds, allowing for temporal segmentation of the data. Conversely, a single graph is generated
using the entire dataset without employing a windowed method for the resting-state analysis. The ratio-
nale behind learning a single graph for the resting state analysis is justified by the relative stationarity of
a resting-state fMRI signal with respect to a task-specific fMRI signal. Throughout all the analyses, the
same resting-state graph is utilized consistently across multiple time-varying movie-based graphs. This
pipeline provides a comprehensive approach to analyzing fMRI data, offering valuable insights into the

dynamics and interactions within brain networks.
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6.5 Analyses

This section presents a comprehensive analysis focusing on two key dimensions: time and sub-
jects. Temporal perspectives involve emphasizing time points with the lowest and highest emotional
valence, labeled ‘emotion LOW’ (around 120-160 seconds interval) and ‘emotion HIGH’ (around 360-
400 seconds interval), respectively, based on the emotion scale ratings as mentioned in Section 5.2.
Subject-wise analyses involve averaging across all subjects. Both analyses are conducted separately for

the movie and resting-state conditions, including match dynamics and connectome-network analyses.

6.5.1 Match Dynamics Analysis

Match dynamics analysis aims to quantify the similarity between the resting-state and movie-based
networks at each time window. This similarity is measured by the number of common edges between
the two networks. To calculate this, the adjacency matrices are thresholded to retain only the top 10
edges. The common edges are then identified by taking the element-wise product of the thresholded
adjacency matrices. Summing this product over all rows and columns produces a scalar value, referred

to as the graph-similarity metric, which quantifies the number of common edges.

The procedure is conducted over time to track the dynamics of the graph-similarity metric, which is
then analyzed in relation to the emotion scale. To enhance interpretability, the negative of the obtained
graph-similarity metric is used, defined as the graph-dissimilarity metric, quantifying the dissimilarity
between the networks. Lower dissimilarity is anticipated during the emotion LOW interval and higher
dissimilarity during the emotion HIGH interval, maintaining consistency with the hypothesis. The match
between the time-varying graph-dissimilarity metric (averaged across subjects) and the emotion scale
is quantified using the cross-correlation metric, assessing the similarity in shape between two signals.
The analysis is limited to the top 10 edges to account for the sparsity of brain networks, focusing on

impactful connections for improved interpretability.

6.5.2 Connectome-based Network Analysis

Connectome-network analysis employs edge thresholding on the obtained graphs, focusing on the
top 5 connections. This highlights significant connections within the brain during distinct time inter-
vals. The objective is to compare isolated connections in the emotion LOW interval between the movie
and resting-state, providing insights into connectivity patterns and identifying regions characterized by
robust connections. Consistent with the hypothesis suggesting similarities in mind-wandering during
resting-state and low-emotion intervals in a movie, a comparison is undertaken across all four graph
learning methods in the pipeline, focusing on connectivity in resting-state in contrast to the emotion
LOW interval.
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6.6 Results

6.6.1 Task-based (MOVIE)
6.6.1.1 Emotion LOW interval

In the movie-based analysis, connections involving bilateral Superior Parietal regions are exclusively
observed, likely attributed to visual processing responses stimulated by the movie. Further, regions like
the Left Middle Orbital Frontal <+ Left Middle Frontal, Left Thalamus <> Right Thalamus, and Right
Amygdala <> Left Angular Gyrus are also identified in the movie-based network during the interval

with low emotional valence.

6.6.1.2 All-time average

When averaged across all time, the movie-based network exhibits distinct connections in regions
associated with empathy, such as the Amygdala, ACC, and Precuneus, reflecting activations specific to

empathy-related stimuli

6.6.2 Resting state

As mentioned in Section 6.4, only one functional network is generated for the resting-state analysis.
Connections involving the bilateral Anterior Cingulate Cortex (PCC) are uniquely present in the resting-
state network, underscoring the role of the PCC as a crucial component of the DMN specific to resting-
state conditions. Other connections include Left Middle Orbital Frontal <+ Left Middle Frontal, Left
Thalamus < Right Thalamus, and Right Amygdala <+ Left Angular Gyrus, which are in common with
the ones obtained during the emotion LOW interval in the movie-based analysis.

6.6.3 Comparison
6.6.3.1 Match dynamics analysis

In Figure 6.2 (top), the contrast between the time-varying graph-dissimilarity metric and the emotion
scale rating, utilizing the sparsity-based method, is depicted. Both the signals plotted are mean shifted
and variance normalized to 1 for visualization. It is important to note that the graph-dissimilarity metric
serves as a quantification of connection-based dissimilarity between the resting-state and movie-based
networks. In essence, lower values of this metric signify a higher similarity between the networks,
whereas higher values indicate greater dissimilarity.

Observing the alignment between the graph-dissimilarity metric and the emotional scale, notable
patterns emerge. In the emotion LOW interval (shaded green), wherein the emotion scale has a dip, a
corresponding decrease in the graph-dissimilarity metric is noted, although with a slight temporal delay.

This observation implies the presence of common edges between the movie and resting-state networks
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Figure 6.2 Match dynamics: Comparison between the time-varying graph dissimilarity metric and
the emotion contagion scale using the sparsity-based (top) and Pearson’s correlation-based (bottom)
method. The blue curve denotes the dissimilarity metric analogous to the number of different con-
nections between the movie-based and resting-state networks. Both the curves are mean shifted and
variance normalized to 1 for visualization.

during periods of reduced emotional intensity, supporting the notion of shared connectivity patterns

during states akin to mind-wandering and the resting-state.

Conversely, during the emotion HIGH interval (shaded yellow), characterized by an upsurge in the
emotion scale, a corresponding spike in the graph-dissimilarity metric is observed. This phenomenon
suggests a reduction in the number of common edges between the movie and resting-state networks
during intervals of heightened emotional intensity. Such findings substantiate the hypothesized sim-
ilarity between states of mind-wandering observed during periods of low emotional arousal and the

resting-state, further enriching our understanding of brain dynamics during various emotional states.

In contrast to the sparsity-based method, Figure 6.2 (bottom) presents a comparison of the time-
varying graph-dissimilarity metric with the emotion scale utilizing the Pearson’s correlation-based method.
Unlike the consistent alignment observed with the sparsity-based approach, analysis reveals that the
graph-dissimilarity metric derived from the Pearson’s correlation-based method does not consistently
align with the emotional scale across various time intervals, emphasizing its limitations in accurately

capturing the relationship between movie-induced and resting-state networks.

Notably, unexpected observations arise, particularly during the empathy HIGH time-window. Here,

a dip in the distance metric implies a high degree of similarity between the two networks. This unex-
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Figure 6.3 Comparison of top-5 connections, across all methods in the emotion LOW interval, con-
trasted between movie (task) and resting-state. The red connections denote the strongest 5 connections
in the network.

pected finding suggests the potential presence of the resting-state network during periods of heightened

empathy, contradicting previous observations documented in Chapter 5.

Comparison with other methods highlights the performance differences, showcasing averaged cross-
correlation percentages of 81% for the distance-based method, 84% for Pearson’s correlation-based
method, 90% for the smoothness-based method, and notably, 98% for the sparsity-based method. These
findings reinforce the conclusions drawn in the previous work in Chapter 5, underscoring the superior
performance of the sparsity-based method in effectively capturing the intricate relationship between
movie-induced and resting-state networks.
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Figure 6.4 Comparison of top-5 connections, across time - emotion LOW interval (top), emotion HIGH
interval (middle) and all-time average (bottom) in the movie (left), contrasted against resting-state (right)
using the sparsity-based method. The red connections denote the strongest 5 connections in the network.

6.6.3.2 Connectome-based network analysis

The results obtained from the connectome-network analysis show similarities in the edges high-
lighted during the emotion LOW interval between the movie-based and resting-state networks using
the sparsity-based graph learning method. Figure 6.3 illustrates this comparison across all methods,
shedding light on the connections observed during the emotion LOW interval in both movie-based and

resting-state conditions.

Several connections emerge consistently across both movie-based and resting-state networks during
the emotion LOW interval. Connections such as Left Middle Orbital Frontal <+ Left Middle Frontal,
Left Thalamus <+ Right Thalamus, and Right Amygdala <+ Left Angular Gyrus are consistently identi-

fied in common, indicating shared network activations during periods of low emotional valence.

Nevertheless, the connectome-network analysis reveals intriguing distinctions between the movie-
based and resting-state networks. For instance, connections involving bilateral Superior Parietal regions

are exclusive to the movie-based network, likely attributed to visual processing responses stimulated by
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the movie. Conversely, connections involving the bilateral PCC are uniquely present in the resting-state
network, underscoring the role of the PCC as a crucial component of the DMN specific to resting-state

conditions.

These findings underscore the efficacy of the sparsity-based approach in accurately identifying net-
work activations consistent with the presented stimulus. Moreover, the sparsity-based method effec-
tively captures shared connections between movie-based and resting-state networks during empathy-
LOW and resting-state tasks, validating the initial hypothesis. In comparison, alternative methods such
as distance-based, Pearson’s correlation-based, and smoothness-based approaches fail to isolate com-
mon connections between the networks during the empathy LOW time-window and resting-state condi-

tions.

Furthermore, Figure 6.4 provides a comprehensive overview of the extracted connections in the all-
time-average comparison between movie and resting-state networks. Notably, the movie-based network
exhibits distinct connections in regions associated with empathy, such as the Amygdala, ACC, and Pre-
cuneus, reflecting activations specific to empathy-related stimuli. Conversely, the resting-state network
displays a different set of highlighted edges, emphasizing connections unique to the resting-state con-
dition. This analysis reaffirms the distinct network dynamics observed during empathy HIGH intervals,

as observed in the previous study in Chapter 5.

6.7 Claims and propositions

This study is based on the hypothesis: The brain’s dynamic response to natural stimuli, such as
passive-viewing of movies, is considered ’semi-controlled” by the context provided by the experimenter,
compared to resting-state paradigms. By comparing the results obtained across different time intervals,

particularly during the emotion LOW and HIGH durations, several claims can be made.

1. The hypothesis is supported with the match dynamics analysis and verified in detail with the
intricate connections in common between the movie-based and resting-state networks, as a part

of the connectome-based network analysis.

2. The sparsity-based method effectively captures both similarities and variations between the movie-

based and resting-state networks, aligning with the hypothesis.

6.8 Discussion

Graph theory, a robust tool for assessing brain network states, has been extensively applied in studies
on various brain conditions and in studies looking at emotional responses [26,37,38]. While previous
research explored graph learning methods for empathy-specific conclusions in Chapter 5, this study

focuses on comparing responses to resting-state and an emotion-inducing naturalistic stimuli (movie).

56



GSP proves valuable, offering deep insights into functional connectivity during task-based (empathetic)
processes and resting-state, adaptable to individual differences. The work hypothesized that tasks with
both fop-down and bottom-up processing as afforded in a directed or controlled narrative could share
connectivity similarities with resting-state (fop-down) neural activity, while also showing distinct acti-
vation. Our analyses aim to reveal distinctions and parallels between passive-viewing of a movie and

resting-state connectivity patterns, considering the emotional valence scales reported.

The findings demonstrate the correlation between the time-varying graph-dissimilarity metric and the
emotion scale. Throughout the discussion, we refer to the movie-based network as X and the resting-
state network as Y. The graph-dissimilarity metric, representing the connection-based dissimilarity
between X and Y, aligns notably with the emotion scale, particularly in the emotion LOW and HIGH
intervals, indicating similarities between X and Y during emotion LOW states, and dissimilarities dur-
ing emotion HIGH states using the sparsity-based method (Figure 6.2 (top)). The observed alignment of
activation with a slight lag could have multiple reasons like the windowed nature of the graph learning
process or due to the inherent hemodynamic response lag in BOLD fMRI signals. This lag results in the
activation appearing in the scanned signal approximately 5-7 seconds after the actual stimulus duration.
This temporal delay is evident in Figure 6.2 (top), particularly in the emotion LOW interval. Currently,
the underlying reason for the lag requires further studies to eliminate scanning-machine effects by using

a time-locked trigger to match the events in the movie to the hemodynamic response.

Furthermore, the connectome-network analysis indicates a significant overlap in highlighted edges
during the emotion LOW interval in X and Y. Notably, X highlights bilateral Superior Parietal connec-
tion absent in Y, a network attributed to visual processing. Interestingly, the shared connections and the
bilateral Superior Parietal connection are highlighted in the sparsity-based method alone, indicative of
the validity of the networks obtained using the sparsity-based approach on both task-based and resting-
state. Figure 6.4 demonstrates the contrast in extracted connections during emotion LOW, HIGH, and
all-time-average analyses. Notably, the emotion HIGH time window reveals diverse highlighted edges
in the resting-state network compared to the movie-based network. Empathy-specific regions exhibit
highlighted connections, contributing to the ‘empathy network’ identified in the previous work in Chap-
ter 5. The all-time-average analysis shows contributions from both networks, alongside Left Precuneus
and Right Precuneus. This confirms the validity of the sparsity-based method in differentiating between

networks during low and high emotional cues.

After examining the findings in relation to our hypothesis, the reduced dissimilarity in X and Y
during low-emotional intervals suggests that: although the movie acts as a stimulus, it is possible the
activation or processing during this interval might not be potent enough to generate significant stimulus-
specific brain responses. This results in activity comparable to the resting-state, which indicates stronger
top-down processing, not specific to the stimuli features. On the contrary, increased dissimilarity during
high-emotional intervals implies that: the movie provides a strong stimulus to the brain during this

interval and directs its response to follow the same signature as the stimuli features, thus distinguishing
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itself from an uncontrolled response in the resting-state. This confirms the hypothesis presented, with
specific emphasis on the sparsity-based method, proving to outperform others in identifying variations
in similarities between the movie-based and resting-state networks, in agreement with the conclusions

drawn in the previous work in Chapter 5.

6.9 Conclusion

This study explores the hypothesis that brain responses to natural stimuli, such as watching movies,
exhibit controlled behavior during high emotional scenarios and resemble resting-state activity dur-
ing low emotional cues. Our analysis confirms this hypothesis, revealing distinct connectivity patterns
during high and low emotional cues. Using a sparsity-based method, we achieve 98% match with emo-
tion ratings, whereas Pearson’s correlation-based method achieves 84% match. However, challenges
in graph learning arise with longer narratives due to the high computational complexity. Future work
could integrate structural connectivity information to enhance functional connectivity analysis, ensuring

networks consider temporal similarities and anatomical priors for robustness.
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Chapter 7

Conclusion

This thesis presents an fMRI signal processing pipeline utilizing the optimization based graph learn-
ing methods to extract dynamic functional connectivity patterns between brain areas. In an exploratory
analysis to identify the best performing graph learning method in identifying empathy networks during a
naturalistic stimuli, the results consistently demonstrate the superiority of the sparsity-based approach in
capturing variations in the emotion contagion scale, achieving over 80% accuracy across all participants.
The observed temporal alignment in graph cluster labels with the emotion scale supports the method’s
efficacy in capturing dynamic connectomes, while edge-weight dynamics analysis highlights its abil-
ity to detect activations around specific time intervals in the movie rated to possess a high emotional

valence.

A method comparison underscores the ideal performance of sparsity-based learning in emotion
HIGH states, outperforming existing methods in terms of average empathy scores, edge-weight acti-
vations, and major regions involved. Connectome-network analysis reveals the pivotal role of regions
like the Insula, Amygdala, and Thalamus in empathy, with lateral brain connections facilitating syn-
chronized responses. Furthermore, spectral filtering analysis emphasizes the significance of the spec-
tral band-pass filter in isolating regions linked to emotional and empathetic processing during emotion
HIGH states.

Further, in a comparative analysis between task-based and resting-state connectivity patterns, this
thesis explores the hypothesis that brain responses to naturalistic stimuli, such as watching movies,
exhibit controlled behavior during high emotional scenarios and resemble resting-state activity during
low emotional intervals. The analysis confirms this hypothesis, revealing distinct connectivity patterns
during high and low emotional cues. Using a sparsity-based method, we achieve 98% match with

emotion ratings, whereas Pearson’s correlation-based method achieves 84% match.

In conclusion, by leveraging the sparsity-based method, the study reveals to achieve a high match
with emotion ratings, suggesting its potential for robust functional connectivity analysis in the context

of complex constructs like empathy.
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However, this thesis also highlights limitations associated with using GSP for fMRI empathy analy-

sis, including variability in graph construction with the solver used and computational intensity.

For future investigations, this thesis suggests exploring graph wavelet transform-based analyses to
conduct a more in-depth examination of spectral bands, thereby providing deeper localization within the
brain. Additionally, a comparative analysis involving a condensed version of the movie, and a structural
connectivity network could offer insights into the dynamics of brain activity across different conditions.
Another promising research direction would be to incorporate prior information from structural con-
nectivity into the learning process for functional connectivity, which could open new possibilities for
a better understanding of neural interactions. Integrating structural connectivity information into func-
tional connectivity analysis could enhance network robustness by considering both temporal similarities

and anatomical priors.

Addressing these limitations and exploring future directions could further enhance the understanding

of neural interactions and their implications for empathy processing.
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Appendix A

Plot for the movies

A.1 M1 -”These Times”

The film is directed by Ramy EI Gabry, starring Khaled Megald, Abdallah Alnahas and Awatef
Helmy and is set in Cairo, Egypt. The short 11 minute movie, opens with a scene that shows a young
man dressed for office standing in his balcony and sees an old woman being led by a man to a seat facing
the water body in front of his house. The woman is instructed by her son to wait for him, as he has to
go for some work. He gives her a piece of paper saying it has his contact details. The woman is shown
sitting on the seat, watching people go by and also talks to a young child who halts at the seat. The
man who sees her in the morning, returns from office in the evening and see her still sitting at the same
place. He crosses the road and walks over to her. He starts a conversation, and she mentions that she is
waiting for her son to return. She also narrates how she will be seeing her grandson for the first time,
as she stays in the village, and shows the man the chain she bought for her grandson and a photograph.
Being thirsty she accepts water from the man. He then offers to call her son, to find out the reason for
the delay. Initially she hesitates as she does not want to trouble the son and the man too. But then relents
and hands over the slip of paper. The man opens the paper and sees that the message written by the son
is “whoever finds this woman, please move her to an old age home”. The last scene zooms in as the

man’s expressions is understood by the woman and her face reflects acute sorrow.

The link for the movie is also provided [65].

A2 M2 - “Most “(re-titled ‘“The Bridge”)

directed by Bobby Garabedian , written and produced by William Zabka had won the 2003 Palm
springs — best of festival-award and other nominations too. The film is about a father employed as the
railroad drawbridge operator, who takes his eight-year old son to work one-day. They both walk to the
engine room, and the father tells his son to stay at the edge of a nearby lake and try fishing. A ship comes
by and the bridge is drawn up. The bridge has a train track and has to be locked down for the train. On
that day, the train happens to arrive early and the son notices the smoke from the engine and shouts a
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warning to his father. But the father does not hear it over the noise in the engine room. The son, runs
towards the manual lever at the junction where the bridge rises up. The father looks out of the window
and sees that his son is not near the lake, he then notices the train and realizes that his son is trying to
close the lever. Meanwhile the boy, when attempting to move the lever, slips and falls on the gears. The
father has to make the cruel decision whether to pull the lever down and save the lives of hundreds in
the train or his son who will be crushed to death if the lever is pulled down. With great agony, he pulls
the lever down and the train chugs by, while he rushed down the engine room a women passenger looks
out of the window of the train to see the father crying in anguish, oblivious of the sacrifice of the father
has made. The movie ends, with the father in a new city and seeing the same woman cross the road with

a little boy, and realizes that life should go on.

The 29 minute original length was edited to fit in the narrative which features the son and father
while editing out the narrative of the people in the train. The short emotional scenes selected for the
experiment were 14-20 seconds of the part when the father is seen crying in anguish — depiction of high
emotions and the neutral clipping was of the father and son walking towards the engine room.

The link for the movie is also provided [66].
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Rating

Appendix B

Emotion contagion scale

The emotion scale for M1 is shown in Figure B.1, and for M2 is shown in Figure B.2.

Emotion scale rating for movie 1
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Figure B.1 Emotion scale plot for M1
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Figure B.2 Emotion scale plot for M2
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Appendix C

List of regions

Table C.1 and Table C.2 list all the 54 bilateral regions considered for the study along with their

corresponding AAL region number.

Number| Name Number| Name Number| Name

2101 Left Superior Frontal 3001 Left Insula 5401 Left Fusiform Gyrus

2102 Right Superior Frontal 3002 Right Insula 5402 Right Fusiform Gyrus

2111 Left Orbital Superior ||| 4001 Left ACC 6101 Left Superior Parietal
Frontal

2112 Right Orbital Superior ||| 4002 Right ACC 6102 Right Superior Parietal
Frontal

2201 Left Middle Frontal 4021 Left PCC 6201 Left Inferior Parietal

2202 Right Middle Frontal 4022 Right PCC 6202 Right Inferior Parietal

2211 Left Orbital Middle ||| 4101 Left Hippocampus 6211 Left Supramarginal
Frontal Gyrus

2212 Right Orbital Middle ||| 4102 Right Hippocampus 6212 Right Supramarginal
Frontal Gyrus

2301 Left Inferior Opercularis ||| 4111 Left Parahippocampus 6221 Left Angular Gyrus
Frontal

Table C.1 List of brain regions and their corresponding AAL Atlas region number
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Number| Name Number| Name Number| Name

2302 Right Inferior Opercu- ||| 4112 Right Parahippocampus 6222 Right Angular Gyrus
laris Frontal

2311 Left Inferior Triangu- ||| 4201 Left Amygdala 6301 Left Precuneus
laris Frontal

2312 Right Inferior Triangu- ||| 4202 Right Amygdala 6302 Right Precuneus
laris Frontal

2321 Left Inferior Orbital ||| 5101 Left Superior Occipital 7101 Left Thalamus
Frontal

2322 Right Inferior Orbital ||| 5102 Right Superior Occipital ||| 7102 Right Thalamus
Frontal

2601 Left Superior Medial ||| 5201 Left Middle Occipital 8111 Left Superior Temporal
Frontal

2602 Right Superior Medial ||| 5202 Right Middle Occipital 8112 Right Superior Temporal
Frontal

2611 Left Orbital Medial ||| 5301 Left Inferior Occipital 8301 Left Inferior Temporal
Frontal

2612 Right Orbital Medial ||| 5302 Right Inferior Occipital 8302 Right Inferior Temporal
Frontal

Table C.2 List of brain regions and their corresponding AAL Atlas region number
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