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REVIEW ARTICLE

Oxidative stress and neurological disorders:
Therapeutic strategies and pharmacological
intervention

Nikhila Khola®, Kareena Moar', and Pawan K. Maurya*

Department of Biochemistry, School of Interdisciplinary and Applied Sciences, Central University of
Haryana, Mahendergarh, Haryana, India

Abstract

Oxidative stress plays a significant role in cerebral biochemical dysfunction,
contributing to the increased sensitivity of the central nervous system to reactive
oxygen species (ROS)-mediated injury. It is characterized by an imbalance between
the production of ROS and the antioxidant capacity of the cell, which results in a
variety of pathological disorders and diseases, including neurological conditions
such as Parkinson’s disease, Alzheimer’s disease, schizophrenia, bipolar disorder, and
anxiety. In this review, we delve into the role of oxidative stress in neurodegenerative
disorders. We conducted a comprehensive search across various databases, including
Google Scholar, ScienceDirect, and PubMed, with a focus on literature published
within the past decade. Our search utilized terms such as “oxidative stress and
neurological disorders,” “pharmacological interventions for neurological disorders,’
“oxidative stress, free radicals, and neurological disorders,” and “free radicals and
neurological disorders. Our aim was to elucidate the relationship between oxidative
stress and neurological disorders, as well as to summarize available therapies and
pharmacological interventions for these conditions.

Keywords: Oxidative stress; Neurological disorder; Reactive oxygen species;
Pharmacological interventions; Therapy

1. Introduction

Oxidative stress arises from an imbalance between the production and accumulation
of reactive oxygen species (ROS) in cells and tissues, where pro-oxidants outnumber
antioxidants. Initially, it was believed that ROS, comprising reactive molecules and free
radicals originating from molecular oxygen, were released solely from mitochondrial
metabolism. However, further research has revealed that cellular enzymes, such
as nicotinamide adenine dinucleotide phosphate oxidases, also contribute to ROS
production in humans."'

When ROS levels rise, they can cause irreparable damage to biological molecules,
resulting in cell dysfunction and, in severe cases, cell death.” Oxidative stress is
implicated in numerous age-related disorders, such as diabetes, cancer, cardiovascular,
and neurological disorders.” Oxidative stress is mainly the disturbance of homeostasis
inside the environment of the cell. Neurological disorders are particularly notable due

Volume 2 Issue 2 (2024)

1 doi: 10.36922/bh.2704


https://dx.doi.org/10.36922/bh.2704
https://orcid.org/0000-0003-0971-4600
https://dx.doi.org/10.36922/bh.2704
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Brain & Heart

Oxidative stress and neurological disorders

to the irreversible changes in neurons that they induce.*
For the normal functioning of eukaryotic cells, oxygen
is crucial. The demand for oxygen varies depending on
the type of cells and tissues. For example, in the brain,
astrocytes and neurons primarily require a high supply of
oxygen and glucose.

Despite of essentiality of oxygen, hyperoxia can lead to
toxicity, including neurotoxicity. Although the complete
pathways affected and the mechanisms underlying this
situation are not completely understood, many mechanisms
are directly or indirectly affected by oxidative stress,
ultimately resulting in neuronal death. These mechanisms
include mitochondrial dysfunction, altered proteosis, and
deregulation of antioxidant pathways. Several studies on
animal models and postmortem human brain specimens
have reported that increased levels of ROS and reactive
nitrogen species (RNS) lead to damage of proteins, lipids,
and nucleic acids.’

Oxidative stress serves as a common denominator in
neuronal loss, responsible for all types of neurological
disorders. The role of oxidative stress is evident in
the oxidative damage of many proteins reported in
postmortem studies of Alzheimer’s disease and Parkinson’s
disease. When low concentrations of ROS are maintained,
they serve as signaling molecules and play a positive role
in defense mechanisms.® Astrocytes and glial cells are
responsible for maintaining homeostasis in the brain
under normal physiological conditions. However, in high
levels of oxidative stress, the appropriate functioning of
these glial cells is disturbed, leading to a weakened blood-
brain barrier.”

In neurodegeneration, Alzheimer’s disease and
Parkinsons disease account for a significant portion of
cases, with oxidative stress playing an important role
in both conditions. This oxidative stress can lead to
the oxidation of mitochondrial DNA, a phenomenon
closely associated with aging. Studies indicate that age-
related declines in mitochondrial function contribute to
impairments in the expression and processing of amyloid
precursor protein (APP).® The expression of APP is
responsible for the production of ROS in the brain, which
leads to neurotoxicity and the accumulation of amyloid £3,
a hallmark of Alzheimer’s disease.” Furthermore, oxidative
stress and mitochondrial dysfunction are implicated in a
cascade of events culminating in the loss of dopaminergic
neurons, a defining feature of Parkinson’s disease. The
primary pathology in Parkinson’s disease is the degeneration
of dopaminergic neurons in the substantia nigra, a region
crucial for regulating motor function. Elevated levels of
oxidative biomarkers, such as 8-hydroxy-guanosine, have
been observed in the brains of Parkinson’s disease patients."

It is well understood that oxidative stress initiates a
series of cellular events that collectively contribute to
neuronal demise.!" Consequently, targeting oxidative
stress represents a potential strategy for interrupting
this detrimental cascade. Therefore, many researchers
are now emphasizing therapeutic interventions aimed
at modulating key components involved in regulating
oxidative stress.

2. Effects of oxidative stress on the central
nervous system

Due to the high metabolic rate in the central nervous
system (CNS), adenosine triphosphate production is
notably elevated through the electron transport chain and
oxidative phosphorylation. Consequently, neurons and
glial cells generate substantial amounts of ROS and RNS.
Neurons and other CNS cells are particularly susceptible to
oxidative stress due to their unique biochemical pathways
and intrinsic properties.’® The influence of oxidative
stress on tissue and cellular levels varies depending on
the internal structure of impacted brain regions, notably
the hippocampus, prefrontal cortex, amygdala, and
cerebral cortex, which are among the most vulnerable
regions to oxidative stress.” According to the free radical
theory of aging proposed by Harman,'* the CNS is highly
susceptible to oxidative stress due to its substantial oxygen
requirement, which accounts for 20% of the total body
oxygen utilized for metabolic activities.* Neurons exhibit
heightened sensitivity to oxidative stress due to their
non-dividing, terminally differentiated nature, rendering
them unable to be replaced even in the face of damage
or mitochondrial dysfunction during their late lifespan.’
Aging of the brain further exacerbates its vulnerability to
oxidative stress, leading to increased levels of oxidative
biomarkers such as DNA damage, metal toxicity, and
deficits in protein metabolism. In addition, brain aging
promotes the upregulation of genes that compensate for
age-associated deficits, including those involved in protein
folding (e.g., heat shock protein 70 and alpha-crystallin)
and metal-ion homeostasis. Neuronal membranes
primarily consist of polyunsaturated fatty acids such
as docosahexaenoic acid (DHA), rendering them more
susceptible to lipid peroxidation." Neurotransmitters,
the chemical messengers facilitating signal transmission
between neurons and target cells, including dopamine
and epinephrine, are prone to auto-oxidizable. Excessive
oxygen species react with dopamine, serotonin, and
norepinephrine, initiating their oxidation and leading to
the synthesis of more ROS and quinones in various brain
regions."” Ultimately, oxidative stress sets off a cascade
of metabolic phenomena culminating in neurotoxicity.
ROS toxicity contributes to protein mis-folding, glial cell
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activation, mitochondrial dysfunction, and subsequent
cellular apoptosis.

2.1. Role of antioxidants

Oxidative stress is a pivotal factor in most chronic
neurological disorders, making antioxidants a promising
therapeutic approach by reducing oxidative stress through
the quenching/scavenging of free radical intermediates.'®
Antioxidants effectively interrupt the cascade of oxidative
stress reactions. Within biological systems, inherent
endogenous antioxidants maintain homeostasis. These
antioxidants include enzymatic entities such as superoxide
dismutase (SOD), glutathione peroxidase, and catalase, as
well as non-enzymatic compounds such as glutathione,
o-lipoic acid, uric acid, and coenzyme Q10."” Another
category comprises exogenous or synthetic antioxidants,
which are synthesized from modifications of natural
antioxidant or their conjugation with other effective
molecules. Synthetic antioxidants exhibit superior
capacities for scavenging free radicals, metabolic stability,
and bioavailability compared to natural ones."”® Examples
of synthetic antioxidants include propyl gallate, butylated
hydroxytoluene, and polyphenols such as curcumin,
resveratrol, and anthocyanin.” Recent research on
synthetic antioxidants has yielded favorable results against
oxidative stress and multiple targets in neurodegenerative
diseases.”® Treatment with various types of antioxidants
such as o-lipoic acid?' Vitamin C,'* a-tocopherol,
crocin,? resveratrol, and epicatechin® has demonstrated
significant reductions in brain edema, infarct brain
volume, oxidative damage, and apoptosis. In addition,
antioxidant treatment preserves the integrity of the blood-
brain barrier, ameliorates ischemic injury, and upregulates
the expression of brain-derived neurotrophic factor and
nerve growth factor mRN.? Since neurological disorders
are multifactorial disorders and oxidative is a common
pathophysiological process affecting multiple targets,
effective antioxidant therapy or combination therapy could
have broad therapeutic applicability in clinical trials.”
However, certain challenges hinder translation to clinical
practice, such as low bioavailability, inadequate dosing,
limited transportation to CNS, and transient retention.
Nanoparticle-based drug delivery could address some of
these issues.

3. Cellular pathways affected during
oxidative stress in the central nervous
system

Researchers have shifted their focus toward the cellular
or metabolic pathways implicated in oxidative stress.

Stress induces apoptotic injury characterized by early
membrane fragility loss and genomic DNA destruction.?

Affected cellular pathways include activation of glycogen
synthase kinase-3f activation, the Akt pathway, loss of
mitochondrial permeability, alterations in glutamate
metabolism, dysregulation of cytokine, and inflammation
involving  microglial®  Ultimately, these events
culminate in neuronal loss or irreparable nerve injury.
Understanding these cellular pathways holds promise for
identifying potential novel therapies for acute and chronic
neuronal and vascular injuries. Studies have reported that
deficiency in the PINKI gene, responsible for maintaining
mitochondrial calcium homeostasis, leads to impaired
respiration and increased production of ROS due to
inhibition of complex 1 in the mitochondrial electron
transport chain.*® Antioxidant response enzymes (AREs)
are activated upon binding with the transcription factor
nuclear factor erythroid 2-related factor 2 (Nrf2).”! The
ARE-Nrf2 complex serves as a neuroprotectant. However,
oxidative stress can disrupt this binding, leading to the loss
of Nrf function* (Figure 1).

4. Role of sigma receptors in neurological
disorders

Sigma receptors represent a unique class of intracellular
receptors, distinct from G-coupled receptors and
ionotropic receptors, and play a significant role
in modulating a collection of cellular processes in
neurodegeneration.”® These receptors consist of two
subtypes: sigma-1 and sigma-2, both present in CNS. Each
subtype is distinguished by its unique pharmacological
properties and structural composition.** In recent years,
sigma receptors have gained interest for their involvement
in altering pathways related to cell survival and functions,
offering potential therapeutic targets in neurodegenerative
conditions. Sigma-1 receptors are multifunctional
transmembrane proteins distributed on the mitochondrial
and endoplasmic reticulum membrane,” participating
in both cellular and intracellular activities. In the CNS,
sigma-1 receptors are found on neurons, oligodendrocytes,
microglial cells, and astrocytes, contributing to various
physiological activities such as synaptic plasticity and
the secretion of neurotransmitters such as glutamic acid,
serotonin, adrenaline, dopamine, and neurosteroids.*
On the other hand, sigma-2 receptors are still under
investigation. Current knowledge suggests that they are
transmembrane proteins with four domains, with N- and
C-terminals extending into the cytoplasm,” and weigh
approximately 18 - 21 kDa. No endogenous receptors
for sigma-2 receptors have been identified thus far. These
receptors are implicated in cholesterol homeostasis,
sterol transport, and the regulation of intracellular
calcium ion concentrations.”” However, a comprehensive
understanding of their chemical structure, physiological
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role, and distribution throughout the body remains
incomplete. Given the limited information available
about sigma-2 receptors, further studies and research are
warranted to elucidate their role in cellular processes and
potential therapeutic implications in neurodegenerative
disorders®® (Figure 2).

\ Normal cell condition
Neurotransmitter -1
o0

A 1Y

w [ Nrf2 | NriZ2 [ w

Ub Ub

SOD
Catalase _ARE "
GPX \ M\

5. Factors affecting oxidative stress
5.1.Aging

Aging represents a progressive physiological change in
organisms, leading to a decline in biological activities.
According to free radical theory, aging cells exhibit
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Figure 1. The alteration in metabolic pathways induced by oxidative stress across synapses.
Abbreviations: ARE: Antioxidant response enzymes; GPX: Glutathione peroxidase; Nrf2: Nuclear factor erythroid 2-related factor 2; SOD: Superoxide

dismutase; Ub: Ubiquitin.
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increased production of free radicals, which are responsible
for age-associated functional damage to macromolecules.”
This heightened production of ROS during aging induces
various physiological changes, such as the inhibition
of cell proliferation and the production of interleukins,
chemokines, and other proinflammatory components,
ultimately leading to cell senescence.* Cellular senescence
contributes to the onset of several acute and chronic
disorders, as aging disrupts cellular homeostasis,
particularly through oxidative damage. Oxidative stress-
induced aging triggers mitochondrial dysfunction, further
exacerbating cellular aging. As a result, the lifespan of cells
is reduced due to the functional inefficiency of enzymes,
proteins, and other biomolecules.’ In addition, oxidative
stress accelerates peroxidative damage to membrane
lipids, degrades membrane proteins, and reduces the
concentration of fatty lipids. ROS also play a role in
premature aging by causing errors in DNA replication,
accumulation of DNA modifications, insufficient organelle
turnover, and impaired proteosis.*!

5.2. Obesity

Obesity, characterized by excessive body fat, exerts
multifactorial effects on health, increasing the risk of various
health problems. It typically arises from a surplus intake of
calories not offset by physical exercise and daily activities.*?
Obesity has been associated with systemic oxidative stress,
which stems from increased production of adipokines
and the development of metabolic syndrome.* Oxbiosis-
induced oxidative stress is attributed to increased adipocyte
numbers that lead to elevated levels of proinflammatory
cytokines such as interleukin-6 and indicative of chronic
inflammation within the body.** Moreover, the increased
mechanical load and myocardial demand associated with
obesity escalate oxygen consumption, resulting in the
overproduction of free radicals. Jia et al.*® suggest that if
obesity persists for a prolonged duration, antioxidants such
as catalase and SOD also become depleted. As adipocytes
increase, cellular metabolism is affected, leading to an
overproduction of ROS. Weight loss, along with antioxidant
supplements such as Vitamin E, can help reduce the
pathologies related to oxidative stress.*” Even at the hepatic
level, obesity induces lipid peroxidation, oxidative stress,
and autophagy. ROS are involved in the signal transduction
and differentiation of adipocytes from stem cells.* However,
complete information about this process still needs to be
elucidated, as it involves many transcription factors, cell
cycle proteins, small molecules, and hormones.*” Elevated
ROS levels may result in modified differentiation of
adipocytes and their function, and also alter the browning
process in obesity. Accumulation of fatty acids and lipids is
accompanied by alterations in insulin signaling pathways.

High glucose levels elevate the production of ROS,
which transforms mitochondrial enzymes, consumption,
and deposition of nutrients, ultimately resulting in
metabolic disorders.*® In obese individuals, mitochondrial
dysfunctioning leads to decreased fatty acid oxidation and
energy generation. ROS alter the metabolism of lipids and
fats and elevates the rate of apoptosis.”

5.3. Inflammation

Inflammation represents a biological response to external
stimuli, constituting a complex immune protective
mechanism of the body against external injury, allergy, or
chemical irritants.® Chronic inflammation can precipitate
diseases related to a hyperresponsive immune system,
such as rheumatoid arthritis, chronic asthma, and other
neurological disorders. Tissues injured by trauma undergo
cellular death or injury,” releasing ROS, superoxide
anion, hydrogen peroxide, nitric oxide, and cytokines.
Chronic inflammation is a major contributor to free
radical production, thereby playing a pivotal role in the
onset of numerous diseases. In CNS, inflammatory lesions
produced as an immune response consist of CD4+ and
CD8+ T-cells.”> The higher accumulation of immune cells
correlates with an elevated expression of inflammatory
cytokines. NRLP3 serves as an intracellular sensor
detecting environmental stimuli and endogenous danger
signals. Chronic inflammation activates NRLP3, leading
to the formation of inflammasomes, which, in turn,
induces mitochondrial dysfunction, resulting in increased
production of mitochondrial ROS. The NF-kB pathway is
intricately interconnected with various cellular pathways
and inflammation.” This transcription factor plays an
important role in maintaining cellular homeostasis and
is markedly upregulated during aging, contributing to
chronic inflammation. Activation of the NF-xB pathway
amplifies inflammatory responses through positive
feedback, leading to an increase in ROS/RNS within cells,
thereby fostering stressful conditions within the cellular
environment.*

5.4. Mitochondrial dysfunction

After the nucleus, only the mitochondria is the cell organelle
having its own DNA. Due to the activity of electron
chain transport, ROS are a major byproduct within the
mitochondria.>* Oxidative stress-related disarrangements
within the mitochondria and proinflammatory signaling
are indicators of neurodegeneration. Mitochondria form
an interconnected network with other organelles such as
lysosomes, endoplasmic reticulum, actin cytoskeleton,
and the Golgi apparatus. Neuroinflammation is linked to
many neurological disorders,* in which mitochondrial-
derived vesicles are a common factor in disease progression.

Volume 2 Issue 2 (2024)

doi: 10.36922/bh.2704


https://dx.doi.org/10.36922/bh.2704

Brain & Heart

Oxidative stress and neurological disorders

Mitochondrial-derived vesicles are also associated with the
activation of hyper-fragmented mitochondria and giant
mitochondria nucleoids, which can trigger the immune
response.” Altered mitochondrial metabolism, increased
membrane permeability, decreased membrane potential, and
excess production of ROS and energy deficits are associated
with neurological disorders and their progression.®

6. Neurological disorder

Neurological disorders are defined medically as
conditions that affect biochemical, structural, or
electrical abnormalities in the brain, spinal cord, or other
nerves, often resulting in a range of symptoms such as
paralysis, muscle weakness, poor coordination, loss of
sensation, seizures, and altered levels of consciousness.”
Broadly, neurological disorders are classified into three
categories: (i) neuropsychiatric disorders, such as
schizophrenia, bipolar disorder, anxiety, and seizures; (ii)
neurodegenerative disorders, such as Parkinson’s disease,
Huntington’s disease, and Alzheimer’s disease; and (iii)
neurocognitive disorders, such as dementia, autism, and
delirium. Neuropsychiatric disorders represent a spectrum
of syndromes where an individual’s cognitive, behavioral,
and emotional abilities are affected.”® Common examples
include schizophrenia, major depressive disorder (MDD),
attention deficit hyperactivity disorder (ADHD), and
bipolar disorder. Despite their high prevalence, these
disorders can have profoundly debilitating effects. In
addition, anxiety stands out as a major neuropsychiatric
problem, particularly prevalent during adolescence
(Table 1).

7. Oxidative stress in neuropsychiatric
disorders

7.1. Schizophrenia

Schizophrenia is a severe mental disorder that affects
approximately 0.4% of the global population, imposing
significant emotional and financial burdens on both
patients and their families. Characterized by a diverse range
of symptoms, schizophrenia manifests as a heterogeneous
disorder, encompassing both positive and negative
symptoms. Positive symptoms include thought disorders,
hallucinations, and delusions, whereas negative symptoms
include social withdrawal and poverty of thought. Notably,
50-90% of schizophrenia patients exhibit negative
symptoms during their first episode of illness.*

Patients diagnosed with schizophrenia experience
auditory verbal hallucinations (AVHs), which are prevalent
in around 70% of cases. AVHs involve patients hearing
voices that are unreal, without any external sound stimuli.
In general, these voices consist of insulting comments or
negative remarks directed toward the patients, potentially
prompting self-harm, suicidal tendencies, or extreme
violence.”

Psychiatrists managing schizophrenia often emphasize
the adage, “Time is cognition” Emerging but limited
evidence suggests that early intervention before the onset
of psychosis is crucial for preserving patients’ functional
ability and cognition. Therapy, social support, and
psychoeducation are all very important and significant
aspects of the treatment of different stages of schizophrenia.
Antipsychotics serve as the primary pharmacological

Table 1. Changes in the activity of synaptic protein in neurological disorders

Synaptic Functions of protein Change in Location in brain References

proteins Name of proteins activity of protein

a-synuclein Presynaptic chaperone Decreased Cultured neurons and brain homogenates 59

VAMP2 VAMP2 in the synaptic vesicles Decreased Primary motor, somatosensory, and parietal 60

areas of the cerebral cortex, synaptosomes

PSD-95 Postsynaptic density protein Increased Cortical layers L, II/III, and V 61

Synaptophysin Synaptic vesicle membrane protein Decreased Rostral cortex 62
involved in endocytosis

Complexin-1 Exocytosis of synaptic vesicles Decreased Hippocampus 63

Syntaxin-1A SNARE complex Decreased Hippocampus 64

MAPI1A Microtubule cross-linking protein Decreased Hippocampus 65

Homer-1 Protein in the post-synaptic density of Decreased Primary motor, somatosensory, and parietal 66
excitatory synapses areas of the cerebral cortex

SNAP25 t-SNARE Decreased Synaptosomes 67

MAPI1B Microtubule cross-linking protein Decreased Hippocampus 68

Abbreviations: MAP1A: Microtubule-associated protein 1A; MAP1B: Microtubule-associated protein 1B; PSD-95: Postsynaptic density protein
95; SNAP25: Synaptosomal-associated protein, 25kDa; VAMP2: Vesicles-associated membrane protein-2.
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treatment for schizophrenia.®® Despite being one of the
most commonly prescribed treatments, 5-25% of patients
may continue to experience symptoms and encounter
unwanted side effects. Talking therapies are frequently
used alongside medications.”” The following outlines
different treatment options for schizophrenia:

7.1.1. Supportive therapy

Insupportive therapy, patients receive general support. After
consulting with a health professional, time is allocated for
listening to people’s concerns, providing encouragement,
and even assisting them with their day-to-day activities.
Support from family and friends also falls within the realm
of supportive therapy. Certain interventions in supportive
psychotherapy require a trained therapist, while others,
like “befriending,” do not require specific training.”

7.1.2. Avatar therapy

Certain symptoms of schizophrenia, such as AVHs, may
resist conventional treatment methods. Avatar therapy,
utilizing virtual reality, has emerged as a potential
intervention for these treatment-resistant symptoms.
Recently integrated into schizophrenia treatment options,”
this therapy utilized virtual reality to create a controlled
environment. A computer program generates an avatar,
human or non-human, resembling the entity the patient
believes interacts with them through voices. Designed to
encourage and control dialogue between the patientand the
avatar, the therapy employs a virtual reality environment
and voice morphing program for avatar creation. Finally,
the therapist uses the avatar to engage in dialog with
patients and subsequently administer treatment.”

7.1.3. Cognitive behavior therapy

Cognitive behavior therapy (CBT) is a psychosocial
treatment aimed at assisting patients in re-evaluating their
experiences to alleviate distress and modify problematic
behavior. The National Institute of Health and Care
Excellence (NICE) recommends CBT as an adjunctive
treatment for schizophrenic patients.”” Developed by
Aaron T. Beck, CBT applies general principles such as case
formulation based on a cognitive model, goal setting, and
homework assignments to address negative symptoms.”™
Current evidence suggests that CBT may be beneficial
for patients with chronic schizophrenia. However, its use
during acute phases should be considered based on patient
cooperation and feasibility issues.”

7.2. Major depressive disorder

Major depressive disorder, also known as unipolar
depressive disorder or clinical depressive disorder, ranks
among the most common psychiatric conditions globally,

affecting over 264 million individuals.” It stands as the
leading cause of disability, according to the World Health
Organization. Characterized by its deleterious effects, high
prevalence, and early onset, MDD imposes significant
disability, mortality, and financial burden on affected
individuals and their families. Moreover, its negative
effects are further exacerbated by family turmoil, social
upheaval, and divorces.”” Symptoms of MDD include
impaired cognitive and vegetative functions, mood
swings, and loss of interest and pleasure in activities.” The
treatment of MDD encompasses the following therapeutic
modalities:

7.2.1. Hormonal therapies

Some patients generally fail to respond satisfactorily to
chemical antidepressants. Consequently, there is a pressing
need for more effective methods targeting depression
treatment. Alterations in hormonal concentrations
and endocrine functions play a significant role in the
pathophysiology of depression.”” Cortisol, estrogen,
and thyroid hormones, in particular, are important in
addressing behavioral disorders. Extensive clinical and
preclinical studies have laid the foundation for a deeper
understanding of the clinical application of hormonal
therapy in depression treatment in the forthcoming years.®

7.2.2. Cognitive behavioral therapy

Many patients with chronic depressive symptoms become
resistant to conventional antidepressant treatments.
Typically, those suffering from depressive symptoms for
2 years or more do not respond to chemical treatments.
Therefore, patients with severe to moderate symptoms
requireanovelstrategy that combinesboth pharmacological
and psychological treatments.”” CBT represents one
such approach. It is a goal-oriented, well-structured talk
therapy aimed at alleviating symptoms associated with
various mental health conditions, particularly depression
and anxiety. CBT is widely regarded as the most effective
treatment for substance abuse and co-occurring mental
disorders.®’ Through this therapy, patients acquire skills
to adopt healthier thinking patterns and habits, enabling
them to overcome negative thoughts and behaviors. CBT
can be used alone or in conjunction with other therapies
and medications. Sessions typically involve a question-
and-answer format, facilitating the development of
improved coping mechanisms for stress, pain, and difficult
situations.®” CBT is suitable for individuals of all age groups,
including children. Grounded in theory- and expertise-
based conversations, CBT provides a factual treatment
approach within a safe, supportive, non-judgmental, and
positive environment, fostering open communication
between patients and mental health professionals.®
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7.2.3. Electroconvulsive therapy

Treating and managing MDD represents a major
public health challenge nowadays. MDD is considered
a substantial psychological and social disruption.
The American Psychiatric Association acknowledges
electroconvulsive therapy as a treatment generally
reserved for patients with severe MDD unresponsive to
other treatments. It involves brief electrical stimulation of
the brain under general anesthesia, resulting in changes
in brain chemistry and homeostasis.** This procedure is
generally considered safe and low-risk. Often employed
as a “quick fix, electroconvulsive therapy serves as
an alternative to prolonged medication regimens and
hospitalization. Several studies have proven the efficacy
of electroconvulsive therapy, particularly in patients with
treatment-resistant depression.*

7.3. Bipolar disorder

Individuals afflicted with bipolar disorder experience
episodes of mania and depression, punctuated by periods
of euthymia characterized by normal mood, behavior, and
energy levels.* Manic episodes entail racing thoughts,
reduced need for sleep, elevated mood, and impulsive
behavior, whereas depressive episodes are marked by
sadness, feelings of guilt, and disinterest in daily activities.
Globally, the prevalence rate of bipolar disorder ranges
from approximately 2-5%.% The DSM-IV further classifies
bipolar disorder into two types: bipolar I disorder,
characterized by clear episodes of mania, and bipolar
IT disorder, which features milder forms of mania.* The
average age of onset for bipolar I disorder is 18 years, while
for bipolar II disorder, it is 22 years. Both sexes are equally
affected by bipolar I disorder, while women are more
susceptible to bipolar IT disorder.*

Treatment guidelines for bipolar disorder are
continuously revised and modified to incorporate
advancements in pharmacological and psychological
interventions. The latest and most elaborated treatment
strategies involve chemical interventions, with mood
stabilizers such as lithium and valproic acid being
common options. These medications demonstrate efficacy
as monotherapy or in combination with antipsychotic
drugs. Recent additions to the treatment repertoire include
lurasidone and cariprazine.

7.4. Attention deficit hyperactivity disorder

Attention deficit hyperactivity disorder (ADHD) is
characterized by patterns of inattention, impulsivity,
hyperactivity, and restlessness. It typically manifests
in  childhood and neurological  and
neurodevelopmental issues. The etiology of ADHD is

involves

multifactorial, representing a heterogenous disorder
influenced by various factors such as heritability, severe
brain injuries, premature birth, and consanguineous
marriage.”® Prevalence estimates indicate that ADHD
affects approximately 5% of children and nearly 4% of adults
worldwide.” ADHD impacts academic performance,
family dynamics, and social relationships, leading to
emotional and financial burdens for both the patient and
their family.”?

7.5. Anxiety

Anxiety is a neuropsychiatric disorder characterized by
feelings of fearfulness, worry, and nervousness, often
accompanied by a sense of helplessness and distress.
Individuals with anxiety tend to avoid stimuli perceived
as dangerous. Various types of anxiety disorders exist,
including generalized anxiety disorder (GAD), social
anxiety disorder (SAD), separation anxiety disorder,
and panic disorder.”® GAD entails excessive worry about
a broad array of day-to-day circumstances of life.”
SAD involves a persistent fear of being insulted and
humiliated by others, leading individuals to avoid social
interactions such as speaking with strangers, participating
in group conversations, or engaging in telephonic
conversations.” Separation anxiety disorder manifests
as anxiety related to being separated from home or from
attachment figures.” Panic disorder is characterized by
unexpected and recurrent panic attacks, marked by sudden
onset anxiety symptoms including rapid heartbeat, chest
pain, trembling, and sweating.”’

8. Oxidative stress in neurodegenerative
disorders

Oxidative stress initiates a cascade of metabolic events
through mitochondrial dysfunction, neuroinflammation,
apoptosis, and tissue loss in the CNS. This disruption
of homeostasis is a prominent cause of several
neurodegenerative disorders, such as Alzheimer’s disease,
amyotrophic lateral sclerosis, Parkinson’s disease, and
Huntington’s disease. Common features among these
neurodegenerative diseases include mitochondrial
dysfunction, Abnormal protein aggregation, and
oxidative damage.® Excessive oxidative stress can impair
the proteosome-ubiquitin system,>® leading to the
accumulation of abnormally aggregated proteins. In
addition, it contributes to excitotoxicity, changes in iron
metabolism, and inflammation.” Oxidative damage is
evidenced by increased levels of lipid peroxidation end
products, DNA base oxidation products, and oxidative
protein damage. Abnormal protein aggregates frequently
contain nitrated proteins, carbonyl residues, and
advanced glycation end products. These events initiate
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a cascade of metabolic processes, ultimately resulting in
neuronal loss.”

8.1. Parkinson’s disease

The hallmark of Parkinson’s disease is the progressive loss
of dopaminergic neurons, particularly in the substantia
nigra region. Physiological changes associated with the
disease include resting tremors, slowing of voluntary
movements (bradykinesia), muscle rigidity, mask-like
facial expression, and postural instability.'® Parkinson’s
disease presents as a syndrome characterized by a range
of symptoms, including posture instability, depression,
impaired body equilibrium, and various other mental
health issues. Pathologically, the disease is marked by
the presence of Lewy bodies and the accumulation
of various proteins such as o-synuclein, ubiquitin,
and neurofilaments. Recent research suggests that an
imbalance between oxidative stress and the antioxidant
defense mechanism may contribute to the etiology of
Parkinson’s disease.!” Studies have demonstrated the
presence of oxidative markers in the cerebrospinal
fluid (CSF) and blood of Parkinson’s disease patients.
In addition, deficiencies in the mitochondrial complex
system have been observed in these patients.'®> This
deficiency leads to an excessive production of ROS in
the frontal cortex, fibroblasts, and platelets. Dopamine,
an unstable molecule, undergoes auto-oxidation, thereby
converting into dopamine quinones and free radicals.
Under normal conditions, the concentration of dopamine
is regulated by the enzymatic activities of monoamine
oxidase (MAQO)-A and MAO-B. However, in Parkinson’s
disease and aging, MAO concentration decreases in
glial cells, contributing to dopamine autoxidation.'”®
While the exact mechanism underlying oxidative stress
and Parkinson’s disease pathology remains unknown,
oxidative stress is recognized as a common mechanism
that leads to cellular dysfunction and, eventually, cell
apoptosis. Treatment approaches primarily aim to provide
symptomatic relief and include cell therapy, surgery, and
medication.

8.2. Treatment of Parkinson’s disease
8.2.1. Pharmacological intervention

Over the past 50 years, dopamine precursors in the
form of syndopa, levodopa, or carbidopa have been
used as symptomatic therapies for Parkinson’s disease.
These supplements, such as l-dihydroxyphenylalanine
(L-DOPA), serve as precursors of dopamine, which are
absorbed into nerve cells in the brain and subsequently
converted into dopamine.'™ However, due to the
progressive nature of Parkinson’s disease, long-term use
of these medications may result in fluctuations in patient

outcomes. In addition, prolonged use of these drugs may
lead to side effects such as hallucinations, constipation,
mood swings, uncontrolled and involuntary movements,
delusions, joint rigidity, and increased frequency of
tremors. Another class of drugs used in Parkinson’s
therapy includes MAO inhibitors, which target
enzymes involved in the metabolism of auto-oxidation
of dopamine. Examples of these inhibitors include
rasagiline, selegiline, and safinamide, which can be
used either as an alternative to syndopa or levodopa or
in combination with them. However, these drugs carry
side effects such as nausea, vomiting, dizziness, fever,
headaches, and vivid dreams.'” In addition to these
medications, other drugs may be employed in therapy to
alleviate the side effects of levodopa. These drugs include
clozapine and amitriptyline for addressing mental
health issues, as well as rivastigmine and donepezil for
managing dementia.

8.2.2. Surgical therapy

This procedure is effective in addressing various symptoms
of Parkinsons disease, such as bradykinesia, tremors,
instability in body postures, and rigidity in voluntary
movements. It entails a neurosurgical intervention
primarily intended for patients with movement
disorders.'” These movement disorders mainly arise
from disorganized signals within the areas of the CNS
responsible for controlling movements.'* Conceptually,
this procedure operates similarly to a pacemaker for the
heart. Continuous pulses emitted from the neurostimulator
are transmitted through leads to the brain. This treatment
has been found beneficial for Parkinson’s disease patients,
often leading to improvements in symptoms such as
tremors, stiffness, and bradykinesia. In addition, reports
indicate that a deep brain stimulation (DBS) procedure
can reduce the need for medication and improve symptom
management in patients.'” However, it is important to
note that Parkinson’s disease is a progressive disorder, and
while these treatments can alleviate symptoms, a complete
cure is not currently attainable.

105

8.2.3. Cell replacement therapy (CRT)

Patients treated with levodopa and DBS may develop
problematic side effects such as speech problems,
hallucinations, and neuropsychiatric effects. Therefore,
targeted therapies such as CRT are urgently needed.'®
CRT is used for long-term treatment of motor movements
by slowing down disease progression. It involves the use
of cells such as neural stem cells, mesenchymal stem cells,
and induced neural cells. While stem cells show promise in
treatment, their use as a mainline treatment for Parkinson’s
disease presents several challenges.'” Any type of graft or
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stem cell requires a neurosurgical procedure along with
a series of immunosuppression sessions. Allografts also
carry the risk of infection and malignancy.''

8.3. Alzheimer’s disease

Alzheimer’s disease stands as the leading cause of
neurodegeneration, affecting 4% of individuals above
65 years of age. It is a progressive neurodegenerative
disorder with deadly consequences.'"! The pathological
hallmarks of Alzheimer’s disease include amyloid
plaques (abnormal clumps), neurofibrillary or tau
tangles (tangled bundles of fibers), and loss of neuronal
connections.!!? These abnormal physiological and
morphological changes in the brain result in memory
loss, impaired reasoning or judgment, and issues in
vision or spatial perception.'”?

8.3.1. Oxidative stress in Alzheimer’s disease

Increased oxidative stress in Alzheimer’s disease patients
results in various clinical manifestations, including
impairment in brain transition metal homeostasis,
activation and overexpression of oxidases such as MAO, and
mitochondrial dysfunctioning."'* Numerous in vitro and in

vivo studies have reported that amyloid 3 accumulation
promotes ROS production and induces oxidative
stress.!!*** Mitochondrial dysfunctioning is considered
the primary cause of Alzheimer’s disease pathogenesis,'”
leading to a cascade of metabolic events such as altered
expression and functioning of APP'® decreased
mitochondrial transmembrane potential,’” reduced
activity of the sodium-potassium pump, and disruption
of calcium and glutamate transportation.’? As human life
expectancy increases, the pathology of Alzheimer’s disease
becomes more complex. Consequently, there is an urgent
need for solutions to address this emerging problem. Given
that Alzheimer’s disease involves a number of intricate
metabolic pathways, oxidative stress and its effects on
neurons are considered the central mechanism underlying
its physiological manifestations.'?

8.3.2. Treatment of Alzheimer’s disease

The current treatment strategies primarily focus on
inhibiting disease progression, as radical cures or
disease-modifying treatments for Alzheimers disease
are still undergoing extensive research by researchers.'**
Treatment approaches for Alzheimer’s disease involve

Table 2. Clinical trials investigating polyphenols as a medication for neurological disorders

Trial ID Phase Condition Intervention Results References
NCT01982578 Phase II 32 prodromal Alzheimer’s  Oral supplementation of Genistein may have a therapeutic role in 131
patients (amyloid-positive 120 mg of genistein for delaying the onset of Alzheimer’s disease with
cognitive impairment) 12 months mild cognitive impairment
NCT00599508 Preliminary 21 patients with age-related A daily dose of 148 g of An increase in activation in the left lobe of 132
clinical trial cognitive impairment blueberry powder for 16 the pre-central and pre-frontal gyrus during
weeks. working memory load conditions, but
there is no clear enhancement of working
memory
NCT04685590 Phase 2 Five patients with Daily dosage of 100 mg of The central nervous system drug penetrance 133
early-onset Alzheimer’s dasatinib and 1000 mg of in Alzheimer’s patients remains unknown
disease. quercetin for 12 consecutive
weeks
NCT01669317 NA 10 patients with chronic Daily dosage of 240 ml of tart The tart cherry juice is effective in the 134
insomnia cherry juice for 14 weeks treatment of insomnia. It is an active
ingredient in the reduction of plasma
kynurenine and tryptophan enhancement
NCT03419039 Phase 2 206 patients with mild 80 mg tablets of There was no significant difference in 135
cognitive impairment anthocyanins twice a day for dementia in the treated group
24 weeks
NCT00799890 Phase 2 31 patients with multiple ~ Daily dosage of 1200 mg of ~ Orally applied EGCG decreased the T-cell 136
sclerosis oral EGCG for 36 months proliferation, suppression of NF-kB and
inhibited the neuronal cell death
NCT02660112 Phase 2 10 patients with A daily dosage of 150 mg per Improvement in neuronal functioning was 137
Friedreich’s ataxia day of epicatechin provided = measured using Friedreich’s Ataxia Rating
orally for 24 weeks Scale, as epicatechin helps in mitochondrial

biogenesis

Abbreviation: NA: Not available; EGCG: Epigallocatechin gallate.
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both pharmacological and non-pharmacological therapies
due to the multifaceted nature of symptoms and the
irreversible damage occurring at multiple levels, such as
molecular, cellular, intercellular, and synaptic interactions.
Early diagnosis and understanding of the disease’s etiology
can help alleviate symptoms, and numerous clinical trials
and preclinical are underway. Medications approved by
the United States Food and Drug Administration (US
FDA) to reduce symptoms and alleviate disability include
acetylcholine inhibitors such as donepezil, galantamine,
rivastigmine, and N-methyl-d-aspartate antagonists.
These medications are often combined with other drugs,
such as benzodiazepines for anxiety and acetaminophen
for sleep issues and pain relief. Risperidone is sometimes
prescribed for severe agitation and psychosis. In later
stages, Alzheimer’s disease may manifest significant
neuropsychiatric symptoms and behavioral issues,
including language difficulties, disorientation, and
changes in sleep cycle and mood swings.

8.3.3. Antibody-based immunotherapies

The primary pathological cause of Alzheimer’s disease
reported to date is the abnormal accumulation of
amyloid plaques. US FDA has approved two monoclonal
antibodies for use as drugs: aducanumab and lecanemab.'?
Numerous clinical trials and in vitro studies have reported
that these are anti-amyloid antibodies capable of slowing
down the deposition of amyloid and reducing cognitive
decline.”? These anti-amyloid § monoclonal antibodies
are administrated intravenously to provide passive
immunization. Several other monoclonal antibodies
are still undergoing phase III clinical trials.'’” All these
antibodies aim to counteract amyloid accumulation and
haltthe cascade of neurodegeneration. These interventions
should decelerate the process of neurodegeneration and
functional and cognitive decline.'”® Recently, four FDA-
approved monoclonal antibodies targeting amyloid f3 are
in late-phase clinical development, including lecanemab,
aducanumab, gantenerumab, and donanemab. All of
these are monoclonal IgG antibodies synthesized to act
against amyloid aggregates.'® Clinical trials investigating
these four antibodies provide evidence of the intermediate
effect of the drug on biomarkers and amyloid removal.
However, the field of Alzheimer’s disease trials is still
progressing, and more additional favorable treatments
for Alzheimer’s disease are likely to be developed in the
future'*® (Table 2).

9. Conclusion and future perspectives

Numerous studies have demonstrated the existence of
several chronic pathologies induced by oxidative stress.

However, the precise mechanism of cellular physiology
remains undefined. It is well-established that oxidative
stress triggers a cascade of events leading to neuronal
damage. Given the multifaceted nature of these diseases,
their underlying mechanisms remain elusive. Further,
comprehensive studies are required to elucidate the signals
induced by oxidative stress that contributes to physiological
alternations in organs or neurons. Biomarkers of oxidative
stress hold promise as diagnostic tools and therapeutic
targets for early detection. Antioxidant therapy, along
with a diet rich in antioxidants such as flavonoids,
polyphenolic acids, lipoic acid, and vitamins, can serve as
effective therapies. One significant consequence of ROS
production is the overactivation of glutamate receptors.
Therapeutic agents targeting these approaches show
promise. Administering antioxidant therapy early, before
neuronal loss, could prove beneficial. Several intriguing
therapies, such as monoclonal antibodies against protein
accumulation, modulation of calcium homeostasis, and
anti-inflammatory agents, could complement antioxidant
therapy in combination treatments. Natural products
are being investigated and modified to focus on more
biochemical pathways and enzymatic processing, which
may aid in controlling and curing diseases with minimal
side effects.
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Abstract

A machine learning model that operates on raw electroencephalogram (EEG) signals
is essential for accurately discerning the user’s current thoughts. Given the difficulty
of categorizing EEG signals for use in brain-computer interface (BCl) programs,
we adopted a systematic approach in this study to select an optimal predictive
model. To enhance the effectiveness of our systematic approach, we extracted
features such as band powers, averages, and root-mean-squared values. K-nearest
neighbor (KNN), principal component analysis, and dual-layer neural networks were
employed to evaluate and validate the effectiveness of the extracted features. The
BCl IV competition-I dataset was utilized for analysis and validation. KNN achieved
an average classification success rate of 98.02% compared to other methods.
Furthermore, our research extends the application of this approach using it to create,
test, and evaluate human driving behavior as a case study.

Keywords: Brain-computer interface; Electroencephalogram; Feature extraction; Human-
computer interface; Machine learning; Neural network

1. Introduction

With recent developments in imaging techniques for the brain and the field of cognitive
neuroscience, we now have the ability to directly interface with individuals’ minds.
Studies of how our thoughts evolve over time may be recorded and monitored in the
form of low-power electrical signals using these technologies and cutting-edge sensors.
This knowledge has paved the way for brain-computer interfaces (BCls) and other types
of communication systems that allow users to control computers and equipment solely
with their minds as opposed to physically moving them.! BCIs have moved their attention
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from creating devices to creating systems that address
the challenges that individuals with physical limitations
encounter. In particular, individuals with catastrophic
neuromuscular injuries or progressive neurodegenerative
diseases, which impair the user’s ability to move voluntarily
but leave their brain intact, have a pressing need for such
systems. Recent advances in BCI research have aligned
with trends in other human-computer interaction (HCI)
studies in narrowing their attention.?

The initial step in building a BCI is acquiring reliable
electroencephalogram (EEG) signals. Understanding
the brain’s physiology and anatomy in depth is crucial.
This knowledge aids in pinpointing the optimal spots for
sensing nodes and taking the necessary measurements. The
human brain contains roughly one hundred billion nerve
cells (neurons), each capable of collecting and transmitting
electrochemical signals to other neurons, sometimes over
very long distances. By relaying signals from the brain to
the rest of the body’s neurons, the brain directs cognitive
and motor processes. The two hemispheres of the brain
exhibit differences in specialization and processing
styles, with certain functions being more dominant in
one hemisphere over the other. However, cognitive tasks
typically involve interactions between both hemispheres,
highlighting their interconnectedness and collaborative
nature.’ For instance, tasks requiring imagination and
creativity, such as recognizing faces, expressing emotions,
and reading emotions, tend to be associated with the
right brain, while logical and analytical processes, such as
critical thinking and reasoning, tend to be associated with
the left. Most motor and sensory signals between the brain
and the body travel across the cerebral midline, with the
right hemisphere sensing and controlling the left side of
the body and vice versa.

Recorded signals are the numerical representation
of voltage fluctuations caused by the movement of
electrochemical currents within the brain’s neurons. The
term “electroencephalography” describes the method by
which this activity is captured along the scalp. Metal disks
called electrodes are applied to the scalp and used to record
signals. These electrodes are moistened with a conducting
gel or liquid to keep them in contact with the underlying
electrical signals.’ Some commercial dry EEG headsets,
however, are starting to make an appearance in the BCI
world, and these could be used to capture data and transfer
it to a computer through a wireless medium. Electrode
patterns of EEG signals indicate ongoing brain activity,
with the varying signal strengths reflecting the effects of
the body’s mental and physical states. EEG signals over the
brain’s surface have been recorded at intensities between 0
and 200 uV.°

The brain’s signaling rhythms are typically categorized
into bands according to their frequencies. Although
the names for these frequency ranges are arbitrary, they
are commonly used to imply that the rhythmic activity
observed at those frequencies holds biological significance
and follows a particular pattern of distribution across the
scalp.” The typical placement of electrodes is presented in
Figure 1A and B.®

BCIs focus on eliciting brain signals associated with
specific types of thought and translating them into machine
commands. It represents a form of communication where
thoughts, rather than conventional nerves and muscles,
serve as the means to transmit information. In the early
stages of BCI research and development, researchers
concentrated on creating assistive devices for individuals
with physical disabilities. However, the demand for BCIs
and public awareness surrounding them has surged,
leading researchers to explore their potential applications
across various fields beyond medicine. Future user-
communication systems may require offering input on
the user’s mental state or intentions in addition to their
physical state, representing one of the most discussed
possible uses for BCIs.?

Both dependent and independent BCIs are common.
In dependent BCIs, conventional output pathways in the
brain are bypassed, whereas autonomous BCIs operate
without reliance on the brain’s typical output pathways.
In a dependent BCI, such as one utilizing a sample matrix
of blinking letters, the eye’s gaze direction determines the
direction of the EEG signal. In contrast, an independent
BCI’s EEG signal is based on the user’s intention to select
a particular letter. To operate BCIs successfully, users must
learn and maintain the skill of regulating different types
of electrophysiological signals to achieve their desired
interaction outcomes. The BCI must then translate this
regulation into machine commands that carry out the
user’s intended action. Consequently, users must train
themselves to deliberately control their brain waves.'

There are currently two methods for teaching users
to regulate their own brain waves. The first type requires
users to engage in targeted mental activities, like motor
imagery, to produce detectable brain activity. By mentally
imagining sequences of rest and movement — for example,
raising and lowering one’s arms or performing high
kicks - the user can send binary data to a computer. The
second technique, called operant conditioning, involves
providing immediate feedback to the user as they attempt
to control the interface. As long as the goal is met, it does
not matter what a user is thinking about. Eventually, after
multiple sessions, the user will be able to complete the task
without thinking about the interface at all. However, many
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Figure 1. Standard electrode positions. (A) Left side view and (B) Top view.

users struggle to master this method. The use of mobile
phones, even when hands-free or activated by voice, is just
as risky as driving while intoxicated, according to recent
studies that analyzed brain imaging results of cell phone
use while driving.!! The purpose of this study is to examine
better classifier models to work with EEG data. The main
contributions of this study are twofold: (i) to develop an
approach for choosing a better predictive model to address
EEG data for use in BCI systems, and (ii) to validate this
approach through the analysis of human driving behavior.

2. Related studies

Data collected and processed in the time domain, the
spatial domain, or both can serve as the basis for an
EEG-based conversation. Users can manipulate the
characteristics of electrophysiological signals on demand
with adequate training and practice, making EEG signals
widely employed in BCI research. Most current BCIs are
built to detect specific patterns of brain activity that can
then be translated into physical actions. Many different
signal patterns have been studied, and it has been claimed
that some of them are particularly easy to recognize and
control. There are essentially two types of signals here:
(i) visual-evoked potentials and (ii) slow cortical potentials
(SCPs). The brain’s electrical potentials that are elicited by
visual stimuli, such as light, are known as visual evoked
potentials. Gaze control is crucial for the effective operation
of such signals. Applications currently utilizing these
signals aim to generate motor output in robots in response
to the user’s gaze direction. When an EEG is recorded over
the scalp, the lowest frequency components are typically
attributed to slow voltage fluctuations in the cortex. SCPs
refer to changes in cortical potential that take place over

0.5-10.0 s. As a rule, negative SCPs are linked to motor and
other cortically activated functions, while positive SCPs
are associated with deactivated cortical regions."

The biopotentials from the scalp’s surface are recorded
to create an EEG. These recordings capture electrochemical
potentials gathered from neurons in the human brain’s
cerebrum. Initial inspection of EEG data may reveal
a chaotic, non-stationary, and noisy signal. To isolate
individual brain wave components, cutting-edge signal
processing methods are required. After being broken down
into their constituent parts, these pieces can be linked to
specific regions and functions of the brain. Acquiring
potential from a single neuron is extremely inefficient.
Instead, the final electrical potential recorded at a single
sensor node is sufficient for subsequent signal processing
stages. Studies of brain topology have shown that neurons
in the same general area will all fire in response to any
mental or physical activity that has a localized basis."

In addition, choosing between a non-invasive and
an invasive approach to obtaining the signals is crucial.
There is no strict rule against using both invasive and non-
invasive techniques, as well as both evoked and spontaneous
inputs. Electrode signals are collected, amplified, and
digitized to make them usable in the subsequent steps.
However, eye (EOG: electrooculogram) or muscle (EMG:
electromyogram) electrical activity can introduce noise
into the acquired EEG data, which can be mitigated by
maintaining ideal conditions during the signal acquisition,
such as staying in a comfortable, motionless position.
However, in real-world scenarios, BCIs cannot mimic
laboratory conditions, and such systems are not trusted to
control embedded applications like wheelchairs in outdoor
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environments. In general, this issue can be fixed by effective
pre-processing techniques.'* With potential applications in
the diagnosis and treatment of sleep disorders, the study
offers a promising method for enhancing the classification
of sleep states using deep learning models and sophisticated
signal processing techniques.'

In EEG research, segmenting signals into their
component frequency bands is crucial because each band
is associated with a different type of cognitive process.
To isolate the signal components related to the studied
physiological action, temporal filters such as low-pass and
band-pass filters are used. In the course of signal processing,
the alpha and beta rhythms are typically extracted for tasks
involving motor imagery. Temporal filtering is facilitated
by tools such as the discrete Fourier transform and filters
based on the finite impulse response (FIR). Spatial filters
serve a similar purpose, removing unwanted information
from EEG signals. However, to obtain a comprehensive
understanding of the physiological task, recording data
from a small number of electrodes in close proximity
is necessary. Taking into account a larger number of
nodes could lead to complications such as redundancies,
channel correlations, features, and increased training data
requirements. Noise-free copies of the original signals can
be easily generated using spatial filters by defining linear
combinations of the original signals.'s

EEG signal processing and BCI implementations have
greatly benefited from the application of independent
component analysis (ICA). ICA separates the information
coming from various parts of the brain, increasing the
likelihood that only signals from the desired areas will
be retained, while components likely to be artifacts or
noise can be discarded. Subsequently, EEG signals can be
reconstructed based on the chosen features. One of the
most popular spatial filtering methods in BCI studies is
common spatial patterns.'” This technique entails mapping
EEG readings onto spatial patterns, with the patterns
selected to increase the dissimilarity between the studied
groups, aiding in data categorization. Dimension reduction
and appropriate techniques for identifying differences in
signals belonging to different classes are crucial, as different
physiological actions can produce distinct signal patterns.
In some cases, it is not possible to observe the differences
simply by inspecting or using classifying techniques on the
original signals. Feature extraction is frequently employed
to specify an interesting signal and illustrate the similarities
and differences between signals belonging to the same class
and those belonging to different classes.'®

A BCIs classification phase is critical, with feature
extraction and identification being two of its most
crucial components. The BCI will struggle during the test

phase to accurately classify the training signals into the
appropriate classes if the EEG features retrieved from the
data are not pertinent to the associated neurophysiological
event. It is advisable to use an effective feature extraction
technique to enhance the speed and efficiency of the BCI
rather than directly applying classification steps to the
raw signals, which could produce results but would take
time. The EEG data can be subjected to various simple
measurements to glean the necessary information, and
transformations can be applied to the signal to provide a
new perspective. Machine learning (ML) finds applications
in diverse fields, such as spam filtering, computer vision,
and weather forecasting. Effective feature extraction
separates the extracted features into discrete classes from
training datasets, enabling the categorization of test signals
according to the various physiological tasks performed."

Most ML systems force you to make a tradeoff between
bias and variance due to the inverse relationship between
the two. A large proportion of stable classifiers have low
variance and high bias, while the unstable ones have high
variance and low bias. Given this fact, straightforward
models may outperform their complex counterparts. The
experimental results must be validated by addressing bias
and variance issues, which requires an understanding of
the significance of cross-validation. Model selection and
performance estimation inspire validation methods. The
success of pattern recognition and classification methods
typically relies on one or more ad hoc parameters.”**
Table 1 below compares and contrasts various ML
approaches in terms of their respective levels of difficulty.

Following the model selection process, the model’s
performance can be estimated by calculating its true error
rate, which is the classifier’s error rate across the entire
dataset. Optimizing the system involves raising the models
complexity and introducing some variance error while
simultaneously lowering the bias error to lower the training
error. However, there is no guarantee that adding new test
data will improve the learned model’s performance.®*
In this setting, access to validation data, in addition to
traditional training and test data, is crucial. Model selection

Table 1. Comparison of machine learning methods

Method Difficulties

Nonlinear regression Levels of complexity in polynomials

Decision trees The number of levels can be customized

Regularized models Modifying the regularization parameter

in various ways
K-nearest neighbors Different choice of k
Support vector machine Different choices of hyperparameter

Kernel-based methods Different choices of kernels
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relies on validation data to check how well various trained
models perform. Researchers are increasingly interested
in diving into more complex and automated feature
extraction methods, suggesting that the field of feature
extraction is reaching its point of diminishing returns. For
certain biological signals, choosing the optimal feature
from extracted features may not always be straightforward
since some features may not be equally informative, may
lose some important information present in the raw data,
or maybe noisy, correlated, or irrelevant.”® To understand
how to represent the data and make complex EEG
oscillatory data useful for categorization, ML models were
applied.

3. System model

Data acquisition, signal processing, and application
control are the backbone of any BCI system, as depicted in
Figure 2. These parts must all function simultaneously so
that the whole can accomplish its goals.

Each component processes data in unison to ensure the
system’s optimal performance. During system operation,
the source module processes data in chunks before sending
it to the signal processing block, which then extracts
features from the data and converts them into control
signals before sending them to the application module.
Once the application module transfers event markers to
the source module, it stores the signals and associated
markers on the disk. This signal pattern could be analyzed
offline with the help of this data file.

3.1. Proposed systematic approach

BCIs can be designed, prototyped, tested, experimented
with, and evaluated with the help of software such as

BCILAB and EEGLAB, which are MATLAB toolboxes.

The proposed systematic approach includes:

(i) Signal processing is the process of taking unprocessed
data and transforming it into a form that can be read
and utilized by other devices.

(ii) Feature extraction can create the necessary feature
vectors from either embedded or continuous signals.

(iii) Training and test data are fed into a predictive model.

(iv) The BCI paradigms standardize the full computational
approach, from data-driven model learning to offline
data sets or real-time cognitive state prediction.

(v) Itis possible to connect certain pieces of hardware to
the BCILAB’s data-crunching infrastructure by means
of online plug-ins and drivers.

Electrodes are applied to the scalp to record EEG
signals. Depending on the application and specific brain
regions of interest, various electrode configurations and
locations may be utilized. To eliminate noise and artifacts,
the acquired EEG signals must be cleaned up in this step.
Common preprocessing techniques include re-referencing
to a common reference electrode to improve signal quality,
artifact removal to remove interference from sources such
as eye blinks and muscle activity, and filtering to remove
unwanted frequencies (e.g., high-pass, low-pass, or notch
filtering). Finding relevant data in the preprocessed EEG
signals are part of the feature extraction process. This
process can include frequency-domain features such as
power spectral density or time-domain features such as
amplitude.

3.2, Data acquisition

The data acquisition module takes raw EEG data from the
hardware (EEG headsets wireless/Bluetooth) and converts
it to digital format before sending it to the signal processing

Control
!EEG Control
signals signals
Dflt.a‘ Signal Application
acquisition processing control
Feedback

Figure 2. Proposed brain-computer interface framework.
Abbreviation: EEG: Electroencephalogram.
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module for analysis. It gathers information and saves it in
a file.

3.2.1. Feature extraction

Several crucial aspects of the EEG signals have been studied

to analyze the motor imagery signals, with each capability

proving effective. Band powers, in particular, play a

significant role in EEG processing. By selectively utilizing

spectral features from the alpha and beta-frequency bands,

motor imagery has a profound effect on these regions of

the brain during EEG processing. The steps involved in

analyzing motor imagery signals using band powers include:

(i) Removing any artifacts from the raw EEG data.

(ii) Selecting the relevant inputs, such as F3 and F4
electrodes.

(iii) Applying 8-12 Hz and 18-35 Hz band-pass filters to
each path.

(iv) If N represents a time series, then it can be calculated
using Equation I, where o is the number of trails and ¥
is the number of channels.

N=0oxyx2 )

(v) To determine the average band power, an FFT must be
used.

The average method involves taking the mean and
standard deviation of the time series data from a single
experiment, making it the most basic feature extraction
method. Due to the oscillating nature of EEG signals and
the possibility that averaged values across classes may be
similar, this method is not particularly helpful for BCI
applications, particularly for motor imaging. On the other
hand, the RMS method calculates the average and standard
deviation of a signal by squaring it, finding its average,
and then evaluating its square root using Equation II to
get root-mean-square, where x denotes the mean of the
values x; .

RMS =/x* (In)

3.3. Signal processing

In two distinct steps — feature extraction and translation
— the signal processing module transforms the raw EEG
data into categorized results usable by output devices.
Each phase is implemented separately from the other
and is subdivided into filters. Two filters, one spatial and
one temporal, make up the feature extraction phase. In
the translation stage, the first filter employed is the linear
classifier, followed by a normalizer that adjusts the outputs
to maintain a zero mean and a predetermined range of
values.

3.4. User application

The user application is in charge of regulating the external
processes that are affected by the signals sent from the
signal processing module. Keystroke filter and connector
filter stand out as particularly useful built-in application
modules because they allow the control signals to be
routed to a different program using automated keystrokes
and user datagram protocol (UDP) sockets, respectively.
Games can be controlled by accessing the UDP port and
using the control signals sent to it.

3.5. Operator

The graphical interface is designed to provide users with
convenient access to the various modules previously
discussed. Users have the ability to start, pause, and restart
the process, as well as adjust its settings, all while viewing
the system’s parameters and real-time analysis results.”

4., Experimental results
4.1. Data set description

The BCI IV Competition-I dataset, accessible through
http://www.bbci.de/competition/iv/#datasetl,  comprises
publicly available EEG signals obtained from a task in which
the participants were instructed to focus on the muscles
in their left and right hands and feet. Spectral features,
including band powers, average power, and RMS power,
play a crucial role in deriving valuable information from
these EEG signals. These features were probably chosen for
the BCIIV Competition-I dataset because they are useful in
differentiating between motor imagery tasks such as left- and
right-handed movements. These features are extracted by
computing them from each trial’s or time segment’s EEG
recordings, which are then fed into ML models that are
responsible for either classifying or decoding the intended
motor imagery tasks. The dataset comprises data from 15
individuals engaged in cued motor imagery tasks across four
classes: left hand, right hand, foot, and tongue. According to
a 10-to-20 montage, electrodes were attached to the linked
mastoids T7 and T8 through the femoral arteries (F3, F4,
FC5, FC6, F7, and F8). The impedance of each electrode
was maintained at 10 kQ or less. The data were digitized
at 300 Hz using an A/D converter connected to a personal
computer. The dataset includes EEG recordings collected
from 15 individuals aged 18 to 36, while they performed
cognitive tasks. Each class has 60 trials, and there are a total
of 60 channels in this data set. This EEG data feature was
sampled at 250 Hz and filtered between 1 and 50 Hz with
a Notch filter enabled. Figure 3 depicts the positions of the
electrodes that were used to record the experiment’s results.

In this experiment, participants were seated in
overstuffed armchairs and instructed to visualize
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movements of their left or right hand, foot, or tongue
in response to randomized cues. The sequence of the
indicators was random. This experiment comprised
multiple runs of 60 trials each. Each trial began with an
auditory stimulus presented at t = 5 s, followed by the
appearance of a cross “+” on the screen, which remained
visible throughout the trial. At t = 10 s, participants were
shown an arrow pointing left, right, up, or down for 2 s,
during which they were instructed to imagine moving their
left hand, right hand, tongue, or feet. Finally, at t = 12 s, the
cross vanished. This experimental paradigm formed the
basis for in-house data acquisition trials conducted with
the Emotiv EEG headset.

The stimulus presentation software included with
BCI2000 serves various purposes, primarily facilitating
real-time data acquisition from any headset and the
optional integration of this data with feedback applications.
In this study, cues were generated with this stimulus
presentation software, and EEG data and event markers
were recorded in real-time to reflect their association
with the cues. Successful data collection requires running
a sufficient number of independent experiments. Fifteen
normal subjects have been used to collect data for this
study through an EEG headset. The BCI2000 stimulation
presentation program used visual cues to instruct
participants to perform a left motor imagery task, a right
motor imagery task, or nothing at all. This resulted in a
total of 360 trials, with 60 trials allocated to each of the
three activities (left, right, and rest).

Subjects were instructed to maintain a state of activity
during data collection, visualizing themselves opening or
closing the corresponding hand at a rate of about once per
second when the left or right arrow was on screen. The
oscillatory nature of the EEG signals has been observed by
researchers during motor imagery tasks.

Figure 4 displays the frequency distribution for subject K,
providing evidence that the analyzed signals are acquired
during motor imagery tasks. Each individual exhibits a
unique “sweet spot” in terms of the frequency at which
their power output is maximized. In frequency plots for
Subject K, it is clear that there are not very many frequencies
with significant power. This is because the subject’s accuracy
on motor imagery tasks is lower. Understanding the timing
and frequency characteristics of these signals can be
valuable, particularly concerning event-related potential
latencies and the synchronization/desynchronization of
EEG signals after/during motor imagery tasks.

4.2. Predictive models used

The BCI IV Competition-I dataset presents an EEG signal
classification task. Various ML models, including k-nearest

Figure 3. Electrode locations.

Frequency Distribution for Subject K
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Figure 4. Frequency plot (Subject K).
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neighbors (KNN), principal component analysis (PCA),
and dual-layer neural networks (NN), are selected based
on their unique advantages and disadvantages. KNNs are a
popular non-parametric algorithm thatis easy to use, simple
to understand, resilient to noisy data, and appropriate for
tasks involving multiple classes. However, its computational
requirements can be problematic, particularly when
dealing with big datasets. PCA, on the other hand, offers
a useful method for reducing dimensionality, which helps
to improve computational efficiency and lessen the impact
of dimensionality. However, it makes the assumption
that the principal components with the highest variance
contain the most relevant information, which may limit
its application in capturing subtle aspects of EEG signals.
Dual-layer NNs, on the other hand, are particularly good
at capturing complex nonlinear relationships in the data,
making them an attractive option for tasks where complex
patterns call for sophisticated modeling. However, given
their computational demands, overfitting proneness, and
decreased interpretability, they might need to be carefully
considered, especially in scenarios where resources are
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limited or interpretability is important. Choosing the
best model requires careful consideration of the features
of the dataset, the computational limitations, and the
requirements for interpretability so that the model selected
closely matches the particular requirements of the EEG
signal processing task.

The BCI IV Competition-I dataset may not be entirely
representative of the general population despite offering
insightful information on the processing and classification
of EEG signals. Thus, to evaluate the generalizability
and performance of models trained on such benchmark
datasets in real-world applications, comprehensive
evaluation and validation, including cross-validation and
testing on independent datasets, are necessary. Careful
validation is required to determine the best classification
technique with better parameters. The k-fold cross-
validation strategy is best because it employs all of the
data trails for both training and testing, which is especially
important given the small sample size. It is possible that
using different techniques will result in an insufficiently
precise validation error. When there are many variables in
the ML method, model selection can be critical. The best
model can be selected by tweaking individual features in
isolation. However, the accuracy of classification when
employing different models may differ from one individual
to the next and from one data set to the next. Using
solely MATLAB’s built-in ML and statistics toolboxes,
we conducted the following analysis. All feature vectors
were utilized during both the training and testing phases,
employing k-fold cross-validation techniques.

4.2.1. K-nearest neighbors

Table 2 demonstrates that a well-trained classifier for the
sorts of signals utilized is often produced using the KNN
method to the dataset and extracting features with different
k-values.

According to Figure 5, the k-value should be set to 7 to
yield optimal results. Following this, the effects of different
features, including the Euclidean distance used to calculate
the separation between data points, should be tested. It is
important to emphasize that each individual has a unique
k-value and, as a result, different values for the parameters
that are taken into account when choosing a model. It is
advised that various models be employed for each subject
after a detailed analysis of all signals originating from each
one.

4.2.2. Principal component analysis (PCA)

Table 3 displays the findings from using principal
component analysis with various discriminant functions.
Linear, kernel, and radial basis function (RBF) kernel are
among the many functions tried.

Table 2. K-size analysis

Subject Components k=1 k=4 k=7 k=9 k=11
Subject1  Band power 478 547 582 602 62.5
Average 34.5 42.8 44.6 50.3 52.4
RMS 65 684 723 762 70
Subject2  Band power 46.2 484 49 51.2 54.6
Average 48.8  46.6 441 454 50
RMS 52 53.3 56.7 54.4 60.2
Subject 3 Band power 646 629 61 60.1 58.2
Average 55.2 50 52.2 52.5 59.1
RMS 62 672 702 683 65

Abbreviation: RMS: Root-mean square.

Table 3. Principal component analysis functions analysis

Subject Components Linear Kernel RBF kernel
Subject 1 Band power 65.2 65.2 63.1
Average 423 42.3 42.5
RMS 68.1 72.6 70.4
Subject 2 Band power 52.1 52.1 48
Average 42 42 46.7
RMS 64 64 62.2
Subject 3 Band power 51 51 48.4
Average 56.3 56.3 47.4
RMS 72.2 72.2 74.6

Abbreviations: RBF: Radial basis function; RMS: Root-mean square.
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Figure 5. Performance metric comparison (k-value analysis).
Abbreviation: RMS: Root-mean square.

From Figure 6, it depicts the comparison of kernel
functions used in PCA. When comparing results from using
KNN and PCA to classify the data, it is clear that the band
power features improve classification accuracy. Although
accuracy is straightforward to understand and intuitive, it
can be deceptive in datasets that are unbalanced or have
a skewed class distribution. In these situations, precision
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and recall offer more information about the performance
of the classifier but might not be as effective at capturing
the overall classification performance as accuracy. The
aforementioned tabulated results demonstrate that it
would be unrealistic to assume that a single classification
model would be effective across multiple datasets obtained
from multiple test subjects under multiple experimental
conditions and over time. The algorithm may not be able
to accurately fit the available data into the model, or a lack
of training data may be to blame for some models’ low
performance for some subjects.

4.2.3. Neural networks

Through the process of learning a representation of the
input at the hidden layers, multilayer neural networks
can be utilized for feature learning before being applied to
classification or regression. The majority of neural networks
will adjust the model’s parameters iteratively in response to
a training sample. With each iteration, the cost function,
or classification error, should get smaller. Figure 7 displays
a simplified version of the neural network with just one
input layer, two hidden layers, and one output layer. Results,
however, have been confirmed through testing with varying
densities of hidden layer neurons. Normal data present the
network with a 400-element input vector.

The network may not be able to accurately describe a
test input vector, even though it has learned a model that
correctly characterizes the majority of the data in all of
the input vectors. Based on these findings, it is clear that
as the number of hidden neurons grows, classification
accuracy suffers. Due to the finite number of training input
vectors, models with more hidden units are more likely to
experience over-fitting issues. Table 4 illustrates NN with
different hidden neurons.

4.3. Performance analysis

The classification results for the experimental data are
presented in Table 5, demonstrating that the KNN
algorithm can accurately classify emotional states based on
the EEG data. Both PCA and NN also endeavor to categorize
samples into subsets based on specific criteria. However, it
is possible that the EEG data related to emotional states
may be clustered without a clear delineator between the
various types of data available to us.

From Figure 8, it can be concluded that the KNN
method is the most appropriate for categorizing the data.
A test is done to confirm the claim. The first step involved
grouping the vehicle parameters gleaned from driving
the simulated car into one of four categories representing
four distinct human driving styles: cautious, aggressive,
inexpert, and relaxed. The second step is to record subjects’
electrical brain activity while they operate the vehicle, and
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Figure 6. Performance metric comparison: Function analysis.
Abbreviations: RBF: Radial basis function; RMS: Root-mean square.
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Figure 7. Neural network structure.

Table 4. Neural network with different hidden neurons

Hidden units=2 400 600 800
Subject 1 78.3 76.2 74.5
Subject 2 70.1 68.6 62.8
Subject 3 74.4 72.9 71.2

Table 5. Accuracy analysis

Subject KNN PCA NN
Subject 1 85.6 36.3 28.1
Subject 2 86.8 34.2 30.3
Subject 3 82.3 28.8 31

Abbreviations: KNN: K-nearest neighbor; NN: Dual-layer neural
network; PCA: Principal component analysis.

then use a KNN classifier to assign each recording to one
of four possible mental states. High arousal and a favorable
valence describe the alert mental state.

An eager or enthusiastic person is viewed as a keen
operator. The operator is familiar with the vehicles
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characteristics and will make full use of its dynamics when
dealing with the behavior of a keen subject while operating
the vehicle. Cars can be maneuvered with lightning speed
and pinpoint accuracy. Any unintended responses are
promptly adjusted. Attitudes of aggression have been
linked to stimuli with a high arousal value but a negative
valence. An aggressive operator is one who takes great
risks in pursuit of his goals and is known for using forceful
methods to achieve them. An inexperienced persons
emotional state is low arousal and negative valence,
characterized by fatigue and boredom. This causes drivers
to veer off course, speed up and slow down unexpectedly,
and make clumsy, imprecise maneuvers.

The participants’ driving performance was assessed
through these simulated road conditions. In every case,
data on the driver”s actions and the car’s state of motion
(including speed, lanes traveled, steering angle, brake
and gas pedal positions, and lateral and longitudinal
acceleration) were recorded.

4.4. Training data to build the classifier

The data on vehicle parameters collected for each human
subject were classified using master data to create a
classifier. This “master data” was collected solely while an
expert driver carried out the same driving maneuvers while
under the influence of various psychedelic drugs. Any
given driving scenario, such as those listed in Table 6, was
created with the intention of eliciting a specific response
from the driver. However, this is hardly a given, as drivers
vary greatly in their reach. In contrast, the “master data”
was gathered from situations in which the driver actively
modeled each of the four possible driving styles.

The master data were collected so that a generic
classifier could be trained using the values of the vehicle
parameters exhibited by the vehicle when the driver was
engaging in one of the four behaviors typical of the scenario
in question. This “master data” is trained using the KNN,
PCA, and NN. Table 7 displays the results of using various
ML techniques to determine how accurate each scenario is.
When compared to PCA, the classification accuracies for
KNN and NN are significantly higher, as shown in Figure 9.

4.5. Classification results

As previously noted, using the classifier created from
“master data” as test samples, the vehicle parameter data
obtained for each subject were classified into one of the
four driving tendencies (keen, aggressive, and inexpert).
The results for each of the three classifiers - KNN, PCA,
and NN - for each of the human participants are listed
in Tables 8-10, along with the conclusions/observations
reached.
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Figure 8. Accuracy analysis: K-nearest neighbor (KNN) versus principal
component analysis (PCA) versus dual-layer neural network (NN).
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Figure 9. Driving scenario analysis: K-nearest neighbor (KNN) versus
principal component analysis (PCA) versus dual-layer neural network (NN).
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Table 6. Driving scenario

Scenario Details

1 A 35-mph speed limit and emergency vehicles are in effect.

2 A 40-mph speed limit and traffic to contend with.

3 Sticking to the 30-mph speed limit and waiting behind a
slow vehicle.

4 Stuck behind a snail on a 45-mph, two-lane, curved road

5 Another sluggish car on a two-lane, winding road with a

50-mph speed limit.

Table 7. Accuracy analysis of driving parameters

Driving scenario Classification technique

KNN PCA NN

1 98.7 92.1 80.3
2 96.4 90.4 75.6
3 97.2 89.8 74.7
4 99.2 91.2 68.8
98.6 91.6 66.6

Abbreviations: KNN: K-nearest neighbor; NN: Dual-layer neural
network; PCA: Principal component analysis.
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The findings from using all three classifiers together
revealed that, in some cases, the classifiers detect different
driving modes across all scenarios. This is due to the
fact that classifiers’ performance varies depending on
the scenario and rarely achieves a perfect score. When
tested on the dataset, both the KNN and PCA classifiers
demonstrated 100% efficiency, and it was discovered that
the driving modes observed in these instances by both
classifiers are, in most cases, the same. As a result, the
collected master data reflects the common characteristics
observed across all subjects. There could be a number of
factors contributing to the fact that aggressive driving is
the least well-defined subtype of driving. The fact that
all the drivers are aware that their every move is being
recorded could explain this. In addition, the driving
scenarios may not effectively stimulate aggressive driving
tendencies.

Intriguingly, all classifiers agreed that Subject 1 was
the least efficient driver, which aligns with their status
as a novice driver in training. The majority of Subject 1’s
inexpert classifications occurred during turns, revealing
a lack of proficiency in this aspect. Conversely, Subject 3
was consistently categorized as perceptive by both KNN

Table 8. K-nearest neighbor classifier

Driving scenario Subject 1 Subject 2 Subject 3
1 Inexpert Inexpert Inexpert
2 Inexpert Aggressive Keen

3 Inexpert Inexpert Inexpert
4 Inexpert Keen Keen

5 Inexpert Inexpert Keen
Table 9. Principal component analysis classifier

Driving scenario Subject 1 Subject 2 Subject 3
1 Inexpert Keen Inexpert
2 Inexpert Inexpert Keen

3 Inexpert Inexpert Inexpert
4 Inexpert Inexpert Keen

5 Inexpert Keen Keen
Table 10. Dual-layer neural network classifier

Driving scenario Subject 1 Subject 2 Subject 3
1 Inexpert Inexpert Inexpert
2 Inexpert Inexpert Aggressive
3 Inexpert Inexpert Inexpert
4 Inexpert Inexpert Keen

5 Inexpert Keen Keen

and PCA. Subject 2 appeared to possess the most driving
experience, as indicated by their consistently accurate
classifications by both KNN and PCA. Moreover, it
was observed that Scenario 3 was commonly labeled as
ineffective by most individuals using reliable classifiers.
According to the observations, these incidents occurred
when the driver was either too close to or too far from a
slower vehicle. Erratic maneuvering led to the observed
inexpert mode. Overall, inexpert driving emerged as the
most categorized style, possibly influenced by participants’
lack of familiarity with the virtual city environment in
which they are attempting to drive.

The results from KNN, PCA, and NN classifiers
for the same individual in identical situations exhibit
dissimilarities. The built-in classifiers simply lack
sufficient accuracy for this purpose. Notably, only KNN
achieves a classification success rate of 98.02% on average.
Furthermore, KNN once again recognized the least
experienced driver as ineffective, while one of the most
experienced drivers was recognized as alert. Notably,
all the female drivers maintained a relatively stable (and
generally upbeat) emotional state throughout the majority
of the experiment. Conversely, only drivers fell into the
categories of aggressive behavior, negative valence, and
high arousal. Incorporating explainable AI techniques into
the sleep state classification model could provide valuable
insights into the decision-making process and enhance the
interpretability of the results.”” One approach to achieving
this is through the use of feature visualization techniques,
such as layer-wise relevance propagation (LRP) or saliency
maps, which highlight the regions of input data that
contribute most to the model’s predictions. By visualizing
the feature spaces at different layers of the ResNet
architecture, researchers can gain a better understanding
of how the model extracts and processes information from
the multichannel EEG signals.

5. Conclusion

This research emphasizes the importance of employing an
ML model that processes raw EEG signals to accurately
estimate a user’s mental state, especially in the context of
BCI programs. Our study intends to improve the efficacy
of predictive modeling by employing a methodical
approach and leveraging features such as band powers,
averages, and root-mean-squared extracted from EEG
signals. Among the classifiers tested on the BCI IV
Competition-I dataset, KNN, PCA, and NN performed
the best. Notably, KNN achieved an average classification
success rate of 98.02%. In addition, our study expands
the application of our methodology to human driving
behavior, showcasing its versatility and promise across
multiple fields. Further, research into BCI and EEG
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signal processing could concentrate on investigating
innovative methods for extracting features, merging
multimodal data for a profound understanding, carrying
out long-term studies to ensure practical application,
creating customized and adaptive BCI systems, tackling
moral and societal concerns, and creating uniformity for
comparative purposes. By tackling these issues, the field
can progress toward more effective BCI systems with
greater societal impact and applicability. This will ensure
responsible deployment, equitable access, and continuous
advancement in neurotechnology innovation.
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Abstract

Rehabilitation is crucial for the recoveriy from traumatic brain injuries (TBI); yet, only
77 — 88% of TBI patients are receipients of rehabilitation. Particularly, individuals lacking
insurance coverage or facing transportation hurdles, notably within the Hispanic
community, are less likely to undergo rehabilitation. Virtual reality (VR), known for
its mobility and affordability, is recommended as a rehabilitation alternative. This
community-based participatory research project aimed to evaluate the acceptability,
feasibility, and potential of VR scenarios in addressing common rehabilitative needs. Focus
groups involving TBI patients (N = 12) were conducted to identify rehabilitative needs and
design VR scenarios. Two novel scenarios were created to enhance prospective memory
and eye tracking. The impact of the prospective memory VR scenario was assessed
among individuals with brain injuries 1 year post-TBI (N = 11), who were divided into
intervention and delayed-intervention groups. In addition, six participants underwent
the eye-tracking VR scenario to evaluate its effectiveness. Data from memory tests and
screen recordings were gathered. In the objective memory test, participants in the VR
intervention group (66%) exhibited greater improvement than those in the memory card
delayed intervention group (0%) after 12 sessions. However, there was no statistically
significant difference in mean scores on a Prospective and Retrospective Memory
Questionnaire memory scale between the intervention and delayed-intervention
groups after 6 weeks. Nonetheless, all participants demonstrated enhanced eye tracking
skills after completing the eye tracking VR scenario between the 6" and 12% sessions. In
conclusion, the VR scenarios exhibited promise, acceptability, and feasibility in improving
prospective memory and eye tracking for individuals with TBI 1 year post-injury.

Keywords: Virtual reality; Brain injury; Memory; Eye tracking; Eye fixation

1. Introduction

Early rehabilitation for traumatic brain injury (TBI) patients is associated with improved
functional abilities; however, environmental barriers to accessing rehabilitation services
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exist among TBI patients, often based on factors such
as race, ethnicity, insurance status, and transportation
availability.'® A recent study involving 106,708 TBI
patients revealed that 77 — 88% of them did not receive any
post-brain injury rehabilitation.” Hispanic TBI patients,
in particular, are less likely to receive rehabilitation than
others, possibly due to cultural and language barriers.** In
addition, individuals with public or no insurance coverage
exhibit the lowest rates of discharge to rehabilitation
compared to those with private insurance.*® Furthermore,
transportation is another environmental barrier to
rehabilitation for TBI patients.®

Virtual reality (VR) is a recommended option
for rehabilitation, offering a solution that addresses
geographic and financial constraints.” Since transportation
to rehabilitation is a challenge for individuals with
brain injuries, VR can be conducted at home to prevent
this barrier.® Studies have linked payer sources, such as
self-pay, worker’s compensation, and insurance type,
to the length of rehabilitation stays, highlighting the
importance of tailoring rehabilitation to demographics
and injury characteristics.” The length of rehabilitation
should be determined based on the specific rehabilitation
needs arising from injury characteristics, namely, injury
severity and functional status at admission. Immersive,
interactive VR incorporating headsets, body trackers,
and computers enables users to immerse themselves in
a virtual world, engage with audio/visual stimuli, and
enable eye and body movement tracking. VR has been
employed for rehabilitative purposes for decades, but
recent technological developments have led to a reduction
in both the equipment required and associated costs.

Overadozenstudieshave demonstrated the effectiveness
of immersive VR in improving outcomes for both adult
and child TBI patients, including driving ability, executive
function, attention, memory, eye tracking, and visual-
motor tasks.*'* While some studies found no significant
differences between VR and traditional rehabilitation,
which commonly consists of physical and occupational
therapy,”'” others recommend specific parameters for VR
interventions, such as 10 - 12 sessions lasting 20 — 40 min
each, conducted 2 - 4 times/week to improve cognitive
outcomes for TBI patients.?

Visual impairment hinders patients’ ability to succeed
in physical and cognitive rehabilitation. Eye tracking
is often assessed with VR, but scant interventions are
provided for eye tracking.'” ' Eye tracking includes quickly
and accurately looking (fixations), visually following
an object (pursuits), and efficiently moving eyes from
point to point (saccades). Specifically, visual eye tracking
(ocular motility and oculomotor function) impairments

are common in about 30 - 60% of those with acute TBI
and 10 - 15% one year post-TBL"2° A systematic review
of oculomotor deficit interventions for individuals with
brain injury found “few studies overall,” with only six of
nine total studies having addressed fixation.?! In another
systematic review of 22 studies of visual research on mild
TBI, fixation research was focused on the least (n = 3).%

Immersive VR involves using a headset equipped with
visual, audio, and body-tracking capabilities to immerse
participants in virtual scenarios. Consider an individual
putting on a headset in their living room. Before them, a
virtual scene unfolds: sand on a beach, while the ocean
waves crash on the shore. As they look downward, they
observe their feet sinking into the virtual sand. The
movements of their avatar’s feet correspond precisely to
their own, mirroring their physical actions. Neurologists
posit that our brains process immersive VR scenarios like
this in the same way that we process the real world.?*
Essentially, the brain perceives the virtual environment
as genuine, fostering a sense of presence as if physically
standing on the beach. This phenomenon offers distinctive
opportunities, enabling users to explore virtual places
beyond their physical reach and providing the opportunity
to practice physical or cognitive skills.

As the brain perceives the individual’s body as the avatar
within the VR scenario, they may experience heightened
self-efficacy, believing they can move a body part or address
a problem that they could not have done without the VR
scenario. The skills practiced during the VR scenario
can be applied in real-life situations. For example, if a
participant can improve the range of motion of their hand
in the VR scenario, they have strengthened their brain-
to-hand communication as well as their hand muscles.
If the participant can improve their ability to remember
concepts in VR, they are building muscle memory skills in
their brain to apply in real life. However, the VR scenarios
and equipment utilized in studies involving United States
veterans included bulky, expensive equipment, requiring
participants to travel to specific locations to participate in
VR activities.!"*

2. Methods

We received approval from the Institutional Review Board
of the California State University Channel Islands before
beginning the study (105625). This study is a community-
based participatory research project conducted in
collaboration with TBI patients from a local nonprofit, a
trauma hospital, and interdisciplinary students and faculty
from a university. Participants provided informed consent
before participation. Two focus groups, comprising TBI
patients (N = 12), were conducted to assess their interest
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in using VR for TBI recovery. Focus groups found that TBI
patients desired VR scenarios to assist with eye tracking
and prospective memory. Two scenarios were developed
using footage captured with a 360° camera during local
hiking and a beach walk by the personal instructor (PI);
these scenarios were edited using Unity EditorXR (2024,
Unity Technologies, San Francisco) by two computer
science students. Eleven individuals with brain injuries
tested the scenarios in a randomized control, delayed
intervention pilot study.

2.1.Focus group methods

Focus groups are a qualitative research method ideally
suited to gathering rich, descriptive data on individuals’
perceptions and experiences. They facilitate an in-depth
exploration of a small group of participants’ attitudes,
beliefs, and reactions, allowing researchers to uncover
complex dynamics that quantitative methods might
overlook. Focus groups typically include five to seven
participants and are guided by a structured discussion. In
this study, focus-group members were recruited from a
local non-profit organization supporting individuals with
brain injuries in Southern California. Two 1-h focus groups
were conducted over Zoom to discuss designing a free,
immersive VR scenario for individuals with brain injuries
was conducted in summer 2021 (n = 6) and spring 2022
(n = 6) with a total of 12 brain injury survivors. The focus
group members included 12 adult brain injury survivors
(five males and seven females), a certified brain injury
specialist, two physical therapists, and an interdisciplinary
research team of a computer scientist, a computer science
student, a kinesiologist, and a social worker. The first
focus group session began with the social worker showing
everyone several 360° and VR scenarios and discussing
current research on VR and brain injury. The purpose of
developing a VR scenario to help individuals with brain
injuries with skill development was presented, with the
kinesiologist emphasizing the importance of ensuring
that movement and skill development are enjoyable. The
social worker underscored the project’s mission to ensure
rehabilitation is accessible and affordable in individuals’
homes. The structured discussion guide included prompts
such as: (i) What daily challenges do you face that VR might
be able to address? (ii) What activities did you enjoy before
your injury that you would like to see incorporated into
VR? and (iii) Is there anything specific that came to mind
when you heard about VR? Each brain injury survivor
shared their opinions about VR, how they believed it
should be adapted for individuals with brain injuries, what
skills they believed it could help them develop, and what
scenarios they would find enjoyable. Direct quotes from
the focus group discussions were incorporated to improve

the design of immersive VR scenarios for individuals with
brain injuries.

2.2. Focus group findings

The initial focus group resulted in the following themes:
accessibility issues, skills, and enjoyable scenario ideas.
These themes were utilized to develop a VR scenario,
which was shown to members of the second focus group.
These themes were confirmed in the second focus group,
which confirmed that the scenario met the criteria they
had hoped for in the first focus group.

2.2.1. Accessibility issues

Brain injury survivors reported specific accommodations
they require, including adjustments for lighting, visual
alignment, and affordability. Concerns were raised
regarding blue lighting in VR scenarios, with one member
expressing, “Brain injury survivors have issues with the
blue light. I have my TV, my phone, and my computer as
orange-tinted as possible. As far as VR, is there a way to put
in that orange tint so it doesn't cause all the headaches?” In
addition, video stability and a minimalist design address
a second concern for visual misalignment issues. One
member noted, “Impaired perception. You know; a lot of us
cannot align ourselves appropriately, so some issues with
visual fields shaking and stuft” Furthermore, challenges
related to access to rehabilitation due to cost and lack of
transportation were discussed. One person mentioned,
“I recalled they had a cardboard box that made it (a cell
phone) a VR, and you only paid like 10 bucks for it”

2.2.2. Skills

Five specific skills that brain injury survivors believed
could be improved using VR were eye movement and
tracking, communication, inhibition control, memory,
and balance. One survivor highlighted challenges with eye
fixation and pursuit, stating, “I did have a lot of dizziness.
It’s a lot of eye-movement work. Tracking things” Another
individual described undergoing vestibular therapy for eye
fixation, recounting, “I was doing vision therapy, and she
had me looking at her. We had a big window behind us.
Individuals would walk by it. As I focused on her, I could
not keep my gaze stable. My eyes started tracking the
person walking by. Anything that’s crowded. Walking on a
sidewalk. Going to the mall. Grocery shopping, navigating
parking lots. Anything. Noise” The second reported skill
was communication. One person reported, “Conversations
from body language to the words and everything. I think a
low-pressure VR conversation could really help individuals
with that expectation of social performance. I remember
the 1 year how exhausted I would be” Inhibition control
was also expressed as critically important: The number
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of times I've been in (brain injury support) group, and I
hear someone say “I knew I shouldn’t say something, but
I couldn’t stop myself” One person reported that memory
was a challenge and even thought of an idea for a scenario:
“Almost like making a map in our mind. Along the path,
there’s an apple tree, and under the apple tree, there’s an
object that you need to remember. And then along the way,
there are these objects associated with something along the
path to connect concepts.” Specifically, prospective memory
was reported as a challenge for all members. They provided
several examples of going into a room and not remembering
why they went there in the first place. All members reported
balance and physical skills they would like to develop. One
reported, “Although I did go back to a dance class, the
balance stuff was really challenging. I danced for 20 years
when I was younger. Never had an issue with right and left,
especially looking here. It was really challenging. I really
enjoyed it, but I found it very challenging to go from left to
right. Switch it and use a mirror”

2.2.3. Enjoyable scenario ideas

Two individuals expressed hiking as an ideal VR scenario.
One individual desired to hike in the scenario because
she experienced challenges related to these activities after
having a brain injury. She shared, “Something I could
do before but can’t do now is like a day hike. I mean, I
could go out for an hour or so, but anything requiring a
backpack...my neck is too fragile for a backpack...Being
in that position for very long...it causes severe headaches.
The balance issue, too” Another participant described, “If
I had to picture the perfect scenario, it would be a path
similar to a hike; maybe there are obstacles you have to
come over, so you're forced to look around”

2.3.The VR scenarios

Two initial VR scenarios aimed at improving prospective
memory and eye fixation were developed by the authors
based on the focus group data. The prospective memory
VR scenario developed by the study team lasted 10 min
and involved users sitting in a chair while experiencing a
first-person scenario of walking up a hill on a mountain
hike through an HTC Vive Pro Eye headset. Along the trail,
they encountered three hikers. They could turn their head
and view their surroundings, including water moving,
hillside, and some birds. The users were prompted at the
beginning of the scenario to give each hiker specific items
as they passed other hikers on the trail. To provide the item
to the hiker, the patient must make a throwing motion and
press a trigger with a HTC hand controller that is tracked
by a HTC body tracker.

The eye-tracking VR scenario developed by the study
team lasted 6 min, during which users remained seated in

a chair. In a first-person perspective, they strolled down a
beach near the shore, where waves crashed, and seagulls
flew sporadically yet slowly in front of them. There was
a ball positioned at the horizon that they were prompted
to focus on, under the guidance of a VR technician. The
ball turned green when they were looking at it and turned
red when they were not. The HTC Vive Pro Eye headset
enables pupil tracking, which is what turns the ball green
or red. All relevant equipment is depicted in Figure 1.

2.4.VR pilot methods

2.4.1. Participants

Participants provided informed consent before their
participation. A randomized pilot study was conducted
with 11 TBI survivors who were at least 1 year post-TBI
to evaluate the feasibility, acceptability, and effects of the
VR scenarios on prospective memory and eye tracking.
Participants were recruited from a local brain injury
nonprofit by announcing the study at the beginning of a
support group, sending an email to those served by the
organization, and posting an announcement on social
media. Inclusion criteria comprised individuals who
were as follows: (i) 18 years or older, (ii) diagnosed with
a TBI defined by any disruption in normal brain function
caused by an external mechanical force, such as a blow or
jolt to the head or penetrating head injury, ranging from
mild, (often referred to as a concussion) characterized by
a temporary change in mental status or consciousness,
to severe, which may result in an extended period of
unconsciousness or amnesia after the injury, (iii) at least
1-year post-TBI, and (iv) have transportation to one of
two study locations locally. The 1-year post-TBI criterion
was selected for this pilot to ensure participants who had

VR equipment used
1. Gaming laptop
2. HTC Vive Pro Eye headset
3. HTC controller
4. HTC body tracker

Figure 1. Virtual reality equipment used to assess prospective memory
and eye fixation in brain injury survivors.
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not recently experienced a TBI, given the novelty of the
intervention and potential unknown side effects such as
nausea. Exclusion criteria included: (i) Inability to provide
consent for the study, (ii) severe vision impairment,
(iii) inability to hold and move a VR controller with one
hand, and (iv) neck or facial injury preventing the use of
a VR headset.

Fourteen participants were recruited to participate
in the study (Table 1 and Figure 2). Eligible participants
who provided consent (N = 11) were randomized into
intervention groups and delayed intervention groups. The
intervention group (n = 6) participated in the memory VR
scenario twice a week for 20 min each time for 6 weeks.
Meanwhile, the control group (n = 5) participated in a
memory card game for 20 min twice a week for 6 weeks,
followed by participation in the VR memory scenario
for the same duration and frequency. In addition, the six
participants in the intervention group participated in the
eye-tracking scenario. However, not all participants piloted
this scenario, as it was developed later in the study. A few
participants experienced minor mobility and/or spasticity
challenges in their neck and hands, with one participant
requiring the use of a wheelchair. One participant had a
vision impairment that limited their use of peripheral vision.

2.5. Procedures: the delayed intervention groups

The memory card game consisted of 48 outdoor-themed
tiles, with each tile forming part of a matching pair, totaling
23 pairs. The VR technician began by explaining the

Table 1. Description of the sample (N=11)

objective of the game to the participant, emphasizing the
use of prospective memory to obtain the most matching
pairs. They provided a brief overview of the gameplay,
which involved flipping two tiles at once to determine if
they matched. If the tiles did not match, the other person
took a turn, whereas if a match was found, the person
would continue taking additional turns until encountering
a non-matching pair, at which point the turn rotated back
to the other player. Next, the technician shuftled the tiles
and spread them face down across the table, typically
arranging them into 4 - 5 rows of five or more tiles in each
row, depending on the number of tiles used.

When two tiles were flipped over, the participant
would verbally describe each tile in one word to aid in
remembering their positions. For example, if one tile
depicted a flashlight and the other a bear, the participant
would say “flashlight” and “bear” before flipping the tiles
back over since they did not match. The game continued
until all matches were found and paired up. Following a
round, the technician offered the participant the option
to increase the game’s difficulty by adding more tiles or
swapping them out for new ones. After receiving feedback
from the participant, the technician reshuftled the tiles and
continued with one to two additional rounds of matching,
based on the participant’s preference. Each session of the
memory card game typically lasted between 20 and 30 min,
depending on factors such as the number of tiles used per
round and whether tiles were swapped out.

Criteria Mean Range Frequency Percentage
Biological sex
Male 3 27.27
Female 8 72.73
Race
White 9 81.82
Latino 1 9.09
Black 1 9.09
Received rehabilitation
Yes 5 45.5
No 6 54.55
Age 46.18 29 -61
Severity of TBI
Mild 9 81.81
Moderate 2 18.18
Total days experienced a loss of consciousness due to TBI 19.09 0-150
Years since TBI 21.05 2.5-61

Abbreviation: TBI: Traumatic brain injury.
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14 participants
recruited

Y

Three
participants
excluded (due
to distance or
schedule

conflict)

11 participants
consent to
participate

. |

) Five
Six participants
participants are randomly

are randomly
assigned to the
intervention

group

assigned to the
control group
(delayed

intervention)

Figure 2. Participant flow. The study began with 14 participants recruited,
but three chose not to participate due to distance from the study location
or scheduling conflicts. Eleven participants continued on in the study. Six
of the 11 participants were randomly assigned to the intervention group,
and five were assigned to the delayed intervention group.

2.6. Procedures: the intervention groups

The VR equipment included the use of a gaming laptop,
an HTC Vive Pro Eye headset with a controller, and a
sensor to track visual, audio, and body movements. An
extendable stand was screwed onto the sensor, and a
power cord was connected to the back of it. A USB hub
was needed to connect the headsets HDMI cord, and on
the other end of it; there are three different ports. These
three ports consisted of a power cord to charge the port,
a cord to connect to the laptop, and another USB cable to

connect to the USB port of the laptop. The HTC Vive Pro
Eye headset contained built-in headphones as well as an
adjustable head strap and knob to tighten the headset. The
headset also included a head strap.

Once the equipment was connected, the participants
were sitting in a chair with the controller in their dominant
hand, and the headset was adjusted to fit over their heads
like a ski mask by the VR technician. The headset gently
sat on their forehead, nose, and the strap on the upper
back of their head. The headset covered their eyes, and
the headphones attached to the headset covered their ears.
The technician then began to load the software SteamVR
to make sure the base, headset, and controller which
were turned on and connected. Once the equipment was
connected, the technician started the screen recording for
data collection and then began each scenario.

2.7.Data collection

Data collection included screen recordings of each
session and note taking by the VR technician on
qualitative observations. Participants completed an
objective prospective memory test before starting and
6 weeks later after VR participation. Participants were
asked to inform the researcher if they were left or right-
handed after 5 min had passed. Successful completion of
the test was determined by whether they remembered
what to tell the researcher within the specified timeframe.
In addition, participants completed a subjective
memory test, Prospective and Retrospective Memory
Questionnaire (PRMQ).?** This is a self-report severity
measure of prospective and retrospective memory
challenges in everyday life. Participants responded to this
Likert scale with response options ranging from 1 - 5,
with 1 indicating “never” and 5 indicating “very often.
Item scores were summed to obtain a total final score,
with higher scores indicating severe prospective memory
challenges. The data collection for the eye-tracking
scenario involved screen recordings of the eye-tracking
scenario sessions.

2.8. Outcome analysis

Data analysis for the memory outcome focused on
comparing differences at the 6-week post-survey data
collection time period between the intervention and
delayed-intervention groups. This allowed a comparison
of the VR to the memory game since the delayed-
intervention group had only participated in the memory
game at that time. For the memory survey data, bivariate
statistical analyses were conducted. Since the objective
memory test was a nominal variable, a non-parametric
sign test was conducted on the intervention and delayed-
intervention group responses to assess group differences in
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improvement, staying the same, or declining in their ability
to remember something they were told to remember 5 min
prior. For the PRMQ, which involves an ordinal variable,
the one-way ANOVA was conducted to assess intervention
and delayed-intervention group differences in means on
the PRMQ.

The screen recordings of eye-tracking sessions were
viewed by researchers to assess potential improvements
in the participants’ eye-tracking ability to keep the ball
green. Researchers calculated the proportion of time
that the ball was green during the session by watching
the screen recordings of each session and using a time
watch to calculate the total time that the ball was green.
This number was divided by the total time of the scenario,
6 min, providing a proportion of time that the ball was
green. The first session was used as the baseline measure of
eye tracking, and then a middle session and the last session
were used for data analysis to compare participants’ ability
to focus their eyes over time.

3. VR pilot results
3.1. Acceptability

All participants expressed enjoyment of both VR scenarios,
with the majority describing them as peaceful experiences.
One participant said that it was “exactly what I needed”
after a stressful week. Another participant who used a
wheelchair expressed that she enjoyed seeing the animals
and told VR technicians that she was “going on a hike”
before putting on the headset to participate each week.

Potential challenges included sleep, mobility, and eye
impairments. Although anticipated by mentions of red-
light sensitivity in the focus group data, no participants
reported motion sickness or sensitivity to red light as they
used the scenarios. One participant reported that after
completing the scenarios twice, she noticed that she did
not sleep as well the nights following her participation.
A few participants who had neck and hand mobility
struggled more than other participants to complete the
memory hiking scenario, which required the neck to turn
slightly from side to side to see hikers and the objects they
were tasked with passing to the hikers. VR technicians
learned about each participant’s mobility and were able to
prompt participants to move within their ability to engage
successfully in the scenario. The beach scenario did not
pose any mobility challenges to these participants, as the
scenario does not require participants to look around at
all; they merely look forward. One participant who had a
vision impairment and could not use his peripheral vision
in real life successfully completed both scenarios without
much challenge at all.

3.2. Feasibility
3.2.1. Equipment

The equipment setup typically requires approximately
10 min due to the various components that need to be
attached. Ideally, equipment could be set up and left in
place so that setup and takedown are not necessary on a
regular basis. However, the ability to move equipment
allows for mobility and facilitates meeting patients where
they are, whether at home or bedside in a hospital setting.

3.2.2, Space

Due to the physical movement and use of a sensor on
a tripod to detect movement in these VR scenarios, a
minimum of a four-foot diameter around the participant
is needed to set up equipment, including a chair for the
participants to sit in. This study was conducted in two
locations. One location was a much smaller space, and
the VR technician and participant felt cramped. The
“throwing” movement performed by participants during
the memory scenario creates a safety challenge for both
the participants and the VR technician. They need space to
throw the object, and the VR technician should be aware of
their throwing motion.

3.2.3. Participant support

While the long-term goal is for participants to be able
to complete VR in the comfort of their homes without
support, this study found that a lot of support was needed
by the VR technician. The VR technicians provided a lot
of technical support, including setup and takedown of
equipment, software setup, and ensuring the headset was
secure on each participant’s head. Second, VR technicians
prompted participants to focus on the ball in the eye-
tracking scenario, and without giving them an answer as
to what to do next, they gave them a gentle reminder that
a hiker was coming toward them in the memory scenario.
As VR technology and software simplify and ease of use
improves, a VR technician may not be needed.

3.2.4. Software

Each piece of software, including the laptop and VR
equipment, needed regular updates, or the VR scenario
would begin glitching. Software updates were scheduled
to be conducted biweekly to avoid glitching in the VR
scenarios.

3.3. Outcomes

On the objective memory test, participants in the VR
intervention group (66%) improved their memory
more often than the memory card delayed-intervention
group (0%) after 6 weeks and about 12 sessions on the
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objective memory test. Sixty-six percentages of the
delayed intervention group also improved their memory
after 6 weeks of VR compared to their post-memory
game scores on the objective memory test (Table 2).
On the subjective PRMQ subjective memory scale, the
intervention and delayed-intervention groups did not have
statistically significant mean scores after 6 weeks (Table 2).
All participants who received Beach Stroll improved
between their first and last VR session. From the first to
the last session, on average, participants improved their
eye fixation by 17%; specifically participants improved
between the 6™ and 12 session (Table 3 and Figure 3).

4, Discussion

The pilot study yielded some notable findings. The VR
scenarios developed and tested in this study demonstrated
acceptability, feasibility, and promise to improve
prospective memory and eye tracking among individuals
with TBI one year post-TBI. By leveraging the brain’s
plasticity, VR interventions can potentially accelerate
recovery by reinforcing neural pathways and supporting
the development of new compensatory strategies for
impaired functions.® The scenarios were intentionally
designed to offer enjoyable and relaxing experiences, in line
with the preferences expressed by focus group participants.
Qualitative feedback from participants in the pilot study
affirmed that they indeed found the scenarios to be
enjoyable and relaxing. The previous studies have designed
VR to address anxiety and pain among individuals with

Table 2. Virtual reality scenario memory outcomes

TBIL.* Future research should assess the impact of VR
scenarios designed to improve memory and eye tracking
with relaxation in mind on anxiety and pain, among other
outcomes.

Based on the focus group data, the authors anticipated
red light sensitivity and motion sickness among
participants but found neither of these issues in the pilot
study. In editing the VR scenarios, it is possible to add the
option of a blue-light tint, providing a potential solution
for individuals who report red-light sensitivity in future
studies. Motion sickness was avoided by offering slow
movements in the scenarios.

This study designed the treatment sessions in terms
of frequency, duration, and weekly schedule based on a
systematic review recommending that VR should occur
for 10 - 12 sessions, with each session lasting between 20 -
40 min, and conducted 2 - 4 times/week.® The study results
suggested that a 20-min time frame for VR twice a week
may be sufficient to yield positive outcomes. The shorter
time frame from the scale of 20 — 40 was chosen to not
overwhelm participants with so much information at one
time. The authors chose to conduct VR with participants
twice per week to prevent overwhelm, scheduling, and
travel difficulties. Participants did travel a short driving
distance to both locations used by the study. The locations
were owned by a local non-profit, which the participants
were familiar with and had traveled to before the study.
More frequent VR use may have resulted in more
challenges for participants to coordinate travel to the study

Statistics Assessments Baseline 6-week follow-up 12-week Between-group
follow-up difference at 6-week
Intervention Control Intervention Control Delayed follow-up
group (n=6) group group (n=6) group intervention
(n=5) (n=5) control group
(n=3)
n (%) Objective memory Nonparametric sign test*
test Intervention group:
Remembered 1(16.67) 1(20) 4(66.67) 1(20) 2 (66.66) Improved, n=3 (50%);
Same, n=3 (50%);
Did not remember 5(83.33) 4 (80) 2 (33.33) 4 (80) 1(33.33) Declined, n=0
Control Group:
Improved, n=0;
Same, n=5 (100%);
Declined, n=0
M (standard PRMQ 3.00 (1.16) 3.11(1.15) 2.67 (0.96) 2.68 3.06 (0.82) One-way ANOVA*:
deviation) (0.86) F=0.001;
P=0.971

Notes: *A non-parametric sign test was conducted on the intervention and control group to assess group differences in improvement, staying the same,
or declining in their ability to remember something they were told to remember 5 min prior. One-way ANOVA was conducted to assess intervention
and control group differences in means on the Prospective and Retrospective Memory Questionnaire (PRMQ) during the initial 6-week post-survey

data collection time period.
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Table 3. Percentage of time participants were able to
successfully fixate their eyes in the eye-tracking virtual
reality scenario

Session M (standard deviation)
Initial 75% (16%)
Middle 75% (22%)
Last 92% (7%)

1.00 Participant ID

Lo —e— D20
—e— ID5.0
—e— 1D 6.0
—e— ID9.0

o ID16.0
T A— D 23.0

o

3

\
\
\

o
o
S

Percentage of successful eye fixation (%)

=3
B
S

Initial Middle Last

Figure 3. Line chart of each participant’s percentage of successful eye
fixation across the initial, middle, and last sessions (1 = 6).

location. Future research will assess the same treatment
parameters, including frequency of sessions, duration, and
weekly schedule in an efficacy study.

5. Conclusion

This study is one of the first to use VR eye tracking
capabilities as an intervention rather than an assessment
tool. According to focus group participants in our study,
the inability to fixate one’s eyes on another person affected
individuals with TBI’s ability to have a normal, everyday
conversation with others, inhibiting their ability to be
social, work, and learn effectively. Few intervention studies
have focused on eye fixation.”* VR has been utilized as
an assessment tool for eye fixation among individuals with
TBL® The literature lacks interventions employing VR
to enhance eye fixation for individuals with TBI. Even in
research on eye focusing on children with autism, VR is still
being used as an assessment rather than an intervention
tool® Research on individuals with schizophrenia has
included eye-focusing technique interventions as a part of
VR social skills training.*

While the study’s findings have implications for VR
use and research, some limitations of the study include
a small sample size, participants 1 year post-TBI, and no
control group for the eye tracking scenario. An efficacy
study with substantial power and randomization to

intervention and delayed-intervention groups is needed
to draw conclusions about the effectiveness of these VR
scenarios. Future research on these scenarios will include
individuals with TBI with acute injuries to assess its
feasibility, acceptability, and effects on newer injuries and
outcomes.

Both the VR scenarios demonstrated promise for
improving prospective memory and eye tracking
among individuals with TBI. Future research should
assess their effects on larger sample sizes to assess their
efficacy. VR should be considered as a rehabilitative
option for cognitive and vision recovery among
individuals with TBI.
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Abstract

Venous sinus stenosis is commonly observed in patients presenting with pulsatile
tinnitus (PT). While magnetic resonance imaging (MRI) and computed tomography
(CT) are commonly used for assessing venous sinus geometries, the preferred modality
remains unclear. In this study, we reconstructed the three-dimensional (3D) geometries
of the venous sinus using MRl and CT imaging data from 20 PT patients. We conducted
comparisons of the anatomical features of the venous sinus through case-wise analysis
and anatomic geometrical parameter-wise analysis. Our findings indicate that by taking
the geometries from CT as a reference, MRI could provide a better illustration of venous
structure, primarily due to a stronger flow signal concentrated in the vascular tree. We
observed high agreements in anatomic parameters measured from 3D geometries
reconstructed based on CT and MRI in 19 out of 20 cases. Notably, the cross-sectional
area of the sinus and segment length displayed the highest consistency, with a mean
difference of -5.01% and 6.5% between modalities, respectively. In addition, we noticed
that 55% of cases exhibited consistency in analyzing the confluence of the sinus, while
variants of connectivity and collateral branching were observed between CT and MRI.
Importantly, CT-based geometric reconstruction provided better detail of inflow side
branches in the straight sinus, whereas MRI preserved more side branches of outflow in
the downstream sinus. It isimportant to note that CT-based evaluation may be affected
by the bone structures surrounding the venous sinus, whereas MRI-based evaluation
focuses on blood flow to the segments, potentially indicating both anatomical and
functional abnormalities.

Keywords: Cerebral venous sinus; Pulsatile tinnitus (PT); Magnetic resonance imaging
(MRI); Computed tomography
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1. Introduction

Pulsatile tinnitus (PT) is often related to an underlying
vascular abnormality, significantly affecting the patient’s
quality of life.! Cerebral venous stenosis-induced PT
has gained increasing recognition, with venous sinus
stenting (VSS) emerging as an effective treatment option
for symptom relief.> Transverse sinus stenosis (TSS) is
a commonly observed vascular abnormality in patients
with PT.? The previous studies have highlighted the high
diagnostic performance of both computed tomography
venography (CTV) and magnetic resonance venography
for anatomical analysis of venous sinuses.* The choice
of modality generally depends on availability, although
comparisons between modalities have been rarely assessed.

Anatomical assessment is widely conducted using
CTV and Phase-contrast magnetic resonance imaging
(MRI).>¢ Computed tomography (CT) remains the primary
approach for differentiating the source of vascular-related
tinnitus, due to its high spatial resolution and consequent
high diagnostic accuracy’ On the other hand, MRI
has increasingly been applied for intracranial venous
assessment, offering advantages such as superior soft-tissue
contrast without interference bone structures, as shown in
CT images.”” Therefore, MRI is considered a promising tool
for analyzing the vasculature and the defects of surrounding
tissues, including vascular interface, meningeal defects, and
related malformations.”” However, the previous studies
have reported potential false-positive diagnoses due to slow
blood flow and artifacts in MRI, leading to ongoing debates
regarding abnormalities in unilateral transverse dural
sinuses and transverse sinuses (TSs).!%!

This study aims to assess the anatomical parameters of
the venous sinus based on MRI from patients with PT, with
CTYV as a reference. For this purpose, three-dimensional
(3D) anatomies were reconstructed from medical images
for quantitative and qualitative evaluations.

2. Methods
2.1. Datasets

Patients with PT were retrospectively selected from Beijing
Friendship Hospital, Capital Medical University, between
March 13, 2019, and August 26, 2019. Inclusion criteria
consisted of undergoing CTV and MRI within 3 months of
the CTV examination. Exclusion criteria included previous
stenting and the presence of venous sinus thrombosis,
neoplasms, or arterial/arteriovenous abnormalities. This
study was approved by the Institutional Review Board, and
informed consent was obtained from all patients. A total of
20 patients, aged between 23 and 60 years with a mean age
of 42 + 12 years, were included in the present study.

2.2. Image acquisitions

The MRI data were acquired using a 3.0T MRI unit
(Ingenia, Philips Healthcare, Netherlands) equipped with
a 16-channel head coil. The MRI examinations employed
a 3D phase-contrast technique using a gradient-echo
sequence with the following parameters: field of view of
173 x 173 x 192 mm?, repetition time of 17 ms, echo time
of 6.2 ms, flip angle of 10°, velocity encoding of 15 cm/s,
bandwidth of 230 Hz/pixel, matrix size of 144 x 108 x 120,
and acquisition time of 2 min 15s.

CTV images were acquired using a 256-section
CT scanner (Revolution, GE Healthcare, US) with the
following parameters: tube voltage of 100 kV, 25mAs (auto-
mAs), matrix of 512 x 512, collimation of 256x0.625 mm,
rotation time of 0.5 s, pitch of 0.992:1, and administration
of contrast media (iopamidol, Bracco Diagnostics, UK) at
a concentration of 370 mg iodine/ml, 1.5 ml/kg, injected
at a rate of 5 ml/s. The average CT dose index (CTDI)
was 63.95 mGy, and the average total dose length product
(DLP) was 664.3 mGy-cm.

2.3. Reconstruction of 3D geometry models

The anatomies of the cases were reconstructed using
Mimics 19.0 (Materialise, Belgium). The region of interest
was segmented based on the signal intensity distribution
of MRI and CTV images. Consultation with clinical
technicians was conducted to improve the accuracy of
3D geometric reconstruction. The major segments of the
intracranial venous network were evaluated, including the
TSs, sigmoid sinuses (SSs), straight sinuses (StSs), inferior
sinus, and superior sagittal sinuses (SSSs), as illustrated in
Figure 1.

Superior
— sagittal sinus

Inferior
sinus

| Transverse
sinuses

Sigmoid
sinuses

Figure 1. Intracranial venous network. The network encompasses superior
sagittal sinus, transverse sinuses, sigmoid sinuses, and inferior sinuses.
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2.4. Anatomical parameters for comparison

The anatomical parameters for comparison included the
minimum and maximum cross-sectional area of the segment
(CSA), degree of stenosis calculated as the ratio between the
minimum and maximum CSA, volume (V) of the segment,
segment length of the sinus (SL), the angle of the segment
(or), and average curvature of the segment (Equation I):

(03

Curvature=

@

In addition, the length of the venous stenosis (Figure 2)
was measured. The number of parameters ranged from
31 to 46, depending on the presence of the segments.
Both sinus segment-wise and case-wise analyses were
conducted. Intraobserver analysis was conducted
to evaluate the consistency of anatomical parameter
measurements. Repeated measurements were performed
by the same reviewer within 1 week. The diameter ratio
(DIAR) between CTV- and MRI-based measurements was
used as an indicator for analysis. DIAR was calculated as
follows (Equation II):

A

(o
CSAp
g

CSA

Figure 2. A schematic of the anatomical parameter extraction. This
schematic illustrates the extraction of anatomical parameters from the
3D reconstructed geometry, specifically focusing on the segment of the
transverse sinus. (A) The minimum and maximum cross-sectional areas
of the segment are denoted as CSAp and CSAd, as shown in (C) and (D),
respectively. (B) The measurement of segment length (SL). (E) The angle
of the segment, with the recorded number of angles depending on the
number of angles visible in the reconstructed geometry.

CTV,

Diameter

CTDiameter (II)

—MRI

Diameter )

DIAR = (

In cases where a segment was absent, its diameter was
represented as 0. Specifically, if a segment was absent in
the CTV-based geometry, the denominator of DIAR was
replaced by MRI

Diameter”

We conducted a sinus-wise analysis by comparing the
number of entrances and exits of each sinus and major
venous sinuses, including the SSS, inferior sinus, StS,
TS, and SS. An agreement number was used to show the
difference in collateral branches, which was defined as
the ratio of cases with the same number of visible side
branches in both CTV and MRI to the number of cases
in CTV. A cross-reference analysis was conducted, and the
number of missing entrances and exits was recorded.

In addition, we conducted a case-wise analysis of
anatomical parameters based on MRI-reconstructed
geometries by taking those from CTV-based geometries as
references.

The development of the eye ring occurs during the
four to 6 months of pregnancy, during which a series of
primitive dura mater and dural sinus transitional growth
and degeneration patterns occur. Irregular growth patterns
can lead to asymmetry of the dural sinuses of varying
heights and sizes, mild to obvious irregularities, and even
loss of the inner TS.!>** The previous studies have illustrated
six distinguished types of sinus confluence (connecting
points) as follows: Type 1 indicates that the StSs are
connected with the left and right TSs and the SSSs. Type 2a
and 2b indicate that the StS is connected to the left or right
TS. Type 3 is SSS and StS branching to bilateral TS. Types
4a and 4b indicate that the left or right TS is not connected.
Types 5a and 5b indicate that an additional connecting vein
is found between the StS and the SSS on both sides. Type 6
is the oblique sinus. These confluences are illustrated in
Figure 3."* As the pattern of confluence sinus could be an
important factor for evaluating the drainage of the blood
flow in the sinus, a comparison of confluence classification
using CTV and MRI was conducted.

2.5. Statistical analysis

Data analysis was performed using SPSS24.0 software (SPSS
Inc., USA). Continuous variables, when appropriate, are
expressed as meantstandard deviation (SD) or median
(interquartile range [IQR]). Differences were assessed using
the Bland- Altman test for consistency. Categorical variables are
expressed as frequencies and percentages. Correlation analysis
was conducted to examine the correlation between CTV
and MRI anatomical structure parameters using correlation
coefficients. P < 0.01 was considered statistically significant.
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T TS T TS

SSs
StS
TS IS

Type 1 Type 2a Type 2b
SSS
StsS
T TS
Type 3 Type 4o Type 4b
SSS SSS
Sts StS
T T TS
Type Sa Type Sb Type 6

Figure 3. The schematics of six types of confluences
Abbreviations: SSS: Superior sagittal sinus; StS: Straight sinus; TS: Transverse sinus.

3. Results

In all cases, 3D geometries were successfully reconstructed
from both CTV and MRI datasets. Figure 4 illustrates
comparisons of segments reconstructed from CTV and
MRI data. While the TS was identifiable in both CTV and
MRI, the MRI images presented a stronger signal at the
left TS (normalized against the surrounding structures)
compared to those in the CTV images (A2 and B2).
Segments are highlighted in colors. As an example, the
comparisons of segments revealed a variation in visually

available bifurcation at SSS between the geometric
reconstructions based on MRI and CTV.

3.1. Comparison of anatomic parameters between
CTV and MRI

In the sinus-wise analysis, a high degree of consistency
(65%) was observed in SSS, with an average of one visible
branch in both CTV and MRI. Compared to MRI, CTV
exhibited more entrances to StS, with an agreement rate of
15%. The average number of visible branches in CTV and
MRI was 6 and 5, respectively. On the other hand, MRI
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‘ :I\)\ ‘/“t'Q
D R

Figure 4. Comparison models of computed tomography venography (CTV) (images labeled by A) and magnetic resonance imaging (images labeled by

B). Al and B1 are coronal planes with transverse sinuses (indicated by red arrows); A2 and B2 are axial planes with transverse sinuses (indicated by red
arrows); A3 and B3 are geometries reconstructed based on CTV and MRI images, respectively. Segments are highlighted in colors as follows: the superior
sagittal sinus (blue), the left and right transverse sinuses (yellow), the left and right sigmoid sinuses (gold), the inferior sinus (silver), and the confluence of
the segments (brown). Stenosis is highlighted with red circles. Panels i, ii, and iii represent Cases 3, 2, and 19, respectively.

demonstrated more TS outlets compared to CTV, with an
agreement rate of 15% and an average of one and three
visible branches in CTV and MRI, respectively. Similarly,
MRI displayed more of the SS outlets compared to CTV,
with an agreement rate of 25%. Detail distributions of
inlets and outlets for CTV- and MRI-based geometric
reconstructions are shown in Figure Al.

The case-wise analysis of anatomical parameters for
each segmentisillustrated in Figure 5. In general, the results
demonstrated a robust correlation in ten out of 20 cases
(correlation coefficient >0.9), a moderate correlation in

nine out of 20 cases (correlation coefficient >0.5), and one
case with a poor correlation (correlation coefficient = 0.28).
Bland-Altman analysis indicated agreement between
MRI- and CTV-based evaluations. Specifically, good
consistency was observed in the CSA and segment lengths,
while high variations were found in other parameters due
to differences in visible-based reconstructions. Figure 6
illustrates the comparison of anatomical parameters in the
best- and worst-correlated cases.

The intraobserver analysis showed high consistency of
the measurements from geometries reconstructed CTV
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Figure 5. The case-wise analysis of anatomical parameters for each segment. This figure presents the geometrical parameters of all cases. (A) Cross-section area:
Meandifference (~5.01%) and range of limits (82.92%,-100%). (B) Angle: Mean difference (22.08%) and range of limits (100%, —56.85%). (C) Curvature: Mean
difference (—36.54%) and range of limits (81.80%, —154.87%). (D) Volume: Mean difference (~14.22%) and range of limits (114.57%, —143.0%). (E) Diameter:
Mean difference (26.38%) and range of limits (115.17%, —62.41%). (F) Segment length: Mean difference (6.50%) and range of limits (76.84%, —63.83%).
Abbreviations: CT: Computed tomography; MRI: Magnetic resonance imaging; SD: Standard deviation.

and MRI. Repeated measurements were 1 week after
the first measurements. The reviewer was blinded to the
recorded results and locations of measurement. The DIAR
between CTV- and MRI-based measurements was taken as
an indication for the analysis. The indicator segment-wise
correlation analysis was conducted for all cases. The results
of each venous sinus segment were recorded separately.
The correlation analysis is shown in Figure 7, whereas the
coeflicients are shown in Table 1.

3.2. Comparison of the confluence of the sinus

The distribution of confluences in our dataset was
determined using the CTV-based analysis as a reference.
In general, the patterns of confluence analyzed using MRI
images displayed agreement with CTV-based analysis in
55% of cases (11 out of 20). Comparisons between CTV
and MRI are illustrated in Figure 8. The majority of the
cases fall in the Type 2 category for both CTV- and MRI-
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Figure 7. Intraobserver analysis using the differences in diameters between computed tomography venography (CTV) - and magnetic resonance imaging
(MRI)-based measurements as indications. The correlation plots of repeating measurements for the following segments: Confluence sinus (ConS), right
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stenosis (Lstn), and left sigmoid sinus (LSS).
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Table 1. Results of the repeated measurement for intraobserver analysis using diameter ratio as an indicator

Segments Con$S Rstn Sts SSS

RTS RSS LTS Lstn LSS

Correlations 0.977 0.993 0.9805 0.988

0.9772 0.9923 0.9605 0.996 0.995

Abbreviations: ConS: Confluent sinus; LSS: Left sigmoid sinus; Lstn: Left stenosis; LTS: Left transverse sinus; RSS: Right sigmoid sinus; Rstn: Right
stenosis; RTS: Right transverse sinus; SSS: Superior sagittal sinus; Sts: Straight sinus.

based analysis (20% and 35%, respectively). The number
of cases for Type 4a and Type 6 was consistent between
CTV and MRI (Two cases each for Type 4a and 1 case
for Type 6). Variations in confluence were observed in
other types (Figure 9). Specifically, the Type 3 confluence
was identified based on CTV-based analysis in four cases
(Cases 1,7, 9, and 12, as illustrated in Figure A1), while in
MRI-based analysis, these cases were identified as Types
4a, 2a, 2b, and 4a. Significant variations in confluence were
observed in Cases 2, 11, and 17, where StS joined with the
contralateral TS in MRI compared to CTV. Meanwhile, the
small side branch originating from SSS was observed in
CTV for Case 20, which was absent in MRI.

4, Discussion

A robust correlation and good agreement were evident in
the sinus geometries when comparing the reconstructed
geometries based on CTV and MRI. Sinus-wise analysis
indicated that, with few exceptions observed in particular
segments, MRI-based geometries preserved more side
branches compared to CTV-based ones (Figure Al).
However, despite these positive findings, several concerns
remain regarding the use of MRI for the assessment of the
venous sinus.

4.1. Classification of the confluence of the sinus

The previous studies have established the reliability of
CT and MRI for vascular imaging. Nevertheless, both
methods have limitations. The imaging of blood vessels
in CT is affected by bone structures, contrast agents, and
blood density,"” while MRI is affected by the direction of
blood flow, signal strength, and artifacts.' In addition, the
confluence of the sinus is more discernible in CT due to
the straightforward blood flow directions from SSS, StS,
and TSs to the confluence sinus (Figure A2). Conversely,
MRI may not clearly depict this confluence due to the
complexity of blood flow directions. Notably, the density
difference facilitates the recognition of the confluence
sinus in CTV. Similarly, both modalities typically display
a Type 1 confluence sinus in cases where the left and right
TSs are connected (Figure 2), while Type 4 is observed in
cases of unilateral TS and Type 6 in cases of an oblique
sinus.’® In addition, MRI may fail to capture the round
Torcular Herophili type (Type 3) in all cases. Variations
in geometric reconstruction arise from differences in the

N
N
: \
T1 T2a
acT 2 4
OMRI 1 7 3 0 2 2 1 3 1

Figure 8. The distribution of the confluence variations. Type 1 to
Type 6 indicated the nine types of confluence, as shown in Figure 3.
Abbreviations: CT: Computed tomography; MRI: Magnetic resonance
imaging; T: Type.

visibility of blood flow in images obtained from CTV and
MRI (Figure 5). In particular, SS could be captured in CTV
images but not in MRI images in certain cases (Figure A2),
resulting in a 100% difference, as shown in Figure 4.
Importantly, the volume of the geometries is significantly
impacted by the absence of the sinus in MRI compared to
CTV-based assessment.

Moreover, different patterns of confluent sinuses may
introduce variability into the image-based assessment of
the venous sinus system. Among these configurations,
the circular torcular Herophili type exhibited higher
overall accuracy when evaluated using CTV, a finding
not significantly recognized by MRI. However, our
results indicate that MRI is more adept at evaluating the
dominant phenomenon of the TS, in line with previous
reports.® Although this observation remained consistent
in the segment-wise analysis of each venous sinus, other
confluent sinus types exhibited a high disagreement
rate (45%) when comparing MRI to CTV in our patient
population with PT. In addition, Type 4b and Type 6
configurations could be misinterpreted as the same
confluent sinus when using MRI. The misinterpretation
of the absent TS may stem from challenges in detecting
blood flow, which could be either hindered by variations
in venous sinus anatomy or masked by surrounding bone
structures.
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Figure 9. An illustration of the Variations in confluences of sinuses that are categorized into different types of patterns: Case 9. Type 3 and Type 2b;

Case 20. Type 5b and Type 2b.

4.2, Side branch assessment

CTV and MRI have been used to assess venous sinus
abnormalities for the diagnosis of PT, including stenosis,
collateral sinus, and hypoplastic veins. However,
Guryildirim et al. demonstrated that the accuracy of
identifying blood vessels with a diameter less than 3 mm
on CT images ranged 90 — 94%."” Conversely, accuracy
reached 100% for blood vessels with a diameter exceeding
4 mm."” On the other hand, Gao et al. stated that MRI
exhibited a specificity of over 94% and a sensitivity was
86% for detecting cerebral venous sinus thrombosis.”” Our
results revealed variability in the detection of small side
branches between CTV and MRI. Notably, the SSS segment
demonstrated the highest level of agreement in side branch
detection when comparing MRI to CTV. In addition, MRI
detected more side branches in the TS and SS. The signal
flow indicated by MRI could enhance the contrast of the
vascular tree against surrounding structures, potentially
improving the identification of small branches compared
to CTV. This enhancement might be attributed to the
similar grayscale resolution of the contrast agent in small
side branches compared to adjacent tissue.

In instances of complex cerebral venous sinus anatomy,
collateral drainage vessels may transform into main venous
outflow channels when positioned upright.?**> Mazur et al.
have reported that if ligation of one TS within the venous
sinus is necessary, the contralateral sinus must remain
patent or exhibit sufficient drainage before surgery.”
Similarly, Sheth et al. noted that a decreased number
of collateral circulation vessels correlates with poorer
outcomes in patients with dural venous sinus thrombosis.**
Venous sinus occlusion can exacerbate brain swelling due
to interrupted venous drainage, potentially leading to
post-operative brain edema.?* Collateral vessels develop
through a process known as angiogenesis (the formation of
collateral arteries and veins) may serve as a compensatory
mechanism as a primary blood vessel gradually becomes
obstructed. However, Florisson et al. proposed that
collateral branches may reflect congenital abnormalities of
the venous system rather than compensation mechanisms
for increased intracranial pressure.” Therefore, evaluating

venous sinus collateral circulation is important for
supporting spontaneous and therapeutic thrombosis,
and accurately identifying side branches could provide
further information for the functional compensation of
venous sinus stenosis.?*** In the present study, MRI-based
evaluation allowed for the observation of more detailed
collateral vessels, suggesting the potential for enhanced
understanding of the functional significance of anatomic
abnormalities in the TS and SS.

4.3. Clinical application

Computational fluid dynamics (CFD) simulation has
emerged as a valuable tool for studying idiopathic
intracranial hypertension.*®*' The accuracy of patient-
specific CFD simulations of hemodynamics depends
significantly on the geometries. In the present work,
we observed variations between CTV- and MRI-based
3D geometric reconstructions that could significantly
impact simulations. As a result, hemodynamic analyses
may vary, potentially leading to misinterpretation of
sinus drainage in transient flow simulations. Our results
of geometric reconstructions indicated a high degree of
similarity between the geometries derived from CTV
and MRI. While the distributions of stenosis exhibited
high consistency between CTV and MRI, notable
variations were observed in anatomical parameters.
Although advanced MRI can visualize intracranial venous
hemodynamics in patients with and without PT,**> a more
comprehensive understanding of hemodynamics is not
solely attainable through MRI assessment, as invasive
examinations remain the gold standard for measuring
trans-stenotic pressure. Further, evaluation of the impact
of geometries on hemodynamics is necessary to determine
the optimal choice of imaging modalities for subsequent
CFD simulations.

4.4. Limitations

Several limitations were identified in this study. First, the
sample size was small, potentially compromising statistical
power. Our analysis primarily focused on patients with PT to
evaluate additional anatomical variations related to stenosis.
While this approach may introduce clinical bias, our results
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underscored the potential impact of non-invasive imaging
modalities on anatomical analysis. Further investigation
is warranted to justify the prevalence of such variations
to facilitate the more convenient diagnosis of venous
abnormalities related to PT. Second, digital subtraction
angiography (DSA) was not incorporated in this study.
Despite its utility in detecting vascular abnormalities in
PT patients, the invasiveness of DSA has restricted its use
exclusively to guide interventional radiology procedures.”®
However, DSA has demonstrated superior performance
in assessing collateral venous drainage. Hence, further
evaluation is required to evaluate the impact of additional
drainage on comprehensively understanding PT diagnosis.*?
Thirdly, CTV data and visual-based vein segmentation served
as the reference in the present study. To mitigate human error,
geometric reconstruction was conducted with input from
experts. In addition, repeated measurements were conducted
to assess the consistency of visual-based evaluations,
revealing a high correlation between measurements.

5. Conclusion

MRTI has demonstrated high efficacy in assessing venous sinus
stenosis when compared to CTV as a reference. In addition,
MRI offers enhanced visualization of collateral vessels,
thereby potentially facilitating a more accurate diagnosis of
the functional significance of venous sinus stenosis based
on anatomical analysis. While CTV-based evaluations may
be affected by the bone structures surrounding the venous
sinus, MRI-based evaluations primarily focus on blood flow
within the segments, thus enabling the detection of both
anatomical and functional abnormalities.
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B3
Type2a Type5a
Case 17 Case 18

Type5a Type5b Type2a
Case 19 Case 20

A3 B3 A3 B3

Type2a Type5b Type2b

Figure Al. Sinus-wise analysis to compare the number of inlets and outlets between computed tomography (CT)-and magnetic resonance imaging
(MRI)-based geometric reconstructions. In general, more inlets were observed at the superior sagittal sinus in CT-based geometric reconstructions, with
the exception of Cases 7, 10, 15, 16, 18, and 19. Conversely, additional outlets were detected at the sigmoid sinus (SS) in MRI-based reconstructions for
Cases 1,5,7,8,9,10, 13, 15, 16, 17, 18, and 19.
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Figure A2. The case analysis in the present study. For each case, the left column illustrates the computed tomography-based results, while the right column
presents the magnetic resonance imaging-based analysis. The first row displays the coronary plane relative to the transverse sinus. The second row depicts the
transverse plane relative to the beginning of the sigmoid sinus. The third row showcases the three-dimensional geometric reconstructions based on the images.
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Abstract

The American Heart Association recently updated the assessment of cardiovascular
health (CVH) with the Life's Essential 8 (LE8) score. Our cross-sectional analytical
study utilized data from 5042 adults in the United States (US) from the 2017 to 2020
NHANES surveys to examine the relationship between CVH assessed by LE8 metrics
and the prevalence of atherosclerotic cardiovascular disease (ASCVD). Multivariate
linear regressions were utilized to explore the relationship between CVH metrics
and ASCVD, while linear probability models were used to predict ASCVD prevalence
based on achieved LE8 scores. Controlling for relevant covariates revealed an
inverse association between LE8 metrics and ASCVD prevalence. Improvements in
LE8 were linked to a 29% reduction in ASCVD prevalence, with transitions to higher
LE8 quartiles predicting a 4.8% reduction in ASCVD prevalence. Subgroup analysis
indicated significant effects of age, education, and gender on ASCVD prevalence,
with younger age, college education, and the female gender being associated with
lower prevalence (P < 0.05). Higher LE8 scores correlated with decreased ASCVD
prevalence, while factors such as younger age, college education, and the female
gender were also associated with lower ASCVD prevalence. Conversely, transitioning
from married to divorced/widowed/separated status was linked to increased ASCVD
prevalence (P < 0.01).

Keywords: Cardiovascular disease; Cardiovascular health; Non-Hispanic; Life’s Simple &;
Healthy Eating Index

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) continues to pose a significant burden,
both in the United States of America (USA) and globally. In 2020 in the USA, coronary
heart disease (CHD) deaths constituted the most prevalent cause of cardiovascular
deaths (41.3%), followed by stroke (17.2%), other cardiovascular diseases (CVDs)
(17.3%), hypertension (11.7%), cardiac insufficiency (9.9%), and artery diseases
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(2.8%)." This condition is expected to contribute to a rising
number of ASCVD-related deaths, reaching 20 million
worldwide by 2030. Over the previous century, ASCVD
has consistently been identified as a significant contributor
to mortality rates in the USA. Given the generally low
heritability of cardiovascular health (CVH) traits,® the
role of behavioral and environmental factors as ASCVD
risk factors is crucial. Emphasis on improvements of
behavioral measures and health factors from a young age
becomes critical for preserving ideal CVH into middle age
and minimizing ASCVD. Therefore, the American Heart
Association (AHA) has instituted a set of CVH metrics
to improve the CVH on both individual and population
scales, which should be assessed and tracked across groups.
Recognizing the importance of a multifactorial approach
in the prevention of CVD, the AHA introduced an updated
set of metrics in 2022, known as Life’s Essential 8 (LES).
These metrics are designed to guide and enhance the
efforts to reduce the prevalence of ASCVD in the overall
popuation.?

Prior investigations have revealed elevated stroke
mortality rates within the African American population
compared to whites, attributable to an increased incidence
of comorbidities, such as hypertension, diabetes mellitus,
and obesity. These findings, particularly those from
cohorts of individuals free of prevalent cardiovascular
disease at baseline, with over a 26-year temporal span, align
with analogous conclusions posited by other scholars.*?
Concurrently, the prevalence of individuals attaining
optimal CVH scores among whites marginally fell below
40%, while the corresponding rates for Mexican and black
Americans markedly registered at 25%.>

While previous work mostly addressed individuals
free of CVD, scant attention has been given to assessing
the association of CVH metrics in adults with ASCVD,
which includes stroke and CHD, the primary contributors
to global cardiovascular mortality.! By utilizing nationally
representative data from 2017 to 2020, this research seeks
to examine the existing relationship between the AHA’s
LE8 scores and the prevalence of ASCVD among non-
Hispanic (NH) white individuals in the USA.

2. Methods
2.1. Study design

This research utilized aggregated cross-sectional,
secondary data from the National Health and Nutrition
Examination Survey (NHANES), conducted between 2017
and 2020. The NHANES study is derived from a nationally
representative survey administered every 2 years, covering
the nonmilitary, non-institutionalized United States (US)
population. Employing a complex multistage-probability

sampling design, the survey aims to capture a diverse and
comprehensive view of the population’s health. The survey
systematically gathers self-reported and directly measured
data from participants, including health conditions,
behaviors, dietary intake, physical examination, and
laboratory tests. A comprehensive description of NHANES
has been previously published.®

2.2, Study population

Adults aged 20 and above, identified as NH white, both with
and without ASCVD, and participating in the NHANES
conducted from 2017 to 2020 were considered. The final
sample of 5042 participants was derived from various
datasets using essential variables, including questionnaires,
dietary, and demographic data.

ASCVD was determined through participant self-
report, as individuals were asked to respond to inquiries
such as, “Have you ever received confirmation from a
medical professional indicating the presence of stroke,
angina, myocardial infarction, or CHD?” The designation
of having ASCVD was attributed to participants providing
an affirmative response to any of the specified conditions.
This extensively utilized criterion has been previously
recorded in the literature.” '

2.3. Assessment of LES

In 2022, the AHA unveiled a new framework for measuring
health, known as LE8, which builds on and extends the
concepts introduced in Life’s Simple 7 (LS7).!' The LE8
framework employs a more intricate algorithm for the
quantification of each metric and incorporates sleep health
as an additional parameter® (Table S1). The LE8 includes
eight components: four behavioral health measures (diet,
sleep health, physical activity, and exposure to nicotine),
and four health factors (normalized plasma glucose levels,
body mass index [BMI], blood lipids, and blood pressure).

The LE8 scores were conceived on a continuous scale
from 0to 100, which increased the sensitivity of the metrics.*?
Consequently, in this study, individual LE8 metrics were
computed as the mean of its eight constituent components,
each graded on a scale from 0 to 100. Scores falling within
the ranges of <49, 50 - 79, and >80 were, respectively,
classified as indicative of poor, intermediate, or ideal CVH.

2.3.1. Health behavior assessment

Standardized questionnaires administered during study
visits assessed the participants self-reported health
behaviors. The evaluation of dietary intake utilized the
Automated Self-Administered 24-h (ASA24) Dietary
Assessment Tool, where participants reported their food
consumption exclusively for the preceding 24-h period,
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specifically on the initial day of the study. The Healthy
Eating Index-2015 (HEI-2015), serving as a metric for
diet quality, was computed with a scale ranging from
0 to 100, where elevated scores signify improved diet
quality.”” The HEI-2015 scores were utilized as a surrogate
for evaluating healthy dietary patterns, derived from a
1*-day 24-h dietary recall. HEI-2015 scores, constituting
a 13-component index, spanned from 0 to 100, with
elevated scores reflecting greater adherence to a healthy
diet. The components comprised various dietary elements,
including total fruit, whole fruit, grains, total vegetables,
beans, dairy, whole grains, plant protein, total protein
foods, seafood, fatty acids, refined grains, sodium, and
empty calories. Participants were stratified based on
their HEI-2015 score: <50 for poor health, 51 - 80 for
intermediate health, and >80 for ideal health.!* Certain
variables necessary for calculating these components
were directly sourced from the Food Patterns Equivalents
Database (FPED) and NHANES totals files. The FPED
and NHANES Total Nutrient Intake datasets provided
the following components directly used in computing
HEI-2015: data on total fruit, whole grains, dairy, refined
grains, and added sugars, as well as sodium and saturated
sats (Table S2).

Physical activity was assessed through a 3-day scale,
transforming activity duration into weekly minutes of
moderate- or higher-intensity physical activity. Sleep
health was evaluated by self-reported usual sleep duration.
Tobacco use, aligned with the AHAs nicotine exposure
definition, included inquiries about current/former/non-
cigarette-smoker status and cohabitation with regular
cigarette smokers (Table S1).

2.3.2. Health factors assessment

Health factors underwent assessment following NHANES
protocols. BMI (kg/m?®) was calculated by dividing
the weight (kg) by the square of the standing height
(m?). Systolic and diastolic blood pressure values were
determined as the mean of all available measurements
at the baseline assessment. Enzymatic methods were
employed to measure serum cholesterol, while non-high-
density lipoprotein (HDL) cholesterol was determined by
subtracting HDL cholesterol from the total cholesterol
value. Glycated hemoglobin levels were measured using
high-performance liquid chromatography methods.
Comprehensive details regarding each CVH metric,
including the scoring algorithm, are available in the
supplementary file and in previous studies.”

2.4. Main outcome measure

The assessment of ASCVD prevalence involved participants
completing a self-administered questionnaire, where the

diagnoses of any myocardial infarction, angina pectoris,
congestive heart failure, stroke, or CHD were reported.

2.5. Covariates

During home interviews, demographic characteristics,
such as age, ethnicity, highest level of education, self-
reported sex, race, marital status, and annual household
income, were collected. Participants were categorized
into four age groups: 20 - 39 (young adulthood), 31 - 50
(middle age), 51-65, or 266 years (older age). Race and
ethnicity information, as reported by the participants,
followed NHANES protocols and included categories, such
as NH Asian, NH black, NH white, Mexican American,
or multiracial groups. Family income level was assessed
using a monthly poverty level index, where participants
reported the total family income for the previous month
in dollars. This variable indicated the ratio of reported
monthly income to the poverty threshold. Household
poverty status was established by comparing monthly
family income to poverty thresholds set by the Department
of Health and Human Services and is classified into very
low income (<1.0), low income (1.01 - 2.0), low middle
income (2.01 - 3.0), middle income (3.01 - 4.0), and high
income (>4.0).

2.6. Statistical analysis

Descriptive statistics were utilized to summarize the
frequency distributions, employing corresponding
weighted proportions and stratified by ASCVD and non-
ASCVD status. The statistical analyses followed NHANES
analysis and reporting standards, incorporating sample
weights, stratification, and clustering considerations
as stipulated. Continuous variables were expressed as
mean (95% confidence interval [CI]), while categorical
variables were delineated as counts (percentages). Baseline
characteristics between the two groups based on CVH were
compared using a t-test for continuous variables and a y’
test for categorical variables, respectively. The relationship
between LE8 and ASCVD was assessed using multivariate
linear regression. All statistical analyses were performed
using Stata SE, version 18, and a two-sided p-value of <0.05
was deemed statistically significant.

3. Results
3.1. Characterization of the sample

The study population consisted of 5042 individuals,
representing a total of 102,388,285 individuals, with
and without ASCVD. Within the ASCVD subgroup, the
average age was 66.1 years (95% confidence interval [CI]:
65.44 - 66.90), while in the non-ASCVD subgroups,
it was 32.40 years (95% CI: 32.0 - 32.80), with females
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comprising 50.38% of the population. Table 1 provides a
comprehensive breakdown of demographic characteristics
for the study population.

The ASCVD subgroup had a mean age of 69.4 years
(95% CI: 68.4 — 70.4), while the non-ASCVD subgroups
had a mean age of 34.6 years (95% CI: 33.9 - 35.4),
with 50.38% being female. These numbers were slightly
higher than the average ages for the combined race
sample, which were 66.1 (95% CI: 65.4 - 66.8) and
32.3 (95% CI: 31.9 - 32.7), respectively.

In Table 1, it is evident that males constituted a larger
proportion of the ASCVD subgroup relative to the
non-ASCVD subgroup. Those achieving some college
education but without a 4-year degree completion were
overrepresented in the ASCVD subgroup relative to those
in the non-ASCVD subgroup (35.5% [95% CI: 31.6 - 39.° vs.
21.3% [95% CI: 20.1 - 22.% p<0.001). A similar statistically
significant difference in the proportions of college graduates
did not exist between the two ASCVD subgroups. However,
there is consistently a statistically significant difference
between the proportions of individuals in different age
groups between the two ASCVD subgroups. There is no
consistent difference between the five income groups. The
second lowest income group has a statistical difference,

with a higher proportion of them being in the ASCVD
subgroup. There are statistical differences between the
two marital status subgroups, with the ASCVD subgroup
being both older and more likely to be married or formerly
married than the non-ASCVD subgroup.

Only 11.33% of participants in the current sample
met the ideal diet criteria (Table 2). The frequency of
participants meeting the ideal level for the remaining
CVH metrics in the present sample was as follows: HbAlc
(weighted, 94.6%), physical activity (weighted, 91.80%),
cigarette smoking (weighted, 70.79%), total cholesterol level
(weighted, 42.42%), BMI (weighted, 41.6%), blood pressure
(weighted, 38.5%), and sleep health (weighted, 30.25%).

While fewer than 5% of the entire sample displayed
subpar metric scores in the specific components related to
sleep health, glycated hemoglobin Alc, and physical activity,
approximately 60% of the population is classified as obese
(BMI > 25 kg/m?). In addition, 34% adhered to a poor diet,
and 32% had a total cholesterol level exceeding 222 mg/dL.
The assessment revealed that 13.64% of individuals currently
engage in some form of smoking (Table 2).

The first regression (Table 3) compared poor and
moderate LE8 levels versus an ideal LE8 level of 80 or

Table 1. Descriptive statistics, comparison of non-Hispanic whites with (n=566 [11.23%]) and without (n=4,476 [88.77%])

ASCVD
Parameter ASCVD (%) (95% CI) Non-ASCVD (%) (95% CI) P Combined sample (%) (95% CI)
Gender
Male 60.9 (56.6 — 64.6) 48.9 (47.5-50.4) <0.001 50.3 (48.9 - 50.6)
Age category
20 -30 1.1(0.2-1.9) 9.5 (8.6 - 10.3) <0.001 8.5(7.7-9.3)
31-50 7.8 (5.6 - 10.0) 18.1 (17.0 - 19.3) <0.001 17.0 (15.9 - 18.0)
51-65 22.4(19.0 - 25.9) 14.1 (13.1 - 15.1) <0.001 15.0 (14.0 - 16.0)
66+ 67.5(63.6 - 71.4) 16.6 (15.5-17.7) <0.001 22.3(21.2-23.5)
Household income
Very low income (<1.0) 10.8 (8.2 -13.3) 15.9 (14.8 - 16.9) 0.002 15.3 (14.3 - 16.3)
Low income (1.01 - 2.0) 32.2(28.3 - 36.0) 23.6 (22.3 - 24.8) <0.001 24.6 (23.4 - 25.7)
Low middle income (2.01 - 3.0) 17.7 (14.5 - 20.8) 15.1 (14.0 - 16.1) 0.105 15.4 (14.4 - 16.3)
Middle income (3.01 - 4.0) 9.2 (6.8 -11.6) 10.1 (9.2 - 11.0) 0.486 10.0 (9.2 - 10.8)
High income (>4.0) 29.5(25.7 - 33.3) 35.1(33.7 - 36.5) 0.009 34.4(33.1-35.7)
Education
Some college 35.5 (31.6 - 39.5) 21.3 (20.1 - 22.5) <0.001 229 (21.7 - 24.1)
College graduate 18.6 (15.3 - 21.8) 16.8 (15.7 - 17.9) 0.296 17.0 (16.0 - 18.0)
Marital status
Married 52.5(48.3 - 56.6) 36.5(35.1 -37.9) <0.001 38.3(36.9 - 39.6)
Divorced, widowed, or separated 42.0 (38.0 - 46.1) 13.6 (12.6 - 14.6) <0.001 16.8 (15.7 - 17.8)

Abbreviations: ASCVD: Atherosclerotic cardiovascular disease; CI: Confidence interval.
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Table 2. Distribution of ideal, intermediate, and poor CVH
across metrics among non-Hispanic white adults (1=4,459)
without ASCVD, NHANES 2017 - 2020

Metric Number of
participants
(n [%])
Body mass index (kg/m?)

<25 (ideal)
25 - 29.9 (intermediate)

1,854 (41.58)
881 (19.76)
>30 (poor) 1,724 (38.66)
Smoking

Never or quit for >12 months (ideal) 3,228 (70.79)
Former smoker; quit for <12 months (intermediate) 710 (11.46)
Current (poor) 622 (13.64)
Physical activity

>150 min/d moderate intensity; >75 min/d vigorous 4,109 (91.80)
intensity; or=150 min/d moderate and vigorous
intensity (ideal)

1 - 149 min/d moderate intensity; 1 - 74 min/d 367 (8.20)

vigorous intensity; or 1 — 149 min/d moderate and

vigorous intensities (intermediate)

None (poor) 17 (0.4)
Healthy diet score* (healthy eating index [HEI]-2015)

>80 (ideal) 493 (11.33)

50 - 79 (intermediate) 2,406 (55.28)

<49 (poor) 1,453 (33.39)
Total cholesterol (non-HDL cholesterol [mg/dL])
<130 (ideal)
131 - 220 (intermediate)

>220 (poor)

1,883 (42.42)
1,169 (26.33)
1,387 (31.25)
Blood pressure (mm Hg)
SBP<120; DBP<80 (ideal)

SBP: 120 - 139; DBP: 80 - 89; or treated to a goal
(intermediate)

SBP>140 or DBP >90 (poor)
Glycated hemoglobin Alc (%)

1,724 (38.56)
914 (20.44)

1,833 (41.00)

<5.7 (ideal) 4,236 (94.68)

5.7 - 6.4 (intermediate) 49 (1.10)

>6.4 (poor) 174 (4.22)
Sleep health (h of sleep)

7 - 9 (ideal) 1,208 (30.25)

4 -9 or>10 (intermediate) 2,757 (69.05)

<4 (poor) 28 (0.70)

Note: *HEI-2015, validated as a representative measure of diet quality
in the population, was employed as a proxy for the American Heart
Association (AHA)’s healthy diet score.

Abbreviations: DBP: Diastolic blood pressure; SBP: Systolic blood pressure;
CVH: Cardiovascular health; ASCVD: Atherosclerotic cardiovascular
disease; NHANES: National Health and Nutrition Examination Survey.

higher, following adjustments for potential confounding
variables that included income relative to poverty level,
race/ethnicity, educational attainment, sex, age, and
marital status. LE8 is then used with a square and then
a cubic polynomial specification with similar controls
(Table 3). The polynomial specification utilizes all data
in LE8, enabling systematic variation of the marginal
impact on the probability of ASCVD with the level of
LES8. Finally, a linear probability model was constructed
by individually incorporating all eight components of
LES, aiming to discern their distinct effects on ASCVD. In
addition, significant correlations at the 5% level between
the components were considered.

In Table 3, we demonstrated that the use of LE8
controls for poor and intermediate categories did not
predict the prevalence of ASCVD. The coefficients on both
identification variables were not significantly different from
zero. The next column revealed that a quadratic function
of the LE8 metric predicted the incidence of ASCVD. The
fourth column illustrated that a cubic polynomial did not
improve on the quadratic polynomial, as evidenced by the
non-statistically significant difference of R* and the cube of
LES8 from zero, as its 95% confidence interval contains zero.

Furthermore, as indicated in Table 3, age categories
predominantly predicted a higher ASCVD probability,
while being college-educated with a 4-year diploma
reduced the prediction probability by 6%, or raised by
4% if self-identified as male. The emergence of diverse
results across different age groups aligns with findings
from a prior study, where young adults with CVD tended
to be older and had lower LS7 scores compared to their
CVD-free counterparts in the same age range. Potential
explanations for these differences include factors associated
with awareness, behavior, and socioeconomic status
leopold.*® In addition, an elevated prevalence of ASCVD of
almost 5% was observed among those who were widowed,
divorced, or separated, compared to married individuals,
as can be calculated by taking the difference between the
widowed/divorced/separated coefficient minus the married
coefficient in Table 3.

4. Discussion

The non-linear relationship between the new LE8 score
and ASCVD was investigated using a multivariate linear
probability model in a nationwide survey. Our findings
indicate that higher LE8 scores are generally associated
with lower ASCVD prevalence. Our findings align with
prior studies indicating a decrease in the prevalence of
CVD associated with higher LE8 scores.'” Recent research
conducted on a group of South Asian American adults
with suboptimal (poor) CVH, as evaluated by LE8 scores,
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Table 3. Results from the linear probability model’s prediction of the prevalence of ASCVD among non-Hispanic whites from the

pre-pandemic NHANES dataset

Predictors Categorical LE8 (95% CI) LE8+square (95% CI) LES8, square+cube (95% CI)
CVH
Constant -0.010 (-0.11 - 0.10) 1.00%* (0.39 - 1.6) 0.521 (-1.1 - 2.14)
Poor 0.043 (—0.14 - 0.23) - B
Intermediate —-0.032 (-0.10 - 0.03) - -
LES8 score
/10 - —0.29% (=0.5 - [-0.1]) 0.007 (—0.08 - 0.07)
squared/100 - 0.020* (0.007 - 0.03) —-0.014 (-0.13 - 0.10)
cubed/1000 - - 0.0001 (—0.0004 - 0.0007)
R 0.120 0.129 0.130
Age
20 -30 0.040% (-0.01 - 0.10) 0.051% (0.01 - 0.10) 0.050* (0.01 - 0.10)
31-50 0.069% (0.01 - 0.12) 0.078%* (0.01 - 0.14) 0.076* (0.01 - 0.14)
51 -65 0.196* (0.11 - 0.28) 0.203* (0.11 - 0.30) 0.035 (—0.07 - 0.14)
66+ 0.310% (0.19 - 0.42) 0.329% (0.22 - 0.44) 0.329% (0.22 - 0.44)
Income/poverty line
1.01-2.0 0.042 (-0.07 - 0.15) 0.051 (—0.06 - 0.16) 0.056 (—0.06 - 0.18)
2.01-3.0 0.007 (=0.090 - 0.10) 0.012 (=0.09 - 0.13) 0.030 (—0.07 - 0.14)
3.01 -4.0 0.018 (—0.09 - 0.12) 0.026 (—0.08 - 0.13) 0.056 (-0.11 - 0.22)
>4.01 -0.018 (-0.09 - 0.06) —0.006 (-0.10 - 0.08) —0.004 (-0.08 - 0.10)
Education

~0.012 (=0.07 - 0.04)
~0.072* (~0.14 - 0.01)

Some college (no B.A.)
College grad
Marital status
Married ~0.017 (=0.05 - 0.01)
Divorced, widowed, or separated 0.042 (-0.04 - 0.13)
Gender

Male 0.040* (0.01 - 0.06)

~0.001 (~0.04 - 0.05)
~0.062* (=0.13 - 0.00)

~0.011 (~0.07 - 0.05)
0.040 (—0.05 - 0.13)

0.042* (0.00 - 0.08)

0.003 (—0.04 - 0.05)
—0.063* (=0.13 - [-0.003])

—0.011 (-0.07 - 0.05)
0.036 (-0.05 - 0.12)

0.040* (—0.00 - 0.08)

Note: *denotes significance at a two-sided 5% level.

Abbreviations: B.A.: Bachelor’s degree; CVH: Cardiovascular health; LE8: Life’s Essential 8; ASCVD: Atherosclerotic cardiovascular disease;
NHANES: National Health and Nutrition Examination Survey; CI: Confidence interval.

indicated that a higher LE8 score correlated with lower odds of
any coronary artery calcium (CAC), which serves as a marker
for ASCVD. In addition, higher LE8 scores were associated
with decreased 10-year and lifetime risks of ASCVD.!$%

Subgroup analyses among NH whites indicated
significant effects of age, college education, and gender on
ASCVD, with younger individuals, college graduates, and
women having lower probabilities of ASCVD.

The quadratic polynomial in Table 3 enables the
calculation of the predicted impact of incremental
changes in LE8 metric scores. Improvements in LE8
scores from the 25" to the 75" percentile were marginally
associated with a reduction of 4.8% in the likelihood of

experiencing ASCVD. These findings align with prior
research outcomes.”>” It should also be noted that the
unconditional probability of ASCVD in our sample is
7.8%. Participants transitioning from a LE8 metric score
of 50 - 72.5 during 2017 - 2020, specifically NH whites,
would be predicted to have lowered their probability of
ASCVD by a maximum of 10%. This sizable reduction in
prevalence is in accordance with the previous studies that
predict sizeable percent reductions in the probability of a
disease for a shift from poor to ideal CVH management.
Olson et al.” noted that individuals classified with ideal
and intermediate LS7 categories exhibited a 44% and 38%
reduced risk of venous thromboembolism, respectively, in
contrast to those categorized as inadequate or poor.”
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Likewise, in a study conducted within a community
setting, individuals characterized by a healthy lifestyle, as
denoted by an ideal LS7 score, exhibited a 55% decreased
risk of heart failure in comparison to those with an
inadequate LS7 score.** Moreover, a separate investigation
involving older British men illustrated the benefits of LS7
indicators on the incidence of stroke.”® At present, only
a few studies have utilized LE8 to assess CVH, and there
have been no investigations into the relationship between
LE8 and ASCVD among pre-pandemic adults in the USA.
Many studies have focused on significant enhancements
in LS7 or individual LS7 metrics with ASCVD, and our
findings are consistent with those of previous studies.”**

Using NHANES data and multivariate linear
probability regression analysis, we revealed a negative
association between enhanced CVH, as defined by LES,
and the prevalence of ASCVD in the NH white population
subgroup. While the original LS7 metrics have been
extensively utilized to examine the mechanisms, influences,
development, and outcomes of CVD across different
populations, subsequent evidence has highlighted the
limitations of this score. Notably, compared to LS7 metrics,
LES offers increased sensitivity in the aggregate assessment
of adult CVH. Unlike LS7, LE8 metrics range from
0 to 100 and include a refined assessment of components,
such as adult physical activity, which now comprises seven
categories instead of the previous three.

Moreover, HEI, employed for evaluating the alignment
of a food set with the Dietary Guidelines for Americans
(DGA), is regularly updated to correspond with each new
edition of the DGA. For this study, the version linked
with the 2015 - 2020 DGA was utilized, where HEI-2015
maintains the same components as the HEI-2010, except
for the substitution of saturated sat and added sugars for
empty calories.”® Thus, LE8 metrics have been established
as a new conceptualization of CVH, which expands on
the initial seven health behaviors and factors by including
sleep health, a component absent in the previous LS7
construct.

In a subsequent analysis, we illustrated that despite
the NH white population showcasing commendable
efforts and displaying ideal metric scores in specific
components related to sleep health, glycated hemoglobin
Alc, and physical activity, there are notable concerns.
Around 60% of this population, comprising individuals
without an ASCVD event, fall into the category of obesity
(BMI > 25 kg/m?). In addition, 34% follow a suboptimal
diet, and 32% have total cholesterol levels surpassing
222 mg/dL. These findings seem to tie in with findings by
Trivedi et al., revealing that increased obesity rates, lack of
physical activity, and inadequate dietary habits are more

prevalent among rural residents. Hence, adults continue to
face a heightened risk of obesity.”

Our research also highlights the considerable health
burdens posed by diet-related obesity and hyperlipidemia
in ASCVD and the critical need to prioritize nutrition in
clinical care, health policy, and advocacy in research.’® In
addition, considering previous research indicating a link
between high-cholesterol diets and exogenous obesity, as
evidenced by elevated BMIL, it is essential to emphasize
nutritional strategies in the clinical management of
individuals at risk of ASCVD.

Our study possesses notable strengths and limitations.
The substantial sample size enhances the likelihood of
identifying statistically significant results and reduces
the confidence intervals in our findings. In addition,
NHANES ensures rigorously conducted interviews and
study designs, incorporating multilevel verification of
participant information. Continuous NHANES data
collection is advantageous, allowing for the prompt
addressing of emerging public health issues and offering
objective data on health conditions for the US population.
When interpreting our findings, it is essential to consider
the following limitations: our study, being cross-sectional
in nature, precludes the establishment of causal inferences
between LE8 score and ASCVD events. Second, physical
activity, healthy diet, smoking habits, and sleep patterns
were self-reported and could be subject to recall bias. The
method of scoring utilized in our research may have been
prone to errors due to a substantial number of individuals
not providing their glycated hemoglobin Alc values (90%).
Asaresult, assumptions were made to classify them into the
<5.7% category (non-diabetic range). Importantly, these
errors could potentially lead to exposure misclassification
bias toward null values, resulting in an underestimated
association between LE8 and ASCVD events.

5. Conclusion

In this NHANES study (2017 - 2020), we identified an
inverse association between the AHA-updated LE8 score
and prevalent ASCVD, particularly among young women
and college graduates. Therefore, enhancing the domains
of the new LE8 score to maintain optimal CVH status
carries considerable implications for preventing ASCVD
among the adult NH-white population in the USA. It is
crucial to emphasize the importance of nutrition in clinical
practice, policy, and research, particularly for individuals
at risk of acquiring an ASCVD event.
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MINI-REVIEW
Intrinsic cardiac neurons as the consulate
general of the brain in the heart: A review

Meha Fatima Aftab*

Human Electrophysiology Lab, Dow Institute of Medical Technology, Dow University of Health Sciences,
Karachi, Sindh, Pakistan

Abstract

Contrary to the prevailing understanding about one-way communication from brain
to heart, recent research has unveiled a two-way communication pathway between
these two organs, featuring the delivery of signals from the cardiac afferents to the
brain. While the medulla oblongata is known to send autonomic signals for cardiac
function regulation, 80% of the vagal afferents send signals to the brain for cardiac
regulation. The vagus nerve receives these signals from the intrinsic cardiac neurons,
often referred to as“the little brain of the heart." Intrinsic cardiac neurons are neuronal
structures with the same biochemical profile as neurons, communicating with the
vagus nerve through acetylcholine and expresses markers of neuronal function
such as tyrosine hydroxylase and others. Intrinsic cardiac neurons also influence the
autonomic system, which can be studied through heart-rate variability measures.
Heart rate variability (HRV) is altered in many types of cardiac disorders and is a
well-known measure for studying short- and long-term disease-related variations in
cardiac function. Some psychiatric disorders such as post-traumatic stress disorder,
schizophrenia, and major depression also exhibited alterations in HRV. HRV is related
to heartbeat-evoked potentials (HEPs) and electrical potentials in the brain that are
influenced by the heart. HEPs are altered in disease states and can be impacted by
environmental factors. This paper reviews the existing literature concerning intrinsic
cardiac neurons and their possible role in heart-brain communication.

Keywords: Intrinsic cardiac ganglia; Neurocardiology; Heartbeat-evoked potentials;
Cardiovascular disease; Psychiatric disorders

1. Introduction

Heart-brain communication has recently gained traction due to the discovery regarding
the bi-directionality of this communication. The conventional understanding about the
heart-brain communication dictates that the brain sends signals to the heart to control
cardiac functions.' Nevertheless, an early clue suggesting the heart’s ability to communicate
with the brain opened the door to understanding the bidirectional nature of this
communication, ultimately leading to the discovery of intrinsic cardiac ganglia or intrinsic
cardiac nervous system (ICNS)** colloquially known as the brain inside the heart. Since
then, rigorous research in physiological and pathological processes has been conducted.
Yet, the mechanisms of heart-brain communication remain to be clarified. For instance,
the molecular characterization of ICNS led to the discovery of both cardiac and neuronal
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markers in the ICNS,* but the molecular signaling between
heart and brain has yet to be deciphered. Heartbeat-evoked
potentials (HEPs), which are brain electrical potentials
arising from cardiac activity,’ offer an overview of the
physiological crosstalk between brain and heart, but the
molecular or hormonal implications of these physiological
potentials remain unknown. In this review, we highlight
the role of intrinsic cardiac ganglia (ICNS) as a potential
relay center for heart-brain communication and discuss
the putative link between ICNS and HEP, which reflect the
cortical response to the signals originating from the heart.

2. Intrinsic cardiac ganglia during
embryogenesis

Neural crest cells migrate to the developing heart in
the 5" week of gestation and later give rise to different
types of neurons including sensory, sympathetic, and
parasympathetic neurons.® The eight distinct groups of
cardiac ganglia at the same anatomical position that would
later be identified at the location of intrinsic cardiac ganglia
become distinguishable on the 21* day of gestation in
rodents, with the exception of ganglia located in the aortic
region which are present until the 18" day of gestation and
disappear afterward.” Postnatal development of cardiac
ganglia in rodent models occurs in the 1* month, during
which a great number of tyrosine hydroxylase (TH)- and
protein gene product 9.5 -rich neurons are detected,’
differentiating into neurons with microtubule-associated
protein-, neuropeptide-Y (NPY)- and acetylcholine
transferase (ChAT)-positive neurons.® However, evidence
suggests that cardiac neurons, especially those serving the
conduction system, do not necessarily arise from the neural
crest.” This finding opens the arena for active exploration
of the origin of non-neural crest neurons.

3. Anatomical aspects and biochemical
pathway of heart-brain communication

An anatomical projection of ICNS to vagal ganglia has been
characterized using a zebrafish model,’® where expression
of TH, ChAT, and vasoactive intestinal peptide (VIP) were
detected.’ TH is a rate-limiting enzyme in the production
of catecholamines and plays a crucial role in dopamine
synthesis.!! The release of catecholamines through
neurohumoral response influences the depolarization of
the sinoatrial node,' thereby influencing the heart rhythm.
The ChAT specifies parasympathetic innervation, while
VIP is known to be released from intrinsic and extrinsic
cardiac nerves, in addition to the vagus nerve, and
modulate heart rhythm.” Other neurotransmitters have
also been identified in ICNS with a predominance of NPY
and cocaine and amphetamine-regulated transcript in the

neuronal somata.* Despite the occasional expression of
vesicular glutamate transporter 2, GABAergic transmission
has not been verified in the ICNS thus far.

A computational modeling of the vagus nerve-ICNS
communication postulated that signals from vagal efferent
flow to ICNS, resulting in the release of acetylcholine from
ICNS that eventually inhibit the oscillatory firing of the
sinoatrial node." However, intrinsic cardiac ganglia are
able to sustain beat-to-beat cardiac indices in the absence of
central stimulation,'” a property that makes ICNS important
players in cardioprotection. The mechanism underlying this
cardioprotective role involves significantly increased release
of acetylcholine from post-ganglionic parasympathetic
neurons,'® which leads to classical ischemic conditioning.
This suggests that a feedback signal from the heart to the
brain direct or indirect remains largely unexplored.

4. Molecular pathways in ICNS

Cholinergic activity in ICNS involves activation of post-
junctional M2 muscarinic receptors, coupled to G,
protein which results in negative dromotropic responses."”
Most sympathetic activity in the heart originates in the
stellate ganglia from the intrathoracic extrinsic cardiac
ganglia, prompting the release of norepinephrine (NE),
but the cholinergic ICNS possess an integrative network
which has sensitive neurons and interneurons that also
release NE." In addition to the expression of noradrenergic
neurotransmitters, the noradrenergic trophic factors such
as tropomyosin-related kinase A and p75 neurotrophin
receptors are also detected in the ICNS, reflecting both
cholinergic and adrenergic nature of these neurons, even
though instances of colocalization of these markers are
occasional.”” While the exact molecular mechanisms of
heart-brain communication remain to be elucidated,
this communication is putatively underpinned by the
involvement of M2 and NE receptors, which act through
G protein-coupled receptor (GPCR) signaling. Expression
of neuropeptides such as NPY, dynorphine B, substance P,
and nitric oxide synthase in ICNS? highlights the presence
of phosphatidyl inositol 3 kinase and GPCR signaling
pathways in ICNS (Figure 1). However, their exact
molecular mechanism and cellular outcomes in intrinsic
cardiac ganglia remain to be elucidated. Substance P
specially has different roles in cardiac modeling following
acute and chronic ischemia, where it exerts positive
effects in the acute phase but adversely affects myocardial
remodeling in the chronic phase.” Despite the presence of
these neuropeptides, surprisingly, cholinergic somata are
devoid of the functions for storage and vesicular release,
due to the lack of vesicular monoamine transporter
protein,' a feature that distinctly differentiates them from
the typical parasympathetic neurons.
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Figure 1. Postulated signaling pathways of the neuropeptides discovered in intrinsic cardiac nervous system (ICNS). NPR-Y signaling involves the
activation of Gi proteins, which dismantles and activates its o subunit, resulting in the inhibition of adenyl cyclase. B and y subunit of Gi protein leads to
activation of phosphatidyl inositol 3 kinase and extracellular signal-regulated kinase 1, which induces various transcription factors, but their exact target
genes in ICNS are currently unknown. Neuropeptide dynorphin B is a kappa opioid receptor agonist and acts through « receptors, thereby inhibiting
the release of intracellular calcium. Substance P is also expressed in ICNS but its mechanism of action remains unclear. Whether they are produced
intrinsically via TRPV1 gene and work in an autocrine fashion or produced by other sensory neurons and work in a paracrine fashion remains unexplored.
The “?” in the schematic signifies mechanisms postulated in this figure, which currently lack scientific evidence. This schematic diagram is adapted from

multiple sources including.?*

5. A possible putative connection between
ICNS and heart rate variability (HRV)

The activity of intrinsic cardiac ganglia is mostly cholinergic
in nature, resulting in both chronotropic and dromotropic
effects.” Cholinergic transmission predominantly occurs
through vagus nerve,” which contributes to autonomic
function in the body.?® Measuring HRV is a novel and
useful approach toward understanding the changes in
the autonomic function in response to physiological and
psychological influences.®® HRV measures the beat-
to-beat variation in the heart rhythm. Intrinsic cardiac
ganglia are hypothesized to play a role in beat-to-beat
coordination of the sinoatrial and atrioventricular node
function.® The activity of these intrinsic cardiac ganglia
can be influenced by epicardial touch, rendering almost
80% of the ICGs active as compared to extracardiac
neurons, while both types of neurons can be equally
activated through epicardial chemical stimulation.*
Despite the well-researched role of intrinsic cardiac ganglia

in maintaining heart rhythm,® there is no direct evidence
of the relationship between intrinsic cardiac ganglia and
HRV. Intrinsic cardiac ganglia have been implicated in the
pathophysiology of atrial fibrillation.” On the other hand,
HRV also provides indices that could serve as potential
indicators of atrial fibrillation* This gap of knowledge in
the direct relationship between intrinsic cardiac ganglia
and HRV measures opens a new research avenue where
techniques such as RNA silencing, gene sequencing, and
pharmacological inhibition of cardiac ganglia-specific
markers can be used to study changes in the HRV indices.

6. Pathogenic mechanisms of ICNS and
diagnostic efficiency of HRV in cardiac
disorders

Selective ablation of ganglionated plexus of atria
remarkably improves the symptoms of paroxysmal atrial

fibrillation, an evidence that corroborates the role of
ICNS in arrhythmias. Myocardial ischemia has also been

Volume 2 Issue 2 (2024)

doi: 10.36922/bh.2901


http://dx.doi.org/10.36922/bh.2901

Brain & Heart

A mini-review on heart-brain communication

established as a modulator of cardiac arrhythmias where
arrhythmic signals can arise from the insular cortex®
and intrinsic cardiac neurons.”” Myocardial ischemia
leads to the formation of large inclusion bodies and
induces degenerative changes in the dendrites and axons
of these ICNS.*®* While myocardial infarction induces
hyperexcitability and altered synaptic efficacy,” activation
of inflammatory pathways leads to the production of
nerve growth factor, which promotes neuronal sprouting
leading to sympathetic hyperinnervation.”” In response
to the ischemic insult, an intrinsic adrenal system of the
heart increases the production of catecholamines,® leading
to increased sympathetic tone. It has been hypothesized
that both catecholamine release and activation through
a feedback system are implicated in ICNS-mediated
ischemia remodeling.”” While the feedback mechanism
involves modulation of reflex control,” it is likely that
activity of ICNS could be translated and observed through
measurements of HRV, which has been proposed to predict
the lifetime risk of cardiac disorders.*

HRYV is a predictor of autonomic function*? and can
be obtained to assess short-term or long-term variability.
Short-term variability, which can be analyzed using
5-min-long recordings, is commonly utilized to study
autonomic function and baroreceptor reflex activity, while
long-term variability analysis provides insights to a variety
of physiological processes such as circadian rhythms,
metabolism, renin-angiotensin-aldosterone system, and
vagal activity.” HRV is studied using various indices that
are broadly categorized into time domain and frequency
domain measures, where a higher range in the time and
frequency domain reflects increased parasympathetic
activity while decreases in time or frequency domain
measures are usually linked to disease states.*** Non-linear
measures such as entropy represent an underexplored
area of HRV analysis,” but they have been shown to be
decreased in patients with Takotsubo cardiomyopathy or
broken-heart syndrome.***” Non-linear measures have
shown 90% accuracy, 86% specificity, and 95% sensitivity
for predicting real-life stress situations,*® which make them
potential diagnostic tools of other psychological disorders.

7. HRV trends in psychiatric disorders

Among the frequency domain measures of HRYV, high-
frequency (HF) HRV reflects breathing patterns and has
shown the most association with altered breathing patterns
in psychiatric illnesses* as compared to vagal tone.*
Association of HF domain of HRV has been rigorously
studied in many psychiatric illnesses; for instance,
impaired parasympathetic autonomic modulation leads
to altered cortical and subcortical processing in post-
traumatic stress disorder (PTSD)> where a decrease in

BOLD functional magnetic resonance imaging signal is
associated with HF-HRV. Several other studies have also
shown reduced resting-state HF-HRV in depression®-*? and
schizophrenia,” where severity of symptoms is correlated
with reduced HRV>* Although psychiatric medication
could reduce HRV,*® medication-free schizophrenic
patients still exhibit altered HRV complexity.®® Apart from
HEF-HRY, time domain measures like R-R intervals show a
declining pattern in depression®” while SDNN and RMSSD
demonstrate a negative correlation with the severity of
psychotic symptoms in schizophrenia.’® Both time domain
and frequency domain measures suggest altered vagal
activity, but the loss of efferent vagal activity has been
established in schizophrenia.® Apart from psychiatric
disorders, altered HRV in patients of coronary artery disease
also leads to abnormal circadian rhythm,” which in turn
predict severity of symptoms seen in psychiatric disorders,
such as major depressive disorder, anxiety, bipolar disorder,
and schizophrenia.®® These symptoms, which have been
postulated as the schema of associations between HRYV,
quantitative encephalograms, and cognitive function where
altered brain signals are detected through quantitative
electroencephalogram, cause cognitive dysfunction,
impacting autonomic activity and thereby altering HRV.!

8. HEPs as the language of cardiac afferents
to brain

HEDPs, first described by Jones et al.,* are electrical potentials
in the brain influenced by cardiac activity, reflecting the
interoceptive ability.*>> HEPs are time-locked to the R wave
of the electrocardiogram signal. Changes in the electrical
activity of the brain in response to cardiac afferents are
observed during 50 - 550 ms in 1 s epoch.** Differences
in HEP are evident in high and low arousal states.” Apart
from interoceptive ability reflected by heartbeat perception
through mental tracking task,® where good heartbeat
perceivers reflect positive HEP peaks during attention as
compared to poor heartbeat perceivers. The interoceptive-
exteroceptive integration is also reflected by HEP.% HEPs
emerge as a new index of heart-brain communication. A case
report” has shown reduced HEP in near-death experience
in the absence of a bidirectional control in a patient with
ventricular fibrillation. The molecular mechanism behind
the HEP is largely unknown but can be reflected through
its interaction with HRV, where HRV modulates the HEP
amplitude at N250% during emotional states and resonant
breathing. Resonant breathing exerts its effects through
biofeedback mechanism, where it improves interoceptive
capacity and reduces sympathetic overload® Similarly,
exercise, which serves as another biofeedback mechanism,
improves interoceptive capacity in physically fit individuals;™
however, since exercise training induces sinus bradycardia
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and alters HRV, further investigations are warranted to
understand the impact of exercise on HEP. Since HRV
modulation can be affected by environmental factors such as
PM2.5 (particulate matter <2.5 um) through mitochondrial
deoxyribonucleic acid methylation,” investigations on HEP
changes can be extended to other environmental factors
such as radiations and magnetic fields due to two closely
linked factors: (i) High-strength geomagnetic field of the
Earth is related with the incidence of ST-segment elevation
myocardial infarction,” and (ii) HEP can be influenced by
cardiac activity. Whether intrinsic cardiac ganglia exert a
direct effect on HEP can therefore uncover mysteries of
heart-brain interactions and shed light on the environmental
influence on this interaction (Video Al).

9. Conclusion

Residing inside the heart, intrinsic cardiac neurons have a
distinct role, working independently and in coordination
with the autonomic nervous system to control heart
activity during physiological and pathological conditions.
It is widely perceived that the brain acts as a master
regulator, governing the functioning of the heart, all based
on the putative one-way communication from the brain to
the heart. The recent discoveries in neurocardiology have
highlighted the role of ICNS in maintaining a two-way
communication through which the heart receives from the
brain and additionally reciprocates by sending signals to
the brain through parasympathetic transmission. This loop
of communication is critical in both healthy and disease
states, with the latter category, which encompasses heart
and brain diseases, featuring significant alterations in the
morphology and physiology of the ICNS.

The current paper offers a review of the molecular and
clinical aspects of heart-brain communication but does
not shed light on the cellular and molecular mechanisms
underlying the intricate heart-brain communication
in detail due to a dearth of relevant scientific evidence.
Furthermore, there remains a need for population-
based studies, including systematic reviews and meta-
analysis, for defining norms and patterns of heart-brain
communication in healthy and diseased populations. This
article provides a precise discussion on the biochemical
and electrophysiological mechanisms of heart-brain
communication, which could be studied in various
psychiatric disorders, thereby paving a roadmap for future
research on the heart-brain communication in the disease
states. For instance, biomarkers associated with ICNS can
provide a valuable diagnostic tool for debilitating conditions
such as arrhythmia and atrial fibrillation. They can also
be used to clarify the abnormal autonomic functioning
under debilitating psychological disorders such as PTSD.
The development of ICNS-specific drugs for controlling

symptoms of such psychological conditions represents
an interesting area of neuropharmacology research. In
addition, establishing a link between ICNS and clinico-
physiological parameters such as HRV and HEP can provide
a promising arena of research as both parameters have been
implicated in both cardiac and psychiatric disorders. It is
also noteworthy that the discovery of a heart-brain axis,
following that of the well-studied gut-brain axis, underlines
the possible existence of such communication serving as
the “consulate general of the brain” in respective organs.
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Appendix

Video Al. The electrical transmission from the brain to the intrinsic cardiac nervous system (ICNS) occurs through vagus
nerve. In response to this signal from the brain, ICNS release acetylcholine, which regulates the autonomic functions of the
heart, resulting in beat-to-beat variation in heart rhythm, explained by heart rate variability (HRV). HRV is correlated with
heartbeat-evoked potential (HEP) amplitudes. Environmental factors influence HRV and hence can indirectly affect HEP
amplitudes, thereby affecting heart-brain communication.
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CASE REPORT
Approaching an undetermined diagnosis in the
aftermath of rhombencephalitis: A case report

Debabrata Chakraborty*
Department of Neurology, Apollo Multispeciality Hospital, Kolkata, West Bengal, India

Abstract

A 49-year-old male patient manifested acute onset increased imbalance, quadriparesis,
and speech impairment 1 month after undergoing ventricular-peritoneal shunt for
normal pressure hydrocephalus (although magnetic resonance imaging [MRI] of the
brain with contrast was otherwise normal), which showed improvement afterward.
He had hypercalcemia and elevated erythrocyte sedimentation rate. Repeat brain MRI
revealed pachymeningitis coupled with rhombencephalitis, while cerebrospinal fluid
study unveiled only increased protein level without evidence of active infection. Given
these findings, neurosarcoidosis was preliminarily considered a plausible cause of the
recent clinical manifestations,and the patient was prescribed methylprednisolone, which
led to significant improvement. However, the steroid treatment was discontinued on the
revelation that the patient grappled with severe sepsis. Despite an initial improvement
following a post-management of sepsis, his condition deteriorated, and he became
lost to follow-up after 4 months of initial presentation. An infective etiology was ruled
out since his condition improved with steroid. Precluding vasculitis or demyelinating
disorder left the physicians with primary central nervous system (CNS) lymphoma
or sarcoidosis as a proper diagnosis based on the fact that the patient experienced
deterioration when steroid was excluded from the treatment regimen. This case study
portrays a need to conduct a more specific and elaborate investigation, driven by a
strong perception to both primary CNS lymphoma and sarcoidosis, to optimize clinical
diagnosis, which facilitates the formulation of an appropriate treatment regimen.

Keywords: Neurosarcoidosis; Rhombencephalitis; Hydrocephalus; Primary central
nervous system lymphoma

1. Introduction

In some neurological diseases, it is difficult to reach a definite diagnosis within a
short period of time when patient is experiencing rapid deterioration. Under many
circumstances, physicians need to leverage information gleaned from clinical findings,
ancillary tests, and treatment response to make the final diagnosis. Very often, physicians
prioritize saving patient’s life based on any signs and symptoms presented to them when
a definite diagnosis has yet to be finalized; simultaneously, more diagnosis-oriented
investigations are conducted.

It is a challenging endeavor to diagnose neurosarcoidosis due to the difficulty to
conduct a tissue biopsy. Even so, biopsy specimens do not always provide conclusive
findings to aid the diagnostic process. In this case study, the patient was given a steroid
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treatment to rule out certain possible etiologies and to
save him from plunging into worse deterioration. He was
eventually diagnosed with “possible neurosarcoidosis.”

2. Case presentation

A 49-year-old man, suffering from diabetes, hypertension,
and moderate obstructive sleep apnea, was diagnosed with
normal pressure hydrocephalus based on the presentation
of the classic triad of cognitive decline, imbalance,
and incontinence lasting for over 6 months. Fundus
examination and routine cerebrospinal fluid (CSF) study
revealed normal results. He showed improvement in
the “Timed Up and Go Test” post-therapeutic drainage.
Magnetic resonance imaging (MRI) of his brain revealed
features of hydrocephalus with periventricular oozing.
Hence, he was indicated a ventricular-peritoneal shunt,
which led to improved balance to some extent and
regaining of his ability to walk independently.

One month after the treatment, he presented to us
with exacerbated acute-onset imbalance and speech
impairment. He declared no history of fever or trauma
from the treatment leading up to the most recent medical
consultation. The patient had stable vitals but was grappling
with confusion and dysarthria. He had quadriparesis (MRC
grading was 3/5 of all four limbs) and ataxia (both axial and
appendicular) but showed no signs of meningitis. Routine
blood investigations include assessment of biochemical
parameters, unveiled hypercalcemia (calcium level of
11.8 mg/dL), high creatinine level of 1.4 mg/dL, and high
erythrocyte sedimentation rate of 68 mm/h. Brain MRI
revealed T2 hyperintensities in the thalamus, midbrain,
pons, and medulla, and diffusion-weighted imaging showed
facilitated diffusion, with post-contrast enhancement of
the lesion in FLAIR along with pachymeningitis (Figure 1).
The MRI of the spine did not yield any significant, relevant
findings. Based on these findings, a preliminary diagnosis
of rhombencephalitis was made, and the exact etiology was
investigated afterward.

A new session of CSF study revealed only increased
protein level (122 mg/dL), providing no evidence of an
active infection, based on a polymerase chain reaction
analysis for Listeria and the comprehensive infective panel.
There was no history or findings suggestive of vasculitis,
Bechet’s disease, or histiocytosis. Radiologic findings
from repeat brain MRI did not consistently align with
features of either neuromyelitis optica spectrum disorder
or other demyelinating disorders. In addition, an armada
of investigations performed did not seem contribute
to the indicative findings that could lead to a definite
diagnosis: negative vasculitis markers; normal serum
level angiotensin-converting enzyme; negative anti-NMO

(neuromyelitis optica) and anti-myelin oligodendrocyte
glycoprotein antibodies; negative results from human
immunodeficiency virus serology, venereal disease
research laboratory test and TB GeneXpert; and non-
contributory findings from CSF oligo clonal band, central
nervous system (CNS) autoimmune, and paraneoplastic
encephalitis panel tests.

Given that he acquired pachymeningitis and
rhombencephalitis with recent detection of hydrocephalus
while presented with hypercalcemia, the physicians
considered neurosarcoidosis a plausible diagnosis, after
ruling out active infection as the principal cause of his
condition. To validate the diagnosis, a brain biopsy was
recommended but declined by the patient and his family. As
an alternative, a positron emission tomography-computed
tomography scan of the whole body was performed,
yielding negative findings that rule out the involvement of
a systemic factor. Evidence of peripheral nodule was not
available since biopsy was not conducted.

The patient also suffered from a recent proteinuria,
which was unveiled as a part of the evaluation of
raised creatinine level (very high 24-h urinary
protein: 2106.5 mg/day). Hence, a renal biopsy was
recommended but again declined by his family.

While experiencing gradual deterioration, the patient
was given methylprednisolone (1 g for 5 days) followed
by oral prednisolone (60 mg orally) and mycophenolate
mofetil (500 mg orally) twice a day, after active infection was
ruled out as the etiology. His response to the medications
was remarkable, leading to a resolution of encephalopathy,
evidenced by a radiological resolution after a 5-day course
of methylprednisolone (Figure 2). However, he developed
psychosis afterward, which was initially perceived to have
been caused by steroid. A detailed psychiatric evaluation
was conducted on the patient based on the information;
we could glean from his wife, who recounted that the
patient had been experiencing a delusion of persecution
over the previous 1 year and used to have violent
behavior. A follow-up examination 7 days after the clinical
consultation revealed that his cognitive function, ataxia,
and quadriparesis all improved (MRC power improved to
4+/5 in all four limbs) and he regained the ability to walk
independently albeit with mild ataxia. His psychiatric
symptoms also alleviated to a considerable extent over time.

After 4 months, the patient was readmitted with a
lower respiratory tract infection and sepsis. Treatment
comprising steroid and mycophenolate mofetil was
discontinued by the attending physicians. His condition
improved following the administration of anti-infection
treatment but he became subjected to rapid deterioration
afterward, marked by declining senses and unstable vital
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Figure 1. Brain magnetic resonance imaging revealing T2 hyperintensities in the thalamus, midbrain, pons, and medulla. Diffusion-weighted imaging
showed facilitated diffusion based on increased apparent diffusion coefficient values, coupled post-contrast enhancement of the lesion in FLAIR and

pachymeningitis

Figure 2. Repeat brain magnetic resonance imaging (MRI) demonstrating early resolution of the lesions. The repeat MRI was conducted after 12 days of
initial MRI and following pulse methylprednisolone

parameters. Unfortunately, he was lost to follow-up for any
of our further investigative efforts.

3. Discussion

Idiopathic normal pressure hydrocephalus is generally
more common in individuals aged older than 40 years,
featuring an insidious onset and progression of symptoms
over a period of at least 3 months.! In this case report, the
patient was 49 years old at the time of medical consultation,
having suffered from insidious-onset symptoms for
6 months. Under most circumstances, the underlying
pathology of normal pressure hydrocephalus is not well-

understood during the initial evaluation, warranting a
thorough evaluation of the etiology to guide therapeutic
decision; however, a failure to determine the etiological
factor usually necessitates a strict follow-up. Interestingly,
the patient described in this report had the classic triad,
coupled with normal brain MRI with contrast and negative
CSF findings during the initial presentation. The opening
pressure was high-normal (210 mm of water/210 mm
H,0) which, albeit high, was below the accepted cut-off
threshold (250 mm of water/250 mm H,0).?

Psychiatric manifestations were reported in 20% of
patients with neurosarcoidosis and 1% of those affected
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with sarcoidosis. These manifestations cause vivid
psychosis, including auditory, visual hallucinations, and
delusions.” Consistent with these standard presentations,
our patient manifested delusion and aggressive behavior in
the initial presentation, and subsequently delirium.

The diagnosis and treatment of neurosarcoidosis can
be very challenging for several reasons. It affects clinically
5 - 10% of sarcoidosis patients, but according to autopsy
examinations, up to 25% of deceased individuals are
affected by sarcoidosis, representing a clear sign of under-
diagnosis of this pathological condition.* Hence, physicians
need to exercise caution while investigating cases featuring
consistent characteristics with sarcoidosis to avoid mis-
diagnosis and the ensuing catastrophic deterioration
of the condition. To facilitate a definite diagnosis of
neurosarcoidosis, nervous system biopsy is preferred
for investigation, but it is not always practical due to on
the site of disease. Thus, the general diagnostic process
for a possible neurosarcoidosis involves confirming a
neuroinflammatory basis of a pathological condition under
investigation and evaluating the response to treatment
after rigorous exclusion of implausible causes.”

Primary CNS lymphoma (PCNSL) stands as another
possible diagnosis in this case. It is an uncommon type of
extra-nodal non-Hodgkin lymphoma, which originates
in a type of cell not normally present in the CNS. PCNSL
is known to regress completely with corticosteroids but
may recur later and cause fatal outcomes, as described
in the current case. Brain parenchyma, spinal cord,
leptomeninges, and eyes are affected in PCNSL, giving
rise to highly variable presentations and even psychiatric
symptoms (also described in the current case) in up
to 43% of cases.® In fact, hydrocephalus may be the sole
manifestation of PCNSL.® CSF cytology approach, which
was employed in this case, is not very sensitive in detecting
PCNSL (with a rate of 2-32%), and flow cytometry has
been reported to have higher sensitivity.” To enhance
sensitivity (up to 85%) in this respect, several CSF
markers, such as CSF lactate dehydrogenase isozyme 5
and (2-microglobulin, can be assayed. Few other markers
may be utilized to increase specificity (up to 95%) like
proteomics and microRNA analysis.” However, brain/
leptomeningeal/vitreous biopsy remains the current gold-
standard diagnostic approach for PCNSL. On a separate
note, CNS infections represent another etiological facet of
PCNSL that should not be neglected, as evidenced by the
increased uptake of thallium 201 in single-photon emission
CT scan that is strongly indicative of the disorder.’”

In this case, a definite diagnosis of the disease cannot be
reached due to the suspended investigative works caused
by patient’s loss to follow-up. Autoimmune encephalitis

or Bickerstaff brainstem encephalitis emerges as another
possibility, but the pathogenesis of these conditions does
not align with the disease process of hydrocephalus;
therefore, these conditions were not considered. After close
possibilities such as tuberculosis or CNS infections were
ruled out, sarcoidosis was regarded as a plausible diagnosis,
on the basis of the multisystemic involvement of the
disease process, and the quick, progressive, and sustainable
improvement with steroid. Sarcoidosis is a disease with
an unknown origin, which provides the rationale for the
lack of definite evidence in support of diagnosis. Hence,
patients with undetermined pathological condition
featuring attributes as described above should be indicated
an aptly-designed treatment regimen, through which
treatment response can be used to justify the exclusion of
implausible conditions, leading up to a definite diagnosis.

4, Conclusion

Our study portrays the need for a detailed evaluation of
the etiology of hydrocephalus in a young patient besides
performing ventriculoperitoneal shunt for symptomatic
improvement. We need to conduct a more specific
and elaborate investigation, driven by a strong clinical
suspicion, and rule out rare possibilities: primary CNS
lymphoma and sarcoidosis are one of them. This approach
will help us start proper treatment regimen as early as
possible and save valuable time as “time is brain”
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CASE REPORT
Surgical anastomosis of vertical vein to left atrial
appendage: A case report of technical aspects

Gananjay G. Salve*(?, Danish A. K. Memon, Veeresh Manvi, Parishwanath B. Patil,
Nidhi G. Manvi, Mohan D. Gan‘”, and Richard Saldanha

Department of Cardiovascular and Thoracic Surgery, KLE’s Dr. Prabhakar Kore Hospital and Medical
Research Centre, Belgaum, Karnataka, India

Abstract

Management of partial anomalous pulmonary venous connection (PAPVC) differs
significantly between the defect on the left side, which is adjacent to left atrial appendage,
and that on the right one adjacent to the interatrial septum. Here, we report two patients
operated at our center. The first case is an adult diagnosed with the left-sided PAPVC
draining to an innominate vein through a left-sided vertical vein, and with a large
ostium secundum atrial septal defect. The second case is a neonate with mixed-type
total anomalous pulmonary venous connection with all right pulmonary veins opening
into the coronary sinus, and all the left pulmonary veins connecting to the innominate
vein through a left-sided vertical vein. Both patients experienced severe pulmonary
arterial hypertension, necessitating surgical treatment involving disconnection of the
vertical vein from its junction, or, ligation of the vertical vein-innominate vein junction,
coupled with its redirection to the left atrial appendage. We employed different surgical
procedures on these patients, given the distinct age difference, intending to anastomose
their respective vertical veins to the adjacent left atrial appendage. In this report,
the technical aspects of anastomosing vertical vein to left atrial appendage, to avoid
pulmonary venous obstruction in these two patients, are discussed.

Keywords: Anomalous pulmonary venous connection; Vertical vein; Left atrial
appendage; Secundum atrial septal defect; Technical aspects

1. Background

Partial anomalous pulmonary venous connection (PAPVC) reportedly occurs at a rate
of 0.4 - 0.7% on autopsy examination,' with only 10% of the cases affecting left-sided
pulmonary veins.? The incidence of total anomalous pulmonary venous connection
(TAPVC) accounts for approximately 2% of all congenital heart defects.®> Constituting
only 5% of all the TAPVC cases, its mixed-type form has the least incidence rate.*

In this report, we describe two patients, the first patient is an adult diagnosed with
the left-sided PAPVC draining to the innominate vein through a vertical vein, coupled
with a large ostium secundum atrial septal defect (ASD). The second patient is a neonate
diagnosed with mixed-type TAPVC, characterized by the right-sided pulmonary veins
opening into the coronary sinus directly, and the left-sided ones forming a vertical vein
and draining into the innominate vein. Drawing on the treatment experiences for these
patients, we compile the key technical aspects of administering the surgical treatment,
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that is, anastomosis connecting vertical vein to left atrial
appendage, and highlight the procedural nuances for
patients with distinct age difference.

2. Case presentation
2.1.Case 1

The first case is a 32-year-old patient presented with
symptoms of intermittent palpitations and breathlessness
for a couple of years. According to an echocardiography
study, the patient had a large secundum ASD with a left
upper pulmonary vein and lingual vein draining through
a vertical vein to an innominate vein. All right-sided
pulmonary veins and the left lower vein were draining
normally, confirmed by the catheterization study (Figure 1).

The patient was surgically treated with routine median
sternotomy and cardiopulmonary bypass, which involved
dissecting the vertical vein and looping it in the left
paracardiac gutter (Figure 2A). All the pulmonary veins
joining the vertical vein were dissected and their anatomical

Figure 1. Catheterization study images. (A) Left inferior pulmonary vein
draining normally to the left atrium. (B) Left superior pulmonary vein
and lingual vein draining to innominate vein (IV) via vertical vein (VV).

course was confirmed. The junction of the vertical vein
to the innominate vein was then divided and transfixed
(Figure 2B). Left atrial appendage was opened longitudinally
on its dorsal surface after inducing cardioplegic cardiac
arrest. The open end of the vertical vein was fashioned to
facilitate its anastomosis to the left atrial appendage opening
without any twist or tension, using a 5-0 polypropylene
continuous suture (Figures 2C-E, and 3). The ASD was
closed using autologous pericardium (Figure 2F).

Intraoperative  transesophageal  echocardiography
studies conducted in different time sessions, that is,
immediately after the surgery and following a 6-month
follow-up, revealed no gradient in the left atrial appendage
anastomosis (Figure 4).

2.2.Case 2

The second case is a 15-day-old neonate who developed
respiratory distress and bluish discoloration of extremities
since birth. An echocardiography study revealed that
the neonatal patient was diagnosed with the mixed-
type TAPVC with restrictive ASD, characterized by the right
pulmonary veins directly draining into the coronary sinus,
and the left pulmonary veins draining to the innominate
vein through a left-sided vertical vein (Figure 5A).

Due to obstructed atrial communication, median
sternotomy was implemented, and cardiopulmonary bypass
was established with an aortobicaval cannulation. The
vertical vein was dissected in the left paracardiac gutter after
cardioplegic cardiac arrest was induced. All the pulmonary
veins joining the vertical vein were dissected around the
vertical vein. The vertical vein was then ligated and clipped
at the innominate vein junction without dividing it and
proximally controlled with silk suture loop (Figure 5B).

Figure 2. Intraoperative photos of Case 1. (A) Two pulmonary veins joining to form the vertical vein and draining to the innominate vein (dotted lines).
(B) Vertical vein divided at the innominate vein junction. Thin arrow indicates ligated end, and thick arrow denotes open end. (C) Open end of vertical
vein (vertical arrow) and opened left atrial appendage (transverse arrow). (D) Posterior anastomosis of vertical vein to left atrial appendage (arrow). (E)
Completed anastomosis (arrow). (F) Closure of the atrial septal defect using autologous pericardium.
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Figure 3. Illustrated cardiac anatomy and surgical procedure of Case 1.
(A) Hlustration depicting cardiac anatomy of Case 1, viewed from the left
posterolateral angle. (B) Illustration depicting anastomosis of dissected
vertical vein with an opening on the left atrial appendage incision.
(C) Nlustration depicting completed anastomosis.

Abbreviations: Ao: Aorta; IV: Innominate vein; LAA: Left atrial appendage;
LIPV: Left inferior pulmonary vein; LSPV: Left superior pulmonary vein;
LV: Lingual vein; MPA: Main pulmonary artery; RIPV: Right inferior
pulmonary vein; RSPV: Right superior pulmonary vein; SVC: Superior
vena cava; VV: Vertical vein.

The vertical vein was then opened along its length between
the ligature distally and the silk loop proximally. The dorsal
surface of the left atrial appendage was then opened for a
length of >1 cm (Figure 5B) to correspond to the vertical
vein opening. A wide anastomosis was created between
these openings using 7-0 polypropylene continuous suture,
in a side-to-side fashion (Figure 5C), without disconnecting
the vertical vein from the innominate vein.

The roof of the coronary sinus is split/divided so that
the coronary sinus along with the right pulmonary venous
drainage now drains into the left atrium. Echocardiography
revealed no blood flow turbulence in the vertical vein-left
atrial appendage anastomosis.

3. Discussion

In this paper, we present two cases with distinct age
difference, who were treated surgically to anastomose their
vertical veins to left atrial appendage.

In both cases, due to the absence of a common venous
chamber, the chances of compromising the pulmonary
venous drainage during the surgical repair were high. In
adults, due to the bigger size of all cardiac structures, the
vertical vein can be safely disconnected from the innominate
vein and anastomosed to the left atrial appendage in an
end-to-side fashion. For precaution, the surgeons should
avoid twisting the vertical vein after its disconnection by
making use of stay sutures or marking the trimmed vessels
with a sterile marker pen. It is recommended to anastomose

20230721-112752-2AFB
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mindray

Figure 4. Two-dimensional and color Doppler echocardiography images
of Case 1 patient at 6 months follow-up. (A) Unobstructed pulmonary
venous flow into the left atrial appendage (arrow). (B) No flow across the
interatrial septum (indicated by arrow).

vertical wall with a finer polypropylene suture since its wall
can be relatively thin even in adults.

It is advisable to dissect the left-sided vertical vein
after establishing cardiopulmonary bypass, particularly in
adults, due to severe pulmonary artery hypertension and to
prevent right ventricular dysfunction and arrhythmias as a
result of pulmonary artery retraction during dissection. In
addition, it is safer to open the left atrial appendage on the
arrested heart, as clamping its base for anastomosis on the
beating heart can distort it and is likely to injure important
structures in the left atrioventricular groove such as the left
circumflex artery and the coronary sinus.

The vertical vein wall is extremely thin in neonates
and difficult to handle. Recommended approach to treating
PAPVCinneonatesinvolvesdividingand thenanastomosing
the vertical vein,” but in our experience, this method
renders the subsequent suturing extremely challenging, and
formation of any kink or twist unavoidable. Therefore, we
suggest ligating the vertical vein-innominate vein junction,
without disconnecting it, to maintain the straight position
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Figure 5. Intraoperative photos of Case 2. (A) Left-sided pulmonary veins (indicated by 1 and 2) draining to the vertical vein (VV). (B) Ligated VV
(transverse arrow) and opened left atrial appendage (vertical arrow). (C) Anastomosis between VV and left atrial appendage (transverse arrow).

of vertical vein and to facilitate an uncluttered and wide
anastomosis using a finer polypropylene suture.

To conduct the same surgical treatment for both
adults and neonates, it is advisable to perform resection
of left atrial appendage trabeculations and creation of a
left pericardial slit to support the suture line. A slit in the
left pericardial edge can prevent tension from building
up on the vertical vein-left atrial appendage suture line.
Caution should be exercised while creating the slit to avoid
injuring the left phrenic nerve. This step is particularly
critical if the left atrial appendage is short. Furthermore,
a slit in the adjacent pericardium may ensure long-term
patency of the anastomosis. In relation to this, it is advisable
to start anticoagulation as soon as possible during the
post-operative period, followed by antiplatelet therapy for
3 - 6 months, to avoid late pulmonary venous obstruction.

Atrial arrhythmias, particularly atrial fibrillation,
remain one of the most common causes of arrhythmia-
related morbidity and mortality. Current treatment options
for atrial arrhythmias include medical management,
catheter ablation, and surgical procedures.® Complex
atrial tachycardias can be profiled using ultra high-density
mapping, which is a is safe, feasible, and effective avenue for
precisely identifying tachycardia sites to guide successful
catheter ablation.” To ease such catheter procedures, if
indicated in future, a wide anastomosis of the vertical vein
to the left atrial appendage is necessary.

4, Conclusion

Vertical vein-left atrial appendage anastomosis for PAPVC
is a patient-centric approach, requiring cautious attention
of the attending surgeons. The prime objective while
conducting the surgical repairs is to avoid pulmonary
venous obstruction by following procedures featuring
technical nuances targeting different age groups.
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septum secundum: A case report
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Abstract

Lipomatous hypertrophy of the septum secundum (LHSS) is a benign disorder
characterized by the accumulation of fat in the interatrial septum, presenting with
an hourglass appearance that spares the fossa ovalis on echocardiography. Typically
asymptomatic, LHSS is often incidentally detected through two-dimensional
transthoracic echocardiography/transesophageal echocardiography, computed
tomography, and cardiac magnetic resonance imaging. It primarily affects elderly
and obese individuals, with a higher prevalence among females, and may cause atrial
arrhythmias, syncope, and heart failure. Transcatheter closure of patent foramen
ovale (PFO) associated with LHSS has traditionally posed challenges due to the lack of
specifically designed devices and the risk of suboptimal results. Our case report details
the off-labelimplantation of aflexible atrial septal defect closure device fora PFO closure
in an elderly patient presenting with an embolic stroke of undetermined source, severe
kyphosis, platypnea-orthodeoxia syndrome, and a large LHSS. In addition, strategies
adopted to enhance the success of percutaneous closure are discussed.

Keywords: Lipomatous hypertrophy of the septum secundum; Patent foramen ovale;
Atrial septal defect; Platypnea-orthodeoxia syndrome; Thoracic kyphosis; Transcatheter
closure

1. Background

Patent foramen ovale (PFO) is associated with various medical conditions, including
platypnea-orthodeoxia syndrome (POS), which is characterized by dyspnea and
hypoxemia in the sitting or standing position, usually resolved by lying down."? With
aging, spondylosis and severe kyphosis of the thoracic spine, as observed in our patient,
alter intrathoracic relationships and may contribute to increased venous blood shunting
into the left atrium, exacerbating hypoxemia, and requiring oxygen support. Notably,
percutaneous PFO closure has been demonstrated to alleviate symptoms and may offer
a potential cure. In PFO patients with lipomatous hypertrophy of the septum secundum
(LHSS), catheter-based closure procedures are often considered technically demanding.
Prominent LHSS hinders a proper coaptation of the leaflets with traditional occluders,
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necessitating the use of devices designed for the occlusion
of atrial septal defect. This case report details that the
anatomical and functional aspects of LHSS are detailed,
with a focus on the technical features of percutaneous
interventions.

2, Case report

A 76-year-old male patient suffering from arterial
hypertension, chronic obstructive pulmonary disease
(COPD), and severe kyphosis of the thoracic spine was
admitted for a sudden onset of dysarthria, dysphagia,
and moderate left facial weakness occurring 12 h before
admission. Brain magnetic resonance imaging confirmed a
right parietal lobe infarction. Paroxysmal atrial fibrillation
was observed during electrocardiogram (ECG) monitoring,
leading to the initiation of apixaban 5 mg twice daily.
Contrast-transcranial Doppler revealed a severe right-to-
left shunt (RLS) through PFO under basal conditions. The
patient demonstrated neurological improvement following
treatment. On discharge, long-term anticoagulation
therapy with warfarin was prescribed. However, he was
readmitted weeks later for pneumonia associated with fever
and exacerbation of COPD, manifesting severe shortness
of breath and hypoxemia that necessitated oxygen support.
ECG at admission indicated sinus rhythm, leftward QRS
axis deviation, and poor R wave progression in the right
precordial leads. Chest X-ray revealed signs of increased
pulmonary flow and right heart chamber enlargement.
One-week treatment with antibacterial drugs, short-acting
beta-agonists (SABAs), and systemic glucocorticosteroids
resulted in normalization of temperature, improvement
of wheezing, and reduction of acute inflammatory
markers. However, severe hypoxemia (O, saturation of
86-88% on room air) persisted in the upright position,
improving with recumbency, confirming the diagnosis of
POS. Poor acoustic echocardiographic window hindered
the assessment of cardiac structures and function using
two-dimensional (2D) transthoracic echocardiography
(TTE). 2D transesophageal echocardiography (TEE) color
Doppler provided better visualization and identified a
giant LHSS with a fat tissue thickness of 25 mm, a floppy
septum primum convex to the left, preserved left ventricle
ejection fraction (60 %).

After heart team discussion, the decision to proceed
with catheter-based treatment was confirmed based on
the presence of POS exacerbated by kyphosis progression.
Written informed consent was obtained from the patient.
The procedure was performed under general anesthesia,
with continuous 2D/three-dimensional (3D) TEE and
fluoroscopic guidance. Pulmonary artery pressure
was within the normal range (systolic/diastolic/mean:
30/10/20 mmHg), while the right atrial pressure was

elevated  (systolic/diastolic/mean: 20/10/15 mmHg).
Intraprocedural 2D contrast-TEE color Doppler confirmed
a significant RLS, a permanent leftward displacement
of the hypermobile septum primum, and a prominent
LHSS with a thickness of 25 mm (Figure 1). After an
uncomplicated septal crossing, a 0.035” X260 cm exchange
stiff wire was positioned in the left upper pulmonary
vein. A 25 x 45 mm balloon (Occlutech sizing balloon,
OSB, Abbott, USA) revealed a 12 mm waist due to LHSS,
which did not completely disappear with further balloon
inflation above its nominal level (Figure 2). Test occlusion
of the tunnel was carried out for 15 min, ensuring the
patency of pulmonary veins or the mitral valve’s orifice.
Subsequent hemodynamic measurements revealed a
remarkable increase in O, saturation up to 98%, with no
changes in pulmonary and systemic arterial pressures.
A third-generation 15 mm Figulla Flex II atrial septal
defect device (FSO, Occlutech GmbH, Germany), with
distal and proximal discs measuring 30 mm and 26 mm,
respectively, featuring a very flexible double-disc design
with adjustable waist length, hubless left disk, and unique
ball-connection between pusher and occluder was selected
(with adjustments in 3 mm increments of the waist size
as per FSO Technology). It was successfully implanted,
with the discs splayed appropriately, aligned correctly with
the interatrial septum, and anchored appropriately to the
LHSS rims, attributed to the unique discs and connecting
waist flexibility, resulting in no residual shunt (Figure 3
and Video Al). Post-procedure hemodynamic parameters
remained stable, with O, saturation at 99%. The patient,
who demonstrated improved clinical condition the
following day, was discharged home on a medication
regimen including clopidogrel 75 mg daily, apixaban 5 mg
twice daily, atorvastatin 20 mg daily, and bisoprolol 2.5 mg
daily. At the 12-month follow-up, 2D TTE color Doppler
confirmed correct device positioning with no residual
shunt (Figure 4). In addition, there was a significant
clinical improvement, with O, saturation ranging from
94-96% on room air. The patient became more active, and
a course of physical rehabilitation was started. To date, no
complications such as device embolism, endocarditis, or
significant RLS have occurred.

3. Discussion

Lipomatous hypertrophy of the septum secundum,
first described by Prior’ in 1964 during a post-mortem
examination, is defined as fatty infiltration exceeding
20 mm in thickness within the atrial septum.” This benign
condition entails an accumulation of excessive mature
adipose tissue and brown fetal adipose tissue deposition
in the septum secundum, excluding the fossa ovalis
(septum primum), giving it a pathognomonic dumbbell
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Figure 1. The right atrial angiogram by the pigtail catheter in the antero-
posterior projection confirms the correct alignment of the 15mm FSO to the
interatrial septum with no residual right-to-left shunt. (A and B) Intraprocedural
two-dimensional (2D) transesophageal echocardiogram (TEE) color Doppler
at 44° showing unusual lipomatous hypertrophy of the septum secundum
(red asterisk), a permanent leftward displacement of the hypermobile septum
primum (yellow arrow), and a significant right-to-left shunting after agitated
salinecontrastinjection; intraprocedural 2D TEEat 105°, systolic (C) and diastolic
(D) frames, showing a permanent leftward displacement of the hypermobile
septum primum (yellow arrow) and the giant lipomatous hypertrophied
septum secundum (red asterisk) measuring at a thickness of 25 mm.
Abbreviations: LA: Left atrium; RA: Right atrium.

Figure 2. Intraprocedural fluoroangiographic images of the 25 x 45 mm
sizing balloon engaged inside the tunnel showing a waist (black arrows)
(A) that did not disappear completely with further balloon inflation
above its nominal level (B). Three radiopaque markers, spaced at 10 mm
as measured from leading edge to leading edge, are located at the balloon
center and are used as a distance reference.

shape. Its prevalence varies, ranging from 2% (in patients
undergoing cardiac tomography) to 8-10% when detected
by TEE, which appears to be the most sensitive technique
for identifying the mass.’

The incidence of LHSS increases with age, body
mass, and chronic corticosteroid therapy, with a higher
incidence among women.® In contrast to LHSS, cardiac
lipoma is a genuine neoplasm typically found in a younger

Figure 3. Fluoroangiographic procedural steps. A 6-Fr pigtail
angiographic catheter (small black arrow) in the right atrium and the
distal and proximal discs of the 15-mm FSO device well aligned to the
interatrial septum (A); right atrial angiography with the 6-Fr pigtail
catheter showing complete abolition of the right-to-left shunting (B);
and the 15-mm FSO device (black asterisk) still anchored to the delivery
system (C) and finally deployed (D).

age group. A milder form of atrial septal thickening can
occur in conditions such as amyloidosis, tumors, and
from a surgical patch covering repaired atrial septal
defect.

Symptoms of heart failure may manifest when the large
mass causes obstruction of the right atrial inflow or the
superior vena cava.”® LHSS may be discovered incidentally
during autopsy or could be associated with atrial
arrhythmias, obstructive symptoms, or sudden death.’

LHSS might be more prevalent than reported due to the
lack of routine examination for it. The use of multimodal
imaging, including 2D/3D TTE and TEE, computed
tomography, and cardiac magnetic resonance imaging, is
crucial for making an accurate diagnosis and excluding
primary and secondary neoplasms.

While LHSS is often identified incidentally, it can also
be associated with atrial arrhythmias, including atrial
fibrillation, supraventricular tachycardia, and junctional
rhythm. Furthermore, LHSS poses a technical challenge
for transseptal puncture, alongside atrial septal aneurysm
and previous atrial surgery.

Transcatheter PFO closure in patients with LHSS has
been deemed technically demanding due to several factors.
Conventional PFO closure devices often feature a central
disk length that does not cover the entire thickness of
the interatrial septum. In addition, the short connection
between the two discs may result in inappropriate
anchoring to the LHSS rims, leading to unstable apposition
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Figure 4. At the 6-month follow-up, 2D transthoracic echocardiography
(A-C) color Doppler (D) in the apical four-chamber view showed a
correctly aligned, well-seated, and apposed the septum secundum device
with no residual shunt.

of the occluder, residual shunt, and an increased risk of
device embolization. To address this anatomical challenge,
utilizing a device with a wider waist that can encompass the
entire length of the septum is crucial, similar to techniques
employed in atrial septal defect closure procedures.'®!!

Various devices, such as cribriform Amplatzer septal
occluder (Abbott, USA)'? and the Amplatzer post-infarct
muscular VSD occluder (Abbott, USA),”* have been
considered for PFO closure in patients with LHSS. These
options are based on the premise that longer or adjustable
waist lengths may optimize the positioning of the two
device disks over the hypertrophied rims of the septum
secundum.

4, Conclusion

Our case nicelyillustrates the effectiveness of a third-generation
atrial septal defect device in achieving optimal apposition of
the discs to the rims of LHSS. This success is attributed to the
device’s unique flexible nitinol braiding technology, which
offers an ideal technical solution for RLS abolition.
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Appendix

Video A1l. Right atrial angiography with the 6-Fr pigtail catheter showing the third-generation 15-mm Flex II ASD occluder
(FSO) device well aligned to the interatrial septum, still anchored to the delivery system, with complete abolition of the
right-to-left shunting.
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Clinical course and treatment challenges in post-
COVID-19 rhino-orbital-cerebral mucormycosis
in an immunocompetent host: A case report

Rajat Verma*(2, Awdhesh Yadav'?, and B. K. Ojha

Department of Neurosurgery, Kings George Medical University, Lucknow, Uttar Pradesh, India

Abstract

The aggressive and invasive nature of rhino-orbital-cerebral mucormycosis (ROCM)
in immunocompromised patients is well documented. However, this case report
aims to narrate its progression in an immunocompetent patient post-recovery from
COVID-19. This case report provides a glimpse into the patient’s journey through
multiple complications and painful surgeries inflicted by the disease. It emphasizes
the necessity of a multidisciplinary approach to overcome the challenges posed by
ROCM. In our patient, ROCM initially manifested with orbital cellulitis and paranasal
sinusitis, requiring exenteration and functionalendoscopicsinus surgery.Withinabrief
period, it advanced to the brain, resulting in a fungal abscess requiring craniotomy,
abscess excision, and excision of an infiltrated maxilla through hemimaxillectomy.
In addition, the exenteration and maxillectomy cavities were infiltrated by maggots,
requiring further debridement. At the time of writing, the patient was undergoing a
series of reconstructive surgeries to improve his social acceptability. While medical
management with surgical debridement remains the gold standard in the literature,
the extent of surgical debridement is still debated. Our case report not only
highlights the continuous need for radical surgical interventions, which often extend
to the next invaded organ but also reflects the prolonged hospital stay resulting from
serial reconstructive surgeries, which take a toll on the patient. In conclusion, good
teamwork with clinical foresight is required to achieve favorable treatment outcomes.

Keywords: Rhino-orbital-cerebral mucormycosis; Immunocompetent; COVID-19

1. Introduction

COVID-19 has emerged as one of the most formidable and challenging pandemics
of this decade, causing considerable morbidity and mortality worldwide. One of the
insidious side effects of the virus is immunosuppression, which heightens susceptibility
to opportunistic infections. Zygomycetes, a group of fungi known for their invasive and
aggressive nature, pose a significant threat to immunocompromised patients, resulting
in a rise in cases of rhino-orbital-cerebral mucormycosis (ROCM).

Before the COVID-19 pandemic, Mucorales primarily affected immunocompromised
individuals with conditions such as poorly controlled diabetes mellitus, hematological
disorders, chronic renal failure, organ transplant recipients, trauma and burns,
malnutrition, immunosuppressive therapy, and malignancies'. For example,
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uncontrolled diabetes is commonly associated with
ROCM, a condition that has become more prevalent due
to the increasing incidence of diabetes in our society**.
Diverse vulnerabilities in host immunity result in varying
degrees of organ involvement and clinical presentations®”.

The manifestation of ROCM in COVID-19 patients
without traditional risk factors is now evident. Early
diagnosis and intervention are crucial to combat the
aggressive and fulminant nature of this disease and the
overlapping symptoms with bacterial facial or orbital
cellulitis, which pose a diagnostic challenge®. A high index
of clinical suspicion is vital, and a definitive diagnosis
relies on the presence of non-septate broad hyphae with
right-angle branching in potassium hydroxide mounts,
lactophenol cotton blue mounts, and histopathological
examinations®.

The primary aim of reporting this case was to illustrate
the significant burden experienced by the patient, including
the challenges endured by the patient during multiple
surgeries, serial complications, psychological distress
resulting from living with a ghastly face, mental anguish
due to social repulsion, the torment of separation from his
spouse, and the financial and social strain on his caretaker.
The secondary aims included reflecting the aggressive and
challenging nature of the disease, which makes it typically
troublesome to recognize and extremely challenging to
treat, evaluating the radicality of surgical debridement,
highlighting the role of staged reconstruction surgeries,
and signifying the importance of multidisciplinary
teamwork.

2, Case presentation

A 38-year-old patient presented with pain, redness,
swelling, ptosis, and vision loss in his left eye over the past
20 days before seeking medical consultation (Figure 1A).
He had a history of left upper molar tooth extraction
5 days before symptom onset and had experienced a past
COVID-19 infection without corticosteroid treatment
2 months earlier. The patient reported no history of
diabetes mellitus or other chronic medical conditions.
Initial clinical suspicion pointed toward maxillary and
sphenoethmoidal sinusitis with involvement of the medial
orbital wall, leading to orbital cellulitis.

Broad-spectrum antibiotics were initiated, but 4-day
post-admission, a necrotic black ulcerative patch appeared
along the left nasolabial fold (Figure 1B), indicating
zygomycete-related periarteritis, vascular thrombosis,
infarction, and angioinvasion. Intravenous amphotericin
therapy was promptly initiated. Before presentation at our
facility, the patient had undergone functional endoscopic
sinus surgery (FESS) elsewhere, although the relevant

documentation was unavailable. On examination, the
patient exhibited a dilated and fixed left pupil, conjunctival
chemosis, and periorbital edema.

Imaging tests revealed a left temporal hypodensity on
contrast computed tomography (CT) (Figure 1C), while
contrast magnetic resonance imaging (MRI) demonstrated
smooth, regular wall rim enhancement (Figure 1D) with
diffusion restriction (Figure 1E), indicating abscess
formation. The abscess extended into the sphenoethmoidal
air sinuses, gangliocapsular area, and retroorbital region
(Figure 1F), leading to the final diagnosis of stage IV
ROCM). An ear swab smear confirmed the presence of
aseptate hyphae with right-angle branching, identifying the
pathogen as mucor. Subsequently, the patient underwentleft
orbital modified lid-sparing exenteration, resulting in the
formation of a fistula (Figure 1G). Despite this intervention,
the patient’s condition continued to deteriorate, leading to
agitation and altered mental status. Consequently, a left
temporo-parietal craniotomy with abscess excision and
augmentation duroplasty was performed. Post-operative
contrast CT revealed satisfactory results (Figure 1H). The
biopsy result was suggestive of mucormycosis. Following
surgery, the patient underwent hemimaxillectomy of the
left maxilla due to disease progression. Despite medical
interventions, the patient was discharged with a disfigured
face (Figure 2A), significantly affecting his personal and
social life. In addition, he experienced a single episode of
generalized tonic-clonic seizures, prompting the escalation
of antiepileptic medication.

6 months later, the patient experienced another
seizure episode, necessitating the addition of a second
antiepileptic drug. However, he subsequently presented
with a bogie swelling over the left temporal region, along
with intermittent pus discharge from the previous surgical
site (Figure 2B). Imaging revealed bone flap osteomyelitis
and an epidural pus collection, necessitating neurosurgical
intervention and a tracheostomy due to microaspirations
from palatal perforation (Figure 2C). Sutures were removed
10-day post-surgery, and the patient was discharged
(Figure 2D).

Subsequently, the reconstruction phase began to
improve the cosmetic appearance of the patient’s face.
The left orbitonasolabial fistula repair and debridement
were performed by the plastic surgery team a couple
of months after the previous surgery. While planning
for reconstructive flap cover surgery during the same
admission, the patient developed a maggot infection at the
apex of the orbit (Figure 2E). Contrast MRI of the brain,
orbit, and paranasal sinuses revealed mucosal thickening
of the left sphenoethmoid and frontal air sinus with
cavernous sinus infiltration and carotid artery encasement
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Figure 1. Clinical manifestations and surgical outcomes in the case of rhino-orbital-cerebral mucormycosis. (A) Gross periorbital edema, ptosis, and
maxillary fullness on the left side of the face. (B) A black necrotic ulcerative eschar along the left nasolabial fold by the side of the ala of the nose, indicating
fungal etiology (a hallmark of Mucorales infection). (C) Contrast computed tomography (CT) head revealing left temporal hypodensity with well-defined
margins and surrounding edema. (D and E) Axial magnetic resonance imaging (MRI) cuts revealing abscess wall enhancement and diffusion restriction.

(F) Axial contrast MRI cuts revealing extension into left spenoethmoid and retroorbital regions. (G) Post-exenteration figure of the patient with dressing
in situ and formation of fistula due to shredding off of necrotic eschar. (H) Post-operative contrast CT showing complete excision of the abscess cavity with

no residual contrast enhancement.

by necrotic tissue. This complication not only delayed the
reconstruction surgery but also necessitated debridement
of necrotic tissue and maggot removal (Figure 2F) over
the left orbital region, along with redo tracheostomy. After
surgery, the patient was left with a large cavity, which was
visually displeasing (Figure 2G). He was discharged 4 days
later with instructions for a high-protein diet via Ryles
tube feeding, tracheostomy care, aseptic dressing, and
regular follow-up.

The patient needed an additional 9 months to strengthen
his immunity, improve his nutritional status, and clear
all necrotic tissue and residual infestations. However,
this progress came with a cost. The patient was left with
an asymmetric face, an exenterated left socket, a sagging
and sunken scalp flap, and a disagreeable, unsightly, and
gruesome colossal tissue defect over the maxillary area

adjacent to the ala of the nose (Figure 2H). Finally, after
9 months, the day of reconstruction arrived. Debridement
of the left orbital necrotic tissue, along with free anterolateral
thigh flap cover and split skin graft cover (taken from the
left thigh), was performed (Figures 3A and B).

Over the course of approximately 26 months, the
patient underwent nine major surgical procedures,
including extensive reconstructive surgeries. His journey
was marked with physical and psychological challenges,
complications, and significant cosmetic deformities.
His older brother played a pivotal role in his care and
support, accompanying him through multiple medical
departments. In addition to surgical treatments, he
received liposomal amphotericin and posaconazole to
combat mucormycosis. However, his struggles persist as
he continues to undergo regular follow-ups in the plastic
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Figure 2. Complications encountered during the treatment course and their management. (A) A cosmetically unacceptable face with palatal perforation
with a black patch, loss of lower eyelid, exposed exenteration cavity, exposed orbital floor and maxilla, fistula opening at the nasolabial fold, facial
asymmetry, and a black patch over the exposed orbital floor. (B) Pus discharge coming from the surgical site. (C) Patient with a tracheostomy and wound
dressing in situ. (D) Post-decompression craniectomy photo of the patient with loss of scalp contour due to sagging of flap and tracheostomy scar mark,
adding the burden of cosmetic deformity to his facial appearance. (E) Pus mixed with blood along with maggots (arrow) coming out of the exenteration
cavity. (F) Maggots removed from the exenteration cavity and collected in a bag. (G) Radical debridement and maggot removal resulted in the formation of
a large hideous cavity, so substantial that the orbital exenteration cavity appears as a trivial fusiform gap. (H) Photo of the patient at the time of discharge
with Ryle’s Tube and tracheostomy in situ, along with a humongous maxillary cavity, sunken scalp flap, and orbital exenteration cavity, resulting in a ghastly
repugnant facial appearance.

surgery department. Unfortunately, another complication The existing literature primarily focuses on

had arisen: split skin graft necrosis with only partial uptake
(Figure 3C). At the time of writing this report, he was still
awaiting another reconstructive surgery for refinement
and further correction of his cosmetic deformity, while
being instructed to remain under close observation in the
plastic surgery department.

3. Discussion

This case report offers a unique insight into the clinical
progression of ROCM in an immunocompetent patient
who had recovered from mild COVID-19 without steroid
treatment.

immunocompromised patients with diabetes as the
primary predisposing factor for mucormycosis. Our case
highlights the importance of recognizing ROCM in non-
immunocompromised individuals and underscores the
importance of follow-up care after COVID-19 recovery.

After extensive research, we found a retrospective,
observational study involving 2826 patients with
COVID-19-associated ROCM in India from January
1, 2020, to May 26, 2021°. Only 2% of these patients had
no history of glucose intolerance and steroid intake
(similar to our patient), and merely 0.4% underwent all
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Figure 3. Status of patient post-reconstruction surgery. (A) Raw area
of thigh (split skin graft site) covered by occlusive dressing. (B) Flap
(anterolateral thigh) filling the large tissue defect with a split skin graft
cover. (C) Split skin graft necrosis with only partial uptake of the graft.

forms of treatment, as our patient did (amphotericin B +
posaconazole + FESS + exenteration)’. The main inferences
of this study were that corticosteroids and diabetes mellitus
are the most important predisposing factors for COVID-19-
associated ROCM, and it emphasized the necessity of post-
recovery follow-up for COVID-19 patients’. In our case, the
patient developed symptoms approximately 2 months after
recovering from COVID-19. At the time of writing, he had
been under observation for the past 2 years and remained
in our follow-up. His case signifies that COVID-19 can act
as an independent risk factor for ROCM.

To date, only a literature review summarizing 11 cases
of ROCM in immunocompetent individuals has been
published!® (Table 1).

Out of eleven cases reviewed, eight patients survived
only after undergoing extensive radical debridement and
orbital exenteration, a similar scenario to our patient
(Figure 4). This indicates that even if the disease is
localized, surgeons should not try to preserve vision first
but should aim to preserve life, keeping the invasive and
arduous nature of the disease course in mind. Our report is
noteworthy for highlighting the challenge of determining
the appropriate extent of surgical intervention. This
case raises questions about considering the disease
trajectory when planning surgical interventions. Surgeons
must consider the course of the disease and potential
complications arising from residual infected tissue before
deciding on surgical debridement margins. Increasing the
radicality of debridement and decreasing the time between
clinical presentation and surgery can help prevent further
invasion of adjacent organs, serial debridement surgeries,

TIMELINE OF EVENTS

SEPTEMBER
2022

DEBRIDEMENT OF NECROTIC
TISSUE WITH MAGGOT
REMOVAL WITH
TRACHEOSTOMY (PLASTIC
SURCERY)

Figure 4. A timeline chart detailing the patient’s journey through multiple
surgeries across various specialties, highlighting the invasive course of the
disease and the requirement of a multidisciplinary approach with a long
follow-up.

Abbreviations: ENT: Ear nose throat; FESS: Functional endoscopic sinus
surgery; SSG: Split skin graft.

loss of facial cosmesis, and long hospital stays. The invasive
nature of ROCM is evident in the patient’s journey through
multiple surgeries.

Before the COVID-19 pandemic, Mucor was a rare
entity in India, with only two large retrospective series
reported from PGIMER Chandigarh. These studies,
covering 129 cases over 10 years (1990 - 1999)* and
178 cases over the subsequent 5 years (2000 — 2004)¢, raised
awareness about the threat of invasive zygomycosis. They
prompted the development of an institutional zygomycosis
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Table 1. Summary of literature on rhino-orbito-cerebral
mucormycosis in immunocompetent patients published in
PubMed

Literature Number Survival outcomes
of cases
Fairley et al." 1 Survived
Garcia-Covarrubias et al.'? 1 Survived
Chakrabarti et al.”® 1 Survived
Rao et al. (2006)" 5 Four survived, and one died
Schiitz et al.’® 1 Died
Bhadani et al.'® 1 Survived
Baradkar et al.”? 1 Died

registry. It is imperative for every apex institute in our
country to establish similar measures.
4. Conclusion

This case report serves as a valuable addition to the
understanding of ROCM in immunocompetent
individuals. The meticulous documentation of the patient’s
journey through this disease highlights the challenges in
diagnosis and treatment and the importance of considering
the extent of surgical intervention. In addition, it reinforces
the importance of post-COVID-19 recovery follow-up
care among patients.
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