BRAIN. Broad Research in Artificial Intelligence and Neuroscience

e-ISSN: 2067-3957 | p-ISSN: 2068-0473
Covered in: Web of Science (ESCI); EBSCO; JERIH PLUS (hkdir.no); IndexCopernicus; Google Scholar;

SHERPA/ROMEO; ArticleReach

Direct;

WorldCat; CrossRef; Peeref; Bridge of Knowledge

(mostwiedzy.pl); abcdindex.com; Editage; Ingenta Connect Publication; OALib; scite.ai; Scholar9;
Scientific and Technical Information Portal; FID Move; ADVANCED SCIENCES INDEX (European Science Evaluation

Center, neredataltics.org);

ivySCI; exaly.com; Journal Selector Tool (letpub.com); Citefactor.org; fatcat!;

ZDB

catalogue; Catalogue SUDOC (abes.fr); OpenAlex; Wikidata; The ISSN Portal; Socolar; KVK-Volltitel (kit.edu)

2024, Volume 15, Issue 3, pages: 7-33.

Submitted: September 4™, 2024| Accepted for publication: October 3™, 2024

Markov Blankets and Cognitive
Dysfunction in mTBI: Insights
from Simulation Models

Ioannis Mavroudis'?, Foivos Petridis®
Dimitrios Kazis®, Citilina Ionescu*®
Antoneta Dacia Petroaie®, Laura Romila’
Fatima Zahra Kamal’®, Alin Ciobica*>*!°
George Catalin Morosan®, Bogdan Novac®
Otilia Novac®, Alin Iordache®

"Leeds Teaching Hospitals, NHS Trust, Leeds, UK,
i.mavroudis@nhs.net,
https://orcid.org/0000-0001-9844-4010

’Leeds University, Leeds, UK, i.mavroudis@nhs.net,
https://orcid.org/0000-0001-9844-4010

SThird Department of Neurology, Aristotle
University of Thessaloniki, Greece,
f petridis83@yahoo.gr, dimitrios.kazis@gmail.com
https://orcid.org/0000-0002-5617-0346,
https://orcid.org/0000-0002-7319-2045

*Department of Biology, Faculty of Biology,
Alexandru loan Cuza University of lasi, Bd. Carol I
no. 20A, 700505 lasi, Romania,
catalinaionescu81@yahoo.com,
alin.ciobica@uaic.ro,
https://orcid.org/0009-0008-4979-1057,
https://orcid.org/0000-0002-1750-6011

*Joan Haulica” Institute, Apollonia University,
Pacurari  Street 11, 700511 Iasi, Romania,
catalinaionescu81@yahoo.com,
laura.dartu@gmail.com, alin.ciobica@uaic.ro,
https://orcid.org/0000-0002-1750-6011

®Faculty of Medicine, Grigore T. Popa University of
Medicine and Pharmacy, 700115 Iasi, Romania
pantoneta@yahoo.com,
morosangeorgecatalin@yahoo.com,
bogdannvc@gmail.com, otilia76@gmail.com,
aliniordache@yahoo.com,
https://orcid.org/0000-0002-1239-8058,
https://orcid.org/0000-0003-4501-1718,
https://orcid.org/0000-0002-4708-3603,
https://orcid.org/0000-0002-3933-3393

"Higher Institute of Nursing Professions and Health
Technical (ISPITS), Marrakech 40000, Morocco,
fatimzahra.kamal@gmail.com,
https://orcid.org/0000-0001-5748-8500

function,

Abstract: Mild Traumatic Brain Injury (mTBI) is a
prevalent neurological condition that can lead to
persistent cognitive impairments, disrupting memory,
attention, and executive function. In this study, we explore
the mechanisms of cognitive decline in mTBI through the
lens of Markov blankets—a theoretical framework that
delineates the statistical boundary between the brain'’s
internal and external states. By simulating the impact of
mTBI on sensory, active, internal, and external states, we
demonstrate how disruptions to the Markov blanket
structure contribute to impairments in predictive coding
and cognitive processing. Our simulation introduces noise
and  connectivity  reductions  that  mimic  the
neurometabolic and synaptic changes following mTBI,
revealing delayed sensory processing, impaired motor
and cognitive instability. These findings
highlight the importance of Markov blankets in
maintaining cognitive integrity and offer novel insights
into the pathophysiology of post-concussion syndrome.
Understanding how mTBI disrupts the brain's functional
architecture through Markov blanket disturbances may
inform more effective diagnostic and therapeutic
approaches.
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1. Introduction

Mild traumatic brain injury (mTBI) represents a considerable public health issue, impacting
millions of people globally each year. Although the majority of individuals recover fully within a
few weeks, a significant portion of patients suffer from ongoing cognitive impairments that can
adversely affect their quality of life (Mavroudis et al., 2022).

The Mayo classification system characterizes mTBI as a brain injury that results from a
sudden impact or jolt to the head (Malec et al., 2007). Typically, individuals diagnosed with mTBI
present with a Glasgow Coma Scale (GCS) score between 13 and 15, a loss of consciousness lasting
less than 30 minutes, and post-traumatic amnesia that persists for less than 24 hours (Malec et al.,
2007). Symptoms associated with mild TBI can endure for days, weeks, or even months, often
leading to substantial disruptions in daily activities. Cognitive impairments following mTBI are
diverse, encompassing deficits in various cognitive domains as well as increased emotional distress
and somatic complaints (Mclnnes et al., 2017). Numerous studies have focused on the cognitive
profile of mTBI patients during the acute phase, revealing significant impairments in global
cognition, executive functions, and episodic memory (de Freitas Cardoso et al., 2019; McCrea et al.,
2014). A key pathological feature of TBI, including mTBI, is diffuse axonal injury (DAI). This
condition arises when the shearing forces involved in the injury cause damage to axons. The severity
of DAI is directly correlated with the intensity of the deceleration force, and it can be detected
within hours of the traumatic event. DAI is believed to be a critical factor contributing to early
cognitive impairments following mTBI (Spain et al., 2010; Dikmen et al., 2001).

2. Cognitive Impairment in mTBI

The duration and severity of cognitive impairment following a mild traumatic brain injury
(mTBI) can vary significantly, influenced by individual differences and the specifics of the injury.
Research has demonstrated that cognitive impairments, along-side associated white matter damage,
can not only emerge in the immediate aftermath of an mTBI but may also persist for several years
post-injury (Miller et al., 2001). Cognitive assessments conducted at intervals of one month and
twelve months post-injury consistently reveal deficits in individuals who sustained a mild TBI, as
indicated by Glasgow Coma Scale (GCS) scores ranging from 13 to 15 (Carroll et al., 2004).
Moreover, psychological factors such as de-pression and anxiety are strongly correlated with
diminished cognitive performance, especially in cases where the mTBI is complicated or progresses
toward more severe forms of injury, with these effects being particularly notable one year after the
injury (Nordstrom et al., 2013). This persistence of cognitive deficits underscores the necessity for
ongoing monitoring and evaluation of cognitive functions in individuals who have experienced
mTBL

Cognitive impairments post-mTBI can manifest in several forms, including global cognitive
dysfunction, impaired executive function, and episodic memory deficits. These impairments can be
acute, occurring within the first few days after the injury, but may also transition into chronic issues,
affecting attention, working memory, decision-making, and reaction times over extended periods
(Rabinowitz et al., 2020). Subjective cognitive de-cline, where individuals perceive a reduction in
their cognitive abilities, even in the absence of objective test abnormalities, can also be a chronic
consequence of mTBI, further complicating recovery and quality of life (Nelson et al., 2016).

Additionally, the severity and duration of cognitive impairments after mTBI are influenced
by a range of factors, including the individual's age, level of education, socioeconomic status, and
any prior history of traumatic brain injuries. For instance, older adults tend to experience more
pronounced cognitive declines post-mTBI, particularly in areas such as processing speed, working
memory, and attention, with these deficits being exacerbated by lower cognitive reserve and the
presence of other medical conditions (Nelson et al., 2016; Covassin). Depression and anxiety,
common comorbidities in individuals with mTBI, further exacerbate cognitive impairments by
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affecting brain structure and function, particularly in networks involved in cognitive processing
(Crane et al., 2016). These psychological conditions can hinder cognitive recovery by impairing
attention, memory, and other cognitive functions, thereby contributing to prolonged cognitive
deficits (Kroes et al., 2011).

3. Brain Areas Involved in Cognitive Decline After mTBI

Research exploring the brain regions implicated in cognitive decline following mild
traumatic brain injury (mTBI) has identified significant disruptions in functional connectivity
networks as a predictor of cognitive impairments during the acute phase of mTBI (Dunkley et al.,
2015). Early cognitive impairments have been linked to changes in the organization of critical brain
networks, such as the rich-club organization, which is involved in efficient information processing
across the brain (Alhourani et al., 2016). Additionally, alterations in low-frequency connectivity
within large-scale brain networks have been shown to predict the long-term cognitive sequelae of
mTBI, with particular emphasis on disrup-tions within the default mode networka network crucial
for memory and attention functions (Irimia et al., 2022). Disruptions in this network are particularly
associated with attention deficits, a common cognitive dysfunction following mTBI (Bruineberg,
Kiverstein, & Rietveld, 2016). Furthermore, white matter changes, especially those near cerebral
microbleeds, have been correlated with age and sex-dependent cognitive decline post-mTBI
(D’Souza et al., 2020).

4. Markov Blankets in the Brain

The concept of Markov blankets, originally introduced by Judea Pearl in 1998 in the context
of statistical inference, has become a significant framework for under-standing the organization of
systems, particularly in neuroscience (Pearl et al., 1998). A Markov blanket refers to a set of states
that mediate the interaction between internal states of a system and their external environment,
effectively separating these two domains through a layer of 'blanket' states. This partition consists of
sensory states, which in-fluence internal states but are not influenced by them, and active states,
which influence external states but are not influenced by them. This configuration establishes
conditional independence between internal and external states, a key feature for main-taining the
integrity of the system under varying conditions (Friston et al., 2013).

In the context of the brain, Markov blankets do not correspond to physical boundaries like
cell membranes but rather to statistical partitions that define which variables within the brain are
conditionally independent from others. This construct has been applied to describe the dynamics of
neuronal and cognitive processes without necessarily implying a physical boundary but rather
highlighting functional distinctions within the brain's operational architecture (Hipolito et al., 2021).
The debate continues as to whether Markov blankets should be interpreted literally or
instrumentally—whether they describe actual physical processes in the brain or serve as a useful
abstraction for understanding neuronal and cognitive activities (Hipolito et al., 2021; Andrews et al.,
2020).

A Markov blanket in the brain can be mathematically defined as the set of variables that
render internal states (denoted as pp) conditionally independent from external states (denoted as nn).
The relationship between these states can be expressed through the factorization of their joint
probability distribution, showing that internal and external states interact only through the blanket
states, thereby maintaining the system's conditional independence (Kirchhoff et al., 2018). This
structure is particularly relevant in dy-namic systems, such as the brain, where the interactions
among states are constantly evolving.

Within neuronal circuits, Markov blankets can be identified at various levels of organization.
For instance, at the level of individual neurons, the internal states (such as ion channel conductance)
are distinct from the external states (like synaptic inputs from other neurons), with blanket states
mediating their interactions. This allows neu-rons to change their activity in response to inputs
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without losing their identity, pre-serving the system's integrity across different functional states
(David et al., 2003). The dynamics of these interactions are captured by equations that describe how
internal states evolve based on the influences of both internal and blanket states, while external
states influ-ence sensory and active states (David et al., 2003).

At larger scales, such as cortical microcircuits, the concept of Markov blankets helps to
describe the interactions between different populations of neurons. Here, the internal states might
correspond to specific neural activities within a column, while the blanket states mediate
interactions between different columns. This framework has been particularly useful in
understanding the hierarchical organization of the brain, where sensory and active states facilitate
communication between different layers and regions, integrating top-down and bottom-up
processing streams (Bastos et al., 2012). The Markov blanket structure not only supports the brain's
ability to process information efficiently but also underpins the brain's capacity for self-organization
and adaptability, ensuring that it can maintain functional coherence under changing conditions
(Friston, 2019).

Markov blankets are also pivotal in understanding how larger brain networks in-teract.
Brain-wide networks can be conceptualized as higher-order assemblies of neu-ral units, each
wrapped in their own Markov blankets.

These networks interact with one another through mechanisms that preserve the conditional
independence of internal states within each network, while facilitating communication across
different networks. This nesting of blankets across different scalesfrom individual neurons to entire
brain networksprovides a framework for understanding the brain as a complex, selforganizing
system (Bilek et al., 2020).

The model could inform diagnostics by helping clinicians better understand the disruptions
in cognitive processes following mTBI. Additionally, the framework could be utilized in
rehabilitation strategies by guiding targeted interventions, personalizing treatments based on the
specific cognitive dysfunctions observed in patients. Integrating these practical applications would
significantly enhance the impact and applicability of your theoretical insights.

5. Markov Blankets in Active Inference and Predictive Coding

The concept of a Markov blanket serves as a statistical boundary that separates internal states
from external states, allowing for conditional independence between the two. This partitioning of
states into internal and external, mediated by sensory and active states, establishes the framework
for how the brain can interact with its environment while maintaining internal integrity. A Markov
blanket ensures that internal states influence external states only through active states, while external
states influence internal states only through sensory states. This conditional independence forms the
foundation for understanding the dynamics of systems like the brain in terms of active inference
(Beal et al., 2003).

A simple example to illustrate this is a living cell, which relies on its Markov blanket to
maintain its boundary from the surrounding environment. If the Markov blanket of a cell
deteriorates, the cell would cease to exist, as it would no longer be distinguishable from the external
environment (Hohwy, 2017). Thus, the identity of any biological system is predicated on the
presence of a Markov blanket, making it a fundamental concept for understanding self-organization
in living systems.

Active inference refers to the process by which biological systems, through their internal and
active states, minimize uncertainty about their environment to maintain their structural and
functional integrity. This is achieved by continuously engaging with the external environment
through sensory and active states. The structure of a Markov blanket allows internal and external
states to influence each other in a reciprocal manner through sensory and active states, effectively
supporting the system's ability to engage in active inference. The core of active inference is based on
minimiz-ing surprise or uncertainty about sensory states, which drives an organism toward re-ducing
the free energy in its interactions with the environment (Friston Et al., 2015; Anderson, 2017).
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The principle of free energy minimization underpins active inference. According to the free
energy principle, organisms must minimize variational free energy to maintain their integrity. Free
energy is a measure of the difference between the organ-ism's internal model of the world and the
actual sensory inputs it receives. Minimizing this discrepancy allows the organism to make more
accurate predictions about its en-vironment and ensure its continued existence by reducing surprise
(Beal, 2003). This process of minimizing free energy is equivalent to Bayesian inference, where the
organism con-tinuously updates its beliefs about the world based on sensory evidence.

In the brain, active inference and free energy minimization are closely tied to the framework
of predictive coding. Predictive coding posits that the brain operates as a hierarchical system,
making predictions about sensory inputs and minimizing prediction errors. The Markov blanket at
each level of the brain's hierarchy separates active states, which influence lower levels, from sensory
states, which propagate prediction errors up the hierarchy. This continuous exchange between
prediction and error cor-rection allows the brain to fine-tune its internal model, thereby maintaining
coherence between its internal states and the external environment (Anderson, 2017; Bruineberg et
al., 2016).

At each level of the brain's hierarchy, the Markov blanket facilitates the interac-tion between
internal and external states by ensuring that sensory states convey pre-diction errors to higher levels,
while active states modify predictions at lower levels. This hierarchical structure allows the brain to
minimize free energy across different scales, from basic sensory processing to higher-order
cognitive functions. By minimiz-ing prediction errors at every level, the brain engages in active
inference, continuously refining its model of the world to reduce uncertainty and ensure the
organism's survival (Hohwy, 2012).

Markov blankets play a crucial role in active inference and predictive coding, al-lowing the
brain to interact with the environment in a way that minimizes surprise and uncertainty. Through the
process of free energy minimization, organisms use sen-sory and active states to maintain their
structural and functional integrity, ensuring that their internal models of the world align with the
external realities they encounter.

6. Markov blankets and memory in cognitive systems

Markov blankets serve as a crucial framework for understanding how systems, such as
cognitive systems, maintain separation between internal and external states. This statistical
separation allows different parts of a system to maintain distinct roles, such as memory, which
would be impossible in a homogeneous system without distinct parts. For this separation to be
sustained over time, a steady-state distribution is required, ensuring that internal and external states
remain statistically distinct. Howev-er, there appears to be a contradiction: cognitive systems like
ours, which possess memory, rely on shared information between internal and external states,
seemingly contradicting the conditional independence that Markov blankets impose (Squire, 2004).

This apparent contradiction is resolved by understanding that a system does not remain in a
steady state but evolves toward a steady-state density. Once initial condi-tions, such as a past
memory, are imposed, the system temporarily deviates from this steady-state density, meaning that
transient dependencies between internal and ex-ternal states can occur. These transient
synchronizations between internal and exter-nal states are part of the memory process, during which
past states influence current states through the blanket, before the system returns to a steady state.
This mechanism explains how memory can exist within Markov blanketed systems, even though the
system as a whole is driven toward conditional independence between internal and external states
over time (Cavanagh et al., 2020).

Memory can be quantified using tools from information theory, information ge-ometry, and
dynamical systems theory. The time course of memory-related changes varies according to different
factors, such as the solenoidal and dissipative gradient flows within the system and the variance of
internal and external state densities. These measures demonstrate that transient violations of
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conditional independence in Markov blanketed systems are not limited to simple stochastic
processes but apply to a wide variety of systems, including cognitive ones (Bliss and Lomo, 1973).

In cognitive systems, memory is generally divided into short-term and long-term categories
(Squire, 2004). Both forms of memory involve temporary deviations from the condi-tional
independence imposed by Markov blankets. Short-term memory, particularly working memory,
allows a cognitive system to hold information temporarily for on-going cognitive tasks, such as
planning or decision-making (Baddeley, 2003). This type of memory often involves regions like the
prefrontal cortex, where neural activity persists longer than in sensory regions, maintaining
dependencies between internal and external states over short periods (Kiebel et al., 2008; Hasson et
al., 2008).

In a typical working memory experiment, a stimulus is presented, removed, and then recalled
after a delay. The external state is represented by the stimulus, and the internal state is the neural
representation that persists during the delay, guiding the appropriate response when prompted.
During this delay, conditional dependencies between internal and external states must be maintained
to ensure correct task per-formance, demonstrating how working memory functions within the
framework of a Markov blanket (Astle et al., 2009; Lepsien and Nobre, 2007; Lepsien et al., 2011;
Fuster, 1973; Barcel¢ et al., 2000).

Long-term memory, on the other hand, is often classified into declarative (explic-it) and
non-declarative (implicit) forms (Squire and Zola, 1998; Anderson, 1976). Declarative memory
includes episodic and semantic memory, while non-declarative memory encompasses procedural
memory, such as learned motor skills. These long-term memories involve more sus-tained
deviations from the steady-state density, where associations between internal and external states
persist over long periods, often years. Procedural memory, for in-stance, involves the gradual
synchronization of external motor patterns with internal neural states over repeated actions, such as
learning to reach or perform a task (Adolph and Franchak, 2017; Soliveri et al., 1992; Ackermann et
al., 1996; Molinari et al., 1997; Tseng et al., 2007; Huerta and Rabinovich, 2004; Friston and
Herreros, 2016).

Episodic memory, a type of declarative memory, involves spatiotemporal associa-tions, such
as remembering an event in a specific place and time. This form of memory depends on structures
like hippocampal place and time cells, which encode relation-ships between locations and temporal
sequences. In contrast, semantic memory in-volves associations without spatiotemporal context,
such as the relationship between a word and its meaning. Both types of memory involve conditional
dependencies be-tween internal states (e.g., neural representations) and external states (e.g.,
environ-mental cues) (Eichenbaum, 2014; O’Keefe and Dostrovsky, 1971).

The distinction between short-term and long-term memory can be understood in terms of the
time it takes for conditional dependencies between internal and external states to dissipate.
Short-term memory involves faster transitions back to conditional independence, while long-term
memory involves more persistent deviations. These temporal dynamics reflect the physiological
differences in the systems supporting each type of memory, such as the faster neural time constants
for short-term memory and the slower changes in synaptic efficacy associated with long-term
memory (Cavanagh et al., 2020; Bliss and Lomo, 1973).

7. Pathophysiology of concussion

7.1. Acute Neurometabolic Cascade

Concussion triggers an immediate disturbance in cellular homeostasis through mechanical
forces, resulting in a complex neurometabolic cascade. This process begins with
"mechanoporation," a disruption of the cell membrane, causing an outflow of in-tracellular
potassium and widespread neuronal depolarization (Steenerson et al., 2017). This event leads to a
diffuse depression of neuronal activity, similar to mechanisms seen in migraines, and contributes to
the immediate clinical symptoms of concussion (Giza and Hovda, 2014).
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The release of excitatory neurotransmitters, such as glutamate, further exacer-bates the
situation by promoting potassium efflux via ligand-gated channels and acti-vating
N-methyl-D-aspartate (NMDA) receptors, resulting in a feedback loop of depo-larization and
hyperexcitability (Mc Fie et al., 2018; Giza and Hovda, 2001). Animal studies have shown that
glutamate levels spike immediately post-injury but typically normalize within hours (Y1 and Hazell,
2006). In con-trast, human studies have demonstrated region-specific alterations in both glutamate
and gamma-aminobutyric acid (GABA) levels, particularly in the dorsolateral pre-frontal cortex
(DLPFC), where changes persist for days to weeks post-concussion (Yasen et al., 2018). This
suggests that these neurometabolic disruptions are time-dependent and specific to particular brain
regions.

Concussive injuries also cause intracellular calcium accumulation, driven by glu-tamate
release, leading to mitochondrial impairment and, in some cases, cell damage (Cheng et al., 2012;
Barkhoudarian et al., 2011). This metabolic disturbance is compounded by genetic factors, such as
muta-tions in the CACNAI1A gene, which are associated with prolonged recovery and more severe
post-concussion symptoms (Terwindt et. Al, 2022; McDevitt, 2016).

7.2. Energy Crisis

Restoring ionic homeostasis after a concussion places a high metabolic demand on the brain.
Following the initial injury, animal studies have shown a 30-46% increase in neuronal glycolysis
within the first 30 minutes, which can persist for up to six hours (Yoshino et al., 1991). This
hypermetabolic phase is then followed by a period of glucose hypometabo-lism lasting 5 to 10 days,
during which oxidative metabolism remains inefficient, leading to anaerobic processes and lactate
accumulation (Kawamata et al., 1995; Kalimo et al., 1981). In humans, this metabolic pattern has
been observed using fluorodeoxyglucose (FDG)-PET imaging, revealing post-injury
hyperglycolysis followed by a hypometabolic phase, particularly in veterans with repeated head
injuries (Peskind et al., 2011).

The "window of vulnerability," a period of heightened risk for further injury due to
metabolic instability, underscores the importance of cautious post-injury management (Prins et al.,
2013; DeFord et al., 2002). During this time, the brain is more susceptible to the detrimental effects
of a second impact, although the exact duration of this vulnerability remains to be fully de-fined.

7.3. Blood Flow and Neurovascular Changes

Concussion-induced changes in cerebral blood flow (CBF) are hypothesized to follow a
triphasic (hypo-hyper-hypo) pattern, although data on mTBI is limited (Fidan et al., 2018).
Autoregulatory and vasoreactive disturbances are believed to drive these changes, as shown in
animal models where significant decreases in global and regional CBF are observed post-injury
(Martin et al., 1997). In human studies, MRI-based measurements have shown reduced CBF in key
brain areas, such as the frontal and temporal lobes, and in regions involved in autonomic regulation
and emotion processing (e.g., the cingulate cortex, insula, and hippocampus) during the first week
post-concussion (Choe et al., 2012).

Although some studies have not found significant decreases in CBF compared to controls,
trends toward reduced CBF velocity in the immediate post-injury period sug-gest that further
research is warranted to fully understand the hemodynamic changes associated with concussion
(Thibeault et al., 2018). These blood flow alterations may correlate with symptom severity and tend
to normalize more slowly than clinical symptoms, indi-cating that neurovascular recovery lags
behind the resolution of cognitive deficits (Wang et al., 2016; Meier et al., 2015).
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7.4. Axonal and Cytoskeletal Injury

The mechanical forces of a concussion cause neuronal shearing, which results in
microstructural axonal damage. This injury disrupts axonal transport and leads to the accumulation
of beta-amyloid precursor protein (b-APP) in neurons, a hallmark of axonal injury in traumatic brain
injury (TBI) (Choe et al.,, 2012). Calcium influx following the injury further destabilizes
microtubules, leading to additional cytoskeletal damage (Johnson et al., 2103; Nixon, 1993).

Although diffuse axonal injury (DAI) is more commonly associated with severe TBI, it is
also present across the spectrum of TBIs, including concussions (Choe et al., 2016). Animal models
have shown that unmyelinated axons in immature brains are particularly vul-nerable to damage,
especially when subjected to repeated mTBI (Prins et al.,, 2011; Reeves et al., 2005). This
vulnera-bility has been further demonstrated in studies where repeated concussions lead to
significant neurochemical and white matter changes, as evidenced by decreased frac-tional
anisotropy (FA) in the corpus callosum and hippocampus (Fidan et al., 2018).

7.5. Impaired Synaptic Plasticity

Synaptic plasticity, the brain's ability to adapt and remodel neural connections, is impaired
following concussion. Animal studies have demonstrated that mTBI disrupts normal synaptic
activity, including changes in NMDA receptor function and GABA-ergic interneurons, which are
essential for maintaining synaptic balance (Rabinowitz & Watanabe, 2020). These disruptions affect
long-term potentiation (LTP), a key process in learning and memory, and can persist for days to
weeks after injury (White et al., 2017).

7.6. Neuroinflammation

Neuroinflammation, marked by the activation of microglia and the release of in-flammatory
cytokines such as interleukin 1 (IL-1B) and interleukin 6 (IL-6), is a significant factor in the
pathophysiology of concussion (Rathbone et al., 2015). This inflammatory response, driven by the
breakdown of the blood-brain barrier (BBB) and the infiltration of pe-ripheral immune cells, can
lead to ongoing cellular damage and may contribute to the persistence of post-concussive symptoms
(Loane and Byrnes, 2010).

Evidence suggests that individuals with elevated levels of inflammatory markers, such as
high-sensitivity C-reactive protein (hsCRP), are more likely to experience pro-longed symptoms and
cognitive impairments after concussion (Su et al., 2014).

7.7. Blood-Brain Barrier Dysfunction

The BBB plays a critical role in maintaining brain homeostasis, but it becomes compromised
following mTBI. Animal studies have shown that BBB dysfunction can persist for hours to days
post-injury, with evidence of increased permeability and de-creased expression of junctional
proteins (Yeung et al., 2008; Nag et al., 2009). Some studies suggest a biphasic re-sponse, where
early BBB disruption is followed by delayed dysfunction, potentially contributing to prolonged
neurological symptoms (Baldwin et al., 1996; Baskaya et al., 1997).

Human studies have also identified BBB disruption following concussion, with
neuroimaging techniques revealing increased permeability in athletes exposed to sub-concussive
impacts and mTBI (Raghupathi et al., 2002; Korn et al., 2005). The extent and duration of BBB
dysfunction in humans remain areas of active research, with current findings suggesting a variable
recovery timeline.

7.8. Cell Death

While cell death is less pronounced in mild TBI compared to severe TBI, animal models
have demonstrated limited neuronal apoptosis following mTBI, particularly in vulnerable areas like
the cortex and thalamus (Su et al., 2014). Human studies using advanced neuroimaging techniques
have shown region-specific brain volume loss following concussion, particularly in the

14



I. Mavroudis, F. Petridis, D. Kazis et al. - Markov Blankets and Cognitive Dysfunction in mTBI: Insights from
Simulation Models

hippocampus and limbic system (Mavroudis et al., 2022). These findings suggest that even mild
brain injuries can lead to long-term structural changes, which may correlate with cognitive and
psychiatric outcomes.

8. How a Concussion can disrupt Markov Blankets in the brain

A concussion disrupts the normal functioning of the brain through several key bi-ological
mechanisms, each of which has the potential to interfere with the stability and function of Markov
blankets. The primary neurometabolic cascade following a concus-sion includes ionic flux,
neurotransmitter release, mitochondrial dysfunction, energy crises, neurovascular changes, axonal
injury, and neuroinflammation. These processes contribute to the breakdown of the finely tuned
balance between internal and external states, undermining the ability of Markov blankets to maintain
conditional independ-ence and functional coherence.

8.1. Ionic Flux and Neurotransmitter Release

One of the immediate effects of a concussion is the disturbance of cellular homeo-stasis due
to ionic flux and neurotransmitter release. Mechanical forces transmitted to the brain cause
"mechanoporation," disrupting the plasmalemmal membrane and re-sulting in the outflow of
potassium and depolarization of neurons (Steenerson et al., 2017). This wide-spread depolarization
triggers a release of excitatory neurotransmitters like glutamate, which binds to NMDA receptors,
perpetuating a feedback loop of depolarization and hyperexcitability (Mc Fie et al., 2018; Giza and
Hovda, 2001).

In terms of Markov blankets, this ionic flux and neurotransmitter release disrupts the normal
flow of information between sensory and active states. The feedback loop of depolarization and
hyperexcitability increases noise in the system, making it difficult for the brain to accurately predict
and interpret sensory inputs. This noise can distort the internal models that the brain uses to
represent the external world, leading to cognitive impairments. The disruption of this balance also
affects memory, as the processes of encoding, consolidation, and retrieval rely on the accurate
prediction and integration of sensory inputs.

8.2. Calcium Accumulation and Mitochondrial Dysfunction

Following the initial ionic flux, calcium accumulates within neurons, leading to
mitochondrial impairment (Cheng et al., 2012; Barkhoudarian et al., 2011). This impairs the brain's
ability to meet the in-creased metabolic demands necessary for restoring ionic homeostasis. The
resulting energy crisis, characterized by hyperglycolysis followed by glucose hypometabolism,
further exacerbates the brain's vulnerability (Kawamata et al., 1995; Kalimo et al., 1981).

Mitochondrial dysfunction disrupts the energetic balance needed to sustain the activity of
neurons, particularly in regions critical for cognitive processing, such as the hippocampus and
prefrontal cortex. Markov blankets at the cellular level rely on effi-cient metabolic processes to
maintain the separation between internal and external states. When energy supply is insufficient, the
active states (which drive interactions with the external environment) become less reliable, leading
to deficits in attention, working memory, and executive function. The breakdown of energy supply
mecha-nisms compromises the ability of neurons to engage in synaptic plasticity, which is es-sential
for memory formation and cognitive flexibility.

8.3. Blood Flow and Neurovascular Changes

Concussion also affects cerebral blood flow (CBF), with alterations in both global and
regional perfusion observed following mTBI (Choe et al., 2012). These changes can be attributed to
autoregulatory and vasoreactive disturbances, which compromise the brain's ability to maintain
stable blood flow in response to metabolic demands. Decreases in CBF have been observed in
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regions associated with emotion regulation and autonomic con-trol, such as the insula and cingulate
cortex, further complicating cognitive and emo-tional regulation post-injury (Thibeault et al., 2018).

The stability of Markov blankets depends on the brain's ability to efficiently match metabolic
demands with blood supply. When blood flow is compromised, the ability of neurons to process
information is impaired, leading to cognitive slowing and reduced capacity for memory
consolidation. The hypometabolic phase that follows a concus-sion increases the brain’s
vulnerability to subsequent injuries during the "window of vulnerability" (Prins et al., 2013; DeFord
et al., 2022), highlighting the importance of stable neurovascular function in maintaining Markov
blankets. Without adequate blood flow, the separation between internal and external states becomes
blurred, leading to disruptions in both cognitive function and memory retention.

8.4. Axonal Injury and Synaptic Dysfunction

Concussions induce mechanical forces that lead to diffuse axonal injury (DAI) by stretching
and shearing axons. This disrupts axonal transport, leading to the accumulation of beta-amyloid
precursor protein (b-APP) and other neurotoxic proteins (Johnson et al., 2013). Axonal injury
impairs the transmission of electrical signals between neurons, which is critical for maintaining
communication across neural circuits.

Axonal integrity is essential for the proper functioning of Markov blankets at the level of
neural circuits. When axons are damaged, the ability of sensory states to influ-ence internal states
becomes compromised, as the transmission of information between brain regions becomes less
efficient. This is particularly relevant in regions involved in memory, such as the hippocampus,
where axonal injury can disrupt the flow of infor-mation necessary for the consolidation of episodic
memories. The impairment of axon-al transport also affects working memory, as the prefrontal
cortex relies on the timely transmission of information to guide behavior based on past experiences.

8.5. Neuroinflammation and Blood-Brain Barrier Dysfunction

Neuroinflammation is a hallmark of concussion, characterized by the activation of microglia
and the release of inflammatory cytokines like interleukin 1 (IL-1B) and interleukin 6 (IL-6)
(Rathbone et. al, 2015), (Reeves, 2005). This inflammatory response can perpetuate cellular
dam-age beyond the initial injury site, contributing to ongoing cognitive impairments. Ad-ditionally,
the breakdown of the blood-brain barrier (BBB) allows peripheral immune cells to infiltrate the
brain, further exacerbating neuroinflammation and disrupting homeostasis (Su et al., 2014).

The presence of neuroinflammation disrupts the normal functioning of Markov blankets by
increasing the permeability of the brain to external factors, such as im-mune cells and inflammatory
signals. This leads to increased variability in sensory in-puts, making it difficult for the brain to
maintain accurate internal models. The break-down of the BBB also allows toxic substances to enter
the brain, increasing the likeli-hood of cognitive decline. The disruption of Markov blankets in this
context impairs memory consolidation, as inflammation interferes with synaptic plasticity and the
ability of neurons to form stable connections necessary for long-term memory.

8.6. Impaired Synaptic Plasticity

Synaptic plasticity, the brain’s ability to strengthen or weaken connections be-tween neurons
based on experience, is essential for learning and memory. Concussion disrupts this process by
altering the function of NMDA receptors and GABA-ergic in-terneurons, which are crucial for
maintaining excitatory-inhibitory balance in the brain (Raghupathi et al., 2002).. These changes
impair long-term potentiation (LTP), a key mechanism for memory consolidation, particularly in the
hippocampus and prefrontal cortex (Kalimo et al, 1981).
Markov blankets rely on synaptic plasticity to dynamically update the brain's in-ternal models of the
external environment. When plasticity is impaired, the brain be-comes less flexible in its ability to
integrate new information, leading to deficits in both short-term and long-term memory. Impaired
LTP disrupts the formation of new mem-ories, while impaired long-term depression (LTD) affects
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the brain's ability to eliminate outdated or irrelevant information. These disruptions lead to cognitive
rigidity, mak-ing it difficult for individuals with concussion to adapt to new situations or recall
in-formation accurately.

9. Evidence from fMRI studies

9.1. Disruption of the DMN in mTBI Patients

Functional Magnetic Resonance Imaging (fMRI) can detect alterations in brain activity by
measuring changes in blood flow, which correlate with neuronal activation. By comparing brain
network activity in patients with mild traumatic brain injury (mTBI) to healthy controls, fMRI can
identify dysfunctional areas in cognitive networks that align with the disruptions predicted by your
model. It can be used to track how mTBI affects functional connectivity, particularly in regions
responsible for attention, memory, and executive function. Findings from studies utilizing
resting-state fMRI show that mTBI patients exhibit significant disruption within the DMN.
Specifically, there is a decrease in connectivity in the posterior regions and an increase in
connectivity in the frontal regions (Ken et al., 2022). This pattern suggests a disruption in the
normal functional equilibrium between DMN regions, likely reflecting the disturbance of
information flow across Markov blankets in the brain.

These disruptions have been shown to correlate with specific cognitive deficits in mTBI
patients:

° Reduced connectivity in the posterior DMN is associated with memory and cognitive
flexibility impairments, both of which rely on the brain’s ability to effectively encode and retrieve
information (Ken et al., 2022).

° Increased frontal connectivity has been correlated with posttraumatic symptoms such as
depression, anxiety, and fatigue (Ken et al., 2022).

These opposing connectivity changes within the DMN can be viewed as reflecting a
dynamic but maladaptive response to the disruption of Markov blankets. The DMN normally
supports internal cognitive processes during rest, but its disruption may force other regions to
compensate for the loss of function, leading to cognitive deficits.

9.2. Methods: Simulation of Markov Blankets and Disruption in Post-Concussion

Syndrome

The aim of this simulation was to model the effect of mild traumatic brain injury (mTBI) on
the brain’s cognitive and sensory processing, using the Markov blanket framework. The Markov
blanket system is designed to simulate how the brain's internal (neural processes) and external states
(environmental stimuli) interact via sensory and active states. By introducing noise and
perturbations to reflect mTBI-related disruptions, we aimed to observe how these changes affect the
brain's ability to maintain conditional independence, predictive coding, and cognitive function.

10. Model Design and Structure

10.1. Defining the Markov Blanket
The system was structured based on the standard Markov blanket configuration, consisting

of:

° Internal States (p): Representing neural processes such as cognitive func-tions (e.g., memory,
reasoning).

° External States (n): Representing external stimuli or environmental factors affecting the
brain.

° Sensory States (s): Mediating the influence of external states on internal states by processing

sensory inputs.
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° Active States (a): Mediating the influence of internal states on external states, reflecting
behavioral outputs and responses.

In a healthy brain, this structure ensures that internal and external states remain conditionally
independent, with sensory and active states facilitating communication and maintaining system
stability.

10.2. Stochastic Differential Equations (SDEs)

The dynamics of the system were modeled using stochastic differential equations (SDEs),
which describe the evolution of internal, external, sensory, and active states over time. The
equations used for the simulation were as follows (1):

‘-.L = f;l(#!sﬂa) i U;II}V(t)
§ = fi(n,s) + o, W(t)
a= fu(u,s)+ o W(t) ()

n= fy,(n,s a)+ o, W(t)

Where:

e u represents internal states, referring to the cognitive processes occurring within an
individual, such as thoughts, emotions, and decision-making, influencing behavior and
responses to external stimuli. (e.g., cognitive processes),

e 1 represents external states, encompassing environmental stimuli that can impact an
individual's internal cognitive processes, including sensory inputs such as sights, sounds,
and other environmental factors that interact with and influence an individual's cognitive
and emotional responses (e.g., environmental stimuli),

® s represents sensory states, mediating the influence of external stimuli on internal cognitive
processes, playing a crucial role in how we perceive the environment and respond to it. For
example, sensory states could include visual or auditory processing that directly impacts
attention and memory tasks (mediating external influence on internal states),

e a represents active states referring to the processes that mediate the influence of internal
cognitive states on an individual's actions, includeing how thoughts, emotions, and
intentions lead to behavioral outcomes (mediating the influence of internal states on external
actions),

e W(t) represents the Wiener process, a mathematical representation of random motion,
often used to model stochastic processes in various fields, including physics and finance and
in the context of cognitive modeling, it introduces stochastic noise to represent the inherent
variability in cognitive processes over time.

e o represents noise terms specific to each state and represent the variability or uncertainty
within that state, occuring can account for discrepancies due to external influences or
internal cognitive fluctuations.

This baseline model simulates a stable system where Markov blankets are intact, and the
brain can effectively process sensory information and respond to external stimuli. The internal and
external states evolve independently, mediated by sensory and active states, which ensures efficient
prediction and response processes in the brain.
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10.3. Introducing mTBI Disruptions

To simulate the effects of mTBI, we modified the baseline system by introducing additional
noise and reducing the interaction strength between internal, sensory, ac-tive, and external states.

This disruption was modeled as follows (2):

p=fu(p,s,a)+ouW(t)+App =fu(p,s,a)+opW(t)+Aus =fs(n,s)+osW(t)+Ass =fs(n,s)+osW(t)+Asa'=fa
(n,s)+tocaW(t)+Aaa =fa(u,s)+caW(t)+Aan =f(n,s,a)+onW(t)+Anm =Mmn,s,a)+onW(t)+An (2)
where:
° Ap, As, Aa, An represent additional noise introduced by mTBI, mimicking the effects of
ionic imbalances, neurotransmitter dysregulation, and synaptic damage.

These disruptions reflect the common physiological and neurochemical changes observed
after mTBI, including glutamate toxicity, impaired synaptic transmission, and decreased cerebral
blood flow (CBF).

11. Simulation of mTBI Disruption

The system was simulated twice:

1. Baseline Condition: A stable system was modeled without injury, where the dynam-ics
evolve according to normal brain function, and the Markov blankets remain intact.

2.Post-mTBI Condition: Disruptions were introduced, reflecting the neural and bio-chemical
changes caused by mTBI. This led to impaired sensory processing, delayed motor responses, and
increased internal noise, simulating cognitive deficits and motor dysfunction seen in
post-concussion syndrome (PCS).

Key disruptions included:
° Increased Noise in Sensory States (s): Representing neurotransmitter dysregulation and
impaired sensory processing (e.g., glutamate release).
° Reduced Connectivity Between Internal () and Active States (a): Simulat-ing impaired
synaptic transmission and slower motor response times.
° Delayed Synchronization Between States: Reflecting the overall cognitive slowdown and
loss of predictive coding efficiency.

12. Results

12.1. Pre-mTBI Simulation:
° In the baseline simulation, the system exhibited stable, well-regulated dis-tributions for each
state. Sensory (s) and active (a) states effectively mediated the in-teraction between internal (p) and
external (1) states, maintaining system stability and coherence.
° Distributions of internal, sensory, and active states were concentrated, re-flecting efficient
cognitive function and motor responses.
° The Markov blanket ensured smooth and error-free predictions and re-sponses to external
stimuli.

12.2. Post-mTBI Simulation:

° After introducing mTBI-related disruptions, the system exhibited broader, less concentrated
distributions of internal, sensory, and active states, reflecting in-creased noise and system instability.
° Sensory Processing Impairment: Sensory states (s) showed increased vari-ance, reflecting
the post-mTBI disturbances in neurotransmitter regulation and im-paired sensory processing.

° Delayed Motor Response: Active states (a) exhibited delayed response to internal states (L),
simulating the impaired motor function and reaction time observed in PCS.

° Cognitive Instability: Internal states () became more dispersed, indicating impaired

cognitive processing, memory deficits, and difficulties with predictive cod-ing.
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° Loss of Synchronization: The interaction between states was delayed, re-flecting the brain's
impaired ability to integrate sensory inputs and motor outputs ef-fectively.

The simulation effectively demonstrated the impact of mTBI on the brain's ability to
maintain conditional independence and the functioning of Markov blankets. In-creased noise and
decreased connectivity led to cognitive and sensory processing defi-cits that align with the
symptoms of post-concussion syndrome, such as memory im-pairment, slower reaction times, and
sensory overload.

13. Distribution of Active State (a)
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Figure 1. The visualizations above represent the probability distributions of internal (1), external (), sensory (s), and
active (a) states before and after a concussion (mTBI). These distributions illustrate how a concussion can alter the
normal functioning of the brain by disrupting the conditional dependencies between these states:

1. Internal State (p): Pre-concussion (blue) shows a tighter, well-regulated distribution, while post-concussion
(cyan) shows a broader, more dispersed distribution, reflecting the increased noise and dysregulation of internal
processes after the injury.

2. External State (n): The pre-concussion state (green) has a stable, narrow distribution, while the
post-concussion distribution (light green) is wider, indicating the impact of neurovascular and metabolic changes on
how external stimuli are processed after the injury.

3. Sensory State (s): The pre-concussion sensory state (red) shows a tight, controlled distribution, while the
post-concussion sensory state (light red) has a higher variance, representing disruptions in sensory processing, such as
neurotransmitter dysregulation and impaired sensory input processing.
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4. Active State (a): The pre-concussion active state (purple) shows a concentrated distribution, whereas the
post-concussion active state (light purple) exhibits a broader distribution, indicating the delayed or disrupted responses
in motor outputs and other active processes after the injury.

These shifts in the distributions reflect the physiological and neurochemical disruptions that
occur after a concussion, such as altered synaptic connectivity, neurotransmitter imbalances, and
impaired communication between the brain and external stimuli.

Incorporating this approach into research and clinical practice can help in understanding how
concussions disrupt the brain’s predictive coding mechanisms, leading to the breakdown of Markov
blankets and contributing to post-concussion syndrome symptoms such as cognitive deficits,
memory impairment, and sensory dysfunction.

14. Comparative Analysis of the Markov Blanket Model in Understanding Cognitive

Dysfunction Post-mTBI

The Markov blanket model provides a unique lens through which to examine cognitive
dysfunction following mild traumatic brain injury (mTBI). To enhance the relevance and depth of
this analysis, it is essential to compare the Markov blanket approach with several established
theoretical frameworks and empirical studies.

14.1. Predictive Coding Models

The framework of predictive coding, as articulated by Friston (2010) and Clark (2013) posits
that the brain continuously updates its predictions based on sensory input. This model emphasizes
the significance of prediction errors in shaping cognitive processes. By comparing the Markov
blanket model with predictive coding, we can explore how disruptions in internal states (cognitive
processes) may affect an individual’s ability to make predictions and adapt to environmental
changes after mTBI. This comparison could reveal new insights into how cognitive dysfunction
manifests in individuals recovering from injury.

14.2. Dynamic Causal Modeling (DCM)

Research on Dynamic Causal Modeling (DCM) by Friston et al. (2003) and Stephan et al.
(2010) serves as a vital point of comparison. DCM focuses on the causal relationships between brain
regions and their connectivity patterns. Examining the distinctions between the Markov blanket
model and DCM can illuminate how each approach represents disruptions in brain connectivity. For
instance, the Markov blanket model’s emphasis on the interaction between internal and external
states can complement the causal inferences drawn from DCM, enhancing our understanding of
cognitive dysfunction in mTBIL.

14.3. Neuroplasticity Models

Models of neuroplasticity, such as those by Zotey et. al 2023 and Kerr et. al 2023 explore the
brain’s ability to reorganize itself following injury. Comparing these neuroplasticity frameworks
with the Markov blanket model can provide a richer context for understanding recovery processes.
The Markov blanket model may elucidate how cognitive states can influence neuroplastic changes,
thereby informing rehabilitation strategies for individuals with mTBI.

14.4. Empirical Evidence on Neurovascular Changes

Studies by Giza & Hovda (2014) and Churchill et al. (2017) provide empirical data on
neurovascular alterations following mTBI. Integrating these findings into the discussion can
enhance the theoretical framework of the Markov blanket model. By correlating theoretical insights
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with empirical evidence regarding changes in brain connectivity and vascular responses, a more
comprehensive understanding of cognitive deficits following mTBI can be achieved.

Incorporating these comparisons not only strengthens the theoretical foundation of the
Markov blanket model but also situates it within a broader academic context. Future research should
explore these intersections to enhance our understanding of cognitive dysfunction and recovery
strategies in individuals with mTBI.

15. Discussion

A concussion disrupts the Markov blanket by introducing disturbances in both the sensory
and active states. The sensory states fail to effectively mediate between the external and internal
environments, leading to poor perception and disorganized cognitive function. Active states struggle
to convert internal signals into appropriate behavioral responses, resulting in delayed or abnormal
actions. The system as a whole becomes unstable, unable to maintain the coherence needed for
normal cognitive and motor function, mirroring the symptoms of concussion.

This disruption is caused by factors such as ion imbalances (e.g., increased potassium and
calcium), neurotransmitter release (e.g., excess glutamate), axonal injury, and changes in blood flow,
which together impair the brain's ability to maintain conditional independence and functional
coherence . The Markov blanket structure, which relies on these precise interactions, becomes
compromised, leading to the cognitive, sensory, and motor dysfunction observed in concussed
individuals.

Some ractical implications of this model for clinicians or researchers working on mTBI:

1. Enhanced Diagnostic Tools:

The theoretical framework can aid in developing diagnostic tools that leverage neuroimaging data
(e.g., fMRI, DTI) to identify disruptions in brain networks associated with mTBI. By utilizing the
concept of Markov blankets, clinicians could better isolate variables influencing cognitive
outcomes, thus refining diagnostic criteria for mTBI-related cognitive dysfunction .

2. Personalized Treatment Strategies:

Understanding the internal and external states defined by the model can facilitate tailored
rehabilitation programs. Clinicians could design interventions based on specific cognitive profiles
and environmental influences, improving treatment efficacy. For instance, interventions could target
particular cognitive processes identified as impaired through the framework .

3. Predictive Modeling of Outcomes:

The integration of Markov blankets allows for the creation of predictive models that estimate the
likelihood of cognitive recovery based on initial assessments. This can help clinicians anticipate
long-term outcomes and adjust treatment plans proactively .

4. Research into Mechanisms of Recovery:

For researchers, this model offers a structured approach to investigate the mechanisms underlying
cognitive recovery post-mTBI. By analyzing how different states interact, researchers can identify
key factors that facilitate or hinder recovery, contributing to the development of more effective
rehabilitation protocols .

Disruption of Markov Blankets Post-Concussion

Under the predictive coding framework, the brain functions to minimize prediction errors, or
free energy, by continuously updating its internal models based on incoming sensory data. The
Markov blanket structure plays a key role in this, ensuring a smooth flow of information between
internal and external states via sensory and active states.

In MTBI, findings from fMRI studies have shown significant disruption in DMN
connectivity. Specifically, there is a reduction in functional connectivity within the posterior
cingulate cortex (PCC) and parietal regions, with an associated increase in medial prefrontal cortex
(MPFC) activity . This disruption aligns with what we would expect if the Markov blanket was no
longer intact. The internal states (neural processes, for example) become less insulated from the
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external environment due to the breakdown in sensory and active state mediation, leading to
prediction errors and increased free energy.

Predictive Coding and Increased Free Energy

Predictive coding posits that the brain generates internal models of the world to predict
incoming sensory data. When the predictions match the actual sensory input, prediction errors are
minimized, and the system operates efficiently. However, when a concussion disrupts the brain’s
ability to process information—due to damage in the sensory and active states—prediction errors
become frequent, and the free energy in the system rises.

In the DMN, the observed hyperconnectivity in the MPFC may represent a compensatory
mechanism to deal with the increased free energy following the injury. The brain tries to restore the
balance by hyperactivating certain regions to compensate for reduced connectivity elsewhere (e.g.,
in the PCC and parietal regions), but this comes at a cognitive cost, as seen in post-concussive
symptoms like memory deficits, depression, and anxiety.

fMRI Studies and Free Energy

fMRI studies have consistently shown that patients with MTBI exhibit reduced posterior
connectivity in the DMN, which correlates with cognitive dysfunction (e.g., decreased cognitive
flexibility) . The increased functional connectivity in the MPFC is negatively correlated with
symptoms of depression and anxiety, suggesting that this region might be overcompensating for the
loss of function elsewhere in the network . This imbalance between different parts of the DMN
could reflect the brain’s attempt to minimize the prediction errors caused by disrupted Markov
blankets.

Moreover, the changes in functional connectivity seen in fMRI studies align with the idea
that a concussion leads to a persistent state of increased free energy in the brain. The DMN, which is
normally responsible for resting-state cognitive processes, becomes less efficient at managing the
flow of information between internal and external states, leading to symptoms associated with
cognitive overload, such as mental fatigue and reduced attentional capacity.

Future Directions and Research

The exploration of Markov blankets in the brain, particularly in the context of concussion,
opens exciting new avenues for future research. A deeper understanding of how the brain's
connectivity and processing systems are disrupted by concussions can help improve diagnostic
tools, treatment approaches, and recovery strategies. Some key areas of future research include:

Modeling Concussions with Markov Blankets: Research should focus on further refining
models of brain dynamics using the Markov blanket framework to simulate the effects of
concussions. These simulations can better predict how different regions of the brain are impacted,
leading to a more individualized understanding of cognitive and motor impairments after traumatic
brain injuries (TBI). By incorporating real-world data from neuroimaging and electrophysiological
studies, these models can be calibrated to better reflect specific cases of concussion.

Predictive Coding and Active Inference in Concussion Recovery: Future research could
explore how disruptions to predictive coding and active inference—both of which are closely tied to
the Markov blanket framework—impede cognitive recovery. Understanding how concussions
disrupt the brain's ability to predict and process external stimuli could lead to new therapeutic
strategies. For example, therapies aimed at restoring the brain's capacity for accurate prediction and
sensory processing may improve cognitive function post-injury.

Advanced Neuroimaging Techniques: Cutting-edge imaging technologies, such as functional
MRI (fMRI) and diffusion tensor imaging (DTI), are essential in studying how concussions affect
the brain's structural and functional networks. DTI focuses on white matter integrity by measuring
the diffusion of water molecules along neural pathways. This technique is valuable for identifying
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microstructural damage to white matter tracts that often occur in mTBI, helping to visualize
disconnections between brain regions. Changes in white matter tracts could reflect the external
states and internal disruptions modeled in your work. Research that combines these imaging
techniques with Markov blanket models could yield new insights into how different regions of the
brain are affected and how these changes evolve during recovery. Additionally, longitudinal studies
tracking brain recovery using these tools could help establish timelines for healing and identify the
factors that promote faster or more complete recovery.

Biomarker Identification: Identifying biomarkers associated with concussion-induced
disruptions to Markov blankets could greatly improve diagnosis and monitoring. Biomarkers such as
altered neurotransmitter levels, metabolic changes, and specific patterns of brain connectivity (e.g.,
disruptions in the default mode network) can be incorporated into clinical assessments to create
more objective measures of concussion severity.

Implications for Recovery and Rehabilitation

Neuroplasticity and Targeted Therapies: The brain's inherent neuroplasticity allows for
potential recovery of disrupted Markov blankets following a concussion. Rehabilitation programs
designed to promote neuroplasticity—such as cognitive training, physical exercise, and
neurofeedback—could be tailored to strengthen weakened connections between sensory, active,
internal, and external states. Research suggests that environmental enrichment and cognitive
engagement can enhance recovery by encouraging neural reorganization, particularly in younger
patients.

Early Intervention and Monitoring: Early identification of concussion-related disruptions to
sensory and active states could guide interventions aimed at preventing further damage and
accelerating recovery. Clinicians may use neuroimaging and cognitive assessments to monitor brain
activity in real-time and detect abnormal patterns. Understanding how concussions affect Markov
blankets can help clinicians implement personalized interventions at early stages, potentially
reducing the risk of long-term cognitive decline.

Cognitive and Sensory Rehabilitation: Cognitive impairments following concussions, such
as memory loss and attention deficits, are linked to disruptions in sensory and active states.
Rehabilitation strategies that target specific deficits in sensory processing, such as vision or auditory
therapies, can improve brain function by re-establishing the disrupted connections between external
stimuli and internal processing.

Physical and Occupational Therapy: Motor impairments, often seen after concussions, stem
from disruptions to active states. Physical therapy programs aimed at improving balance,
coordination, and motor function can be enhanced by integrating Markov blanket principles.
Training that specifically targets the restoration of feedback loops between motor actions (active
states) and environmental feedback (external states) could improve physical recovery. This approach
would involve re-establishing the connections that enable the brain to control movements effectively
in response to environmental stimuli.

Addressing Long-Term Effects: Post-concussion syndrome (PCS) is a condition where
symptoms persist long after the initial injury. Understanding how the long-term disruption of
Markov blankets contributes to ongoing cognitive and emotional symptoms could guide the
development of better treatments. Developing therapies that specifically target these disrupted
mechanisms could offer relief for those with prolonged recovery times.

Clinical Importance and Meaning

Understanding Mechanisms of Brain Injury: The framework of Markov blankets provides a
deeper understanding of how concussions affect brain function. By focusing on how the brain's
internal and external states are disrupted, clinicians can gain a more nuanced understanding of the
cognitive, sensory, and motor impairments following concussions. This understanding allows for a
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more targeted approach to treatment, with therapies designed to restore the brain's predictive and
sensory-processing capabilities.

Improved Diagnosis and Treatment Planning: The clinical relevance of this framework lies
in its potential to enhance the diagnostic process. Current diagnostic tools often rely on subjective
symptom reporting, which can lead to inconsistent or incomplete assessments. By integrating
insights from Markov blanket models with neuroimaging and biomarker data, clinicians could
develop more objective diagnostic criteria for concussions, leading to better treatment planning and
monitoring.

Prevention of Secondary Injuries: The wvulnerability of the brain following a
concussion—such as during the "energy crisis" and periods of glucose hypometabolism—can be
better understood through the lens of disrupted Markov blankets. Clinicians can use this knowledge
to implement protective strategies to avoid secondary injuries. For instance, activity modification
and proper recovery periods can help minimize the risk of further damage to the disrupted internal
and external state interactions.

Personalized Medicine and Long-Term Care: With greater understanding of how concussions
affect different individuals based on their specific brain networks and Markov blanket disruptions,
personalized medicine approaches can be developed. This could involve tailored rehabilitation
programs, pharmacological interventions targeting specific neurotransmitter imbalances, or
neurofeedback techniques designed to restore disrupted feedback loops.

16. Conclusion

Understanding how concussions disrupt Markov blanket systems provides a comprehensive
framework for addressing the cognitive, sensory, and motor impairments that follow such injuries.
By modeling the interactions between internal, external, sensory, and active states, researchers and
clinicians can gain new insights into how the brain recovers—or fails to recover—after concussions.
The clinical implications are profound, as this approach can inform diagnostic tools, individualized
treatment plans, and long-term care strategies aimed at improving outcomes for those suffering from
concussions.

Concussion, specifically mild traumatic brain injury (MTBI), affects the brain’s default mode
network (DMN) and the Markov blanket structure, impacting memory and cognitive function. In a
healthy brain, Markov blankets help maintain conditional independence between internal states
(e.g., neural processes), external states (e.g., environmental stimuli), and their
intermediaries—sensory and active states. However, in the case of a concussion, the dynamics of
this separation are disrupted, which could lead to a breakdown of predictive coding and an increase
in free energy in the system.

The disruptions in brain networks modeled in the context of mTBI, particularly within the
default mode network (DMN), can be detected through advanced neuroimaging techniques such as
functional MRI (fMRI) and diffusion tensor imaging (DTI). Studies using fMRI have shown that
mTBI leads to significant changes in brain connectivity. For example, a reduction in posterior
connectivity, such as within the posterior cingulate cortex (PCC), and increased connectivity in the
medial prefrontal cortex (MPFC), are common indicators of cognitive dysfunction. These alterations
suggest that the brain is compensating for the loss of normal function by hyperactivating certain
regions, which can be linked to symptoms such as memory deficits, depression, and anxiety.

Additionally, the Markov blanket model can inform diagnostic tools and rehabilitation
strategies. By simulating the disruptions caused by mTBI, clinicians can better understand how the
brain's predictive coding and sensory processing are affected. This insight can lead to more objective
diagnostic criteria by integrating neuroimaging and biomarkers with predictive modeling.
Rehabilitation strategies might include targeted cognitive therapies or neurofeedback techniques
aimed at restoring disrupted feedback loops between internal and external states, aiding in cognitive
recovery.
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In conclusion, applying the Markov blanket model in clinical settings could significantly
enhance the diagnosis and treatment of cognitive dysfunction following mTBI. Specifically, this
model could be used to monitor disruptions in neural networks and cognitive processes, providing a
deeper understanding of how the brain responds to injury. For instance, functional neuroimaging
techniques such as fMRI and EEG could be integrated within this framework to assess changes in
brain connectivity, particularly in networks responsible for attention and memory. These data could
facilitate accurate diagnosis of cognitive impairments and support the development of personalized
rehabilitation programs tailored to the severity of the injury. Additionally, the model could inform
therapeutic interventions, such as cognitive training or neurofeedback, to promote neuroplasticity
and accelerate recovery

References
Ackermann, H., Daum, I., Schugens, M. M., & Grodd, W. (1996). Impaired procedural learning
after damage to the left supplementary motor area (SMA). In Journal of Neurology,
Neurosurgery &amp, Psychiatry (Vol. 60, Issue 1, pp. 94-97). BMJ.
https://doi.org/10.1136/jnnp.60.1.94

Adolph, K. E., & Franchak, J. M. (2017). The development of motor behavior. Wiley
interdisciplinary reviews. Cognitive science, 8(1-2), 10.1002/wcs.1430.
https://doi.org/10.1002/wcs.1430

Alhourani, A., Wozny, T. A., Krishnaswamy, D., Pathak, S., Walls, S. A., Ghuman, A. S., Krieger,
D. N., Okonkwo, D. O., Richardson, R. M., & Niranjan, A. (2016).
Magnetoencephalography-based identification of functional connectivity network
disruption following mild traumatic brain injury. Journal of neurophysiology, 116(4),
1840-1847. https://doi.org/10.1152/jn.00513.2016

Anderson, J. R. (2013). Language, Memory, and Thought. Psychology Press.
https://doi.org/10.4324/9780203780954

Anderson, M.L. (2017). Of Bayes and bullets: an embodied, situated, targeting-based account
of 30. predictive processing. In Philosophy and predictive processing: 3 (eds T
Metzinger, W Wiese),

Andrews, M. (2021). The math is not the territory: navigating the free energy principle. In Biology
&amp; Philosophy (Vol. 36, Issue 3). Springer Science and Business Media LLC.
https://doi.org/10.1007/s10539-021-09807-0

Astle, D. E., Scerif, G., Kuo, B. C., & Nobre, A. C. (2009). Spatial selection of features within
perceived and remembered objects. Frontiers in human neuroscience, 3, 6.
https://doi.org/10.3389/neuro.09.006.2009

Aungst, S. L., Kabadi, S. V., Thompson, S. M., Stoica, B. A., & Faden, A. I. (2014). Repeated mild
traumatic brain injury causes chronic neuroinflammation, changes in hippocampal
synaptic plasticity, and associated cognitive deficits. Journal of cerebral blood flow and
metabolism : official journal of the International Society of Cerebral Blood Flow and
Metabolism, 34(7), 1223-1232. https://doi.org/10.1038/jcbfm.2014.75

Baddeley A. (2003). Working memory: looking back and looking forward. Nature reviews.
Neuroscience, 4(10), 829-839. https://doi.org/10.1038/nrn1201

Baldwin, S. A., Fugaccia, 1., Brown, D. R., Brown, L. V., & Scheff, S. W. (1996). Blood-brain
barrier breach following cortical contusion in the rat. Journal of neurosurgery, 85(3),
476-481. https://doi.org/10.3171/jns.1996.85.3.0476

Barcelo, F., Suwazono, S., & Knight, R. T. (2000). Prefrontal modulation of visual processing in
humans. Nature neuroscience, 3(4), 399-403. https://doi.org/10.1038/73975

Barkhoudarian, G., Hovda, D. A., & Giza, C. C. (2011). The molecular pathophysiology of
concussive brain injury. Clinics in sports medicine, 30(1), 33—iii.
https://doi.org/10.1016/j.csm.2010.09.001

26



I. Mavroudis, F. Petridis, D. Kazis et al. - Markov Blankets and Cognitive Dysfunction in mTBI: Insights from
Simulation Models

Baskaya, M. K., Rao, A. M., Dogan, A., Donaldson, D., & Dempsey, R. J. (1997). The biphasic
opening of the blood-brain barrier in the cortex and hippocampus after traumatic brain
injury in rats. Neuroscience letters, 226(1), 33-36.
https://doi.org/10.1016/s0304-3940(97)00239-5

Bastos, A. M., Usrey, W. M., Adams, R. A., Mangun, G. R., Fries, P., & Friston, K. J. (2012).
Canonical microcircuits for predictive coding. Neuron, 76(4), 695-711.
https://doi.org/10.1016/j.neuron.2012.10.038

Beal, M.J., (2003) Variational algorithms for approximate Bayesian inference. PhD Thesis,
University College London, UK.

Bilek, E., Zeidman, P., Kirsch, P., Tost, H., Meyer-Lindenberg, A., & Friston, K. (2022). Directed
coupling in multi-brain networks underlies generalized synchrony during social exchange.
Neurolmage, 252, 119038. https://doi.org/10.1016/j.neuroimage.2022.119038

Bliss, T. V., & Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in the dentate
area of the anaesthetized rabbit following stimulation of the perforant path. The Journal of
physiology, 232(2), 331-356. https://doi.org/10.1113/jphysiol.1973.sp010273

Bliss, T. V., & Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in the dentate
area of the anaesthetized rabbit following stimulation of the perforant path. The Journal of
physiology, 232(2), 331-356. https://doi.org/10.1113/jphysiol.1973.sp010273

Bruineberg, J., Kiverstein, J., Rietveld, E. (2016). The 32. anticipating brain is not a scientist: the
free-energy principle from an ecological-enactive perspective.

Carroll, L. J., Cassidy, J. D., Peloso, P. M., Borg, J., von Holst, H., Holm, L., Paniak, C., Pépin, M.,
& WHO Collaborating Centre Task Force on Mild Traumatic Brain Injury (2004).
Prognosis for mild traumatic brain injury: results of the WHO Collaborating Centre Task
Force on Mild Traumatic Brain Injury. Journal of rehabilitation medicine, (43 Suppl),
84—105. https://doi.org/10.1080/16501960410023859

Cavanagh SE, Hunt LT, Kennerley SW. A Diversity of Intrinsic Timescales Underlie Neural
Computations. Front Neural Circuits. 2020;14:615626. Published 2020 Dec 21.
https://doi.org/10.3389/fncir.2020.615626

Cavanagh, S. E., Hunt, L. T., & Kennerley, S. W. (2020). A Diversity of Intrinsic Timescales
Underlie Neural Computations. Frontiers in neural circuits, 14, 615626.
https://doi.org/10.3389/fncir.2020.615626

Chen, L., Huang, T., Ma, D., & Chen, Y. C. (2022). Altered Default Mode Network Functional
Connectivity in Parkinson's Disease: A Resting-State Functional Magnetic Resonance
Imaging Study. Frontiers in neuroscience, 16, 905121.
https://doi.org/10.3389/fnins.2022.905121

Cheng, G., Kong, R. H., Zhang, L. M., & Zhang, J. N. (2012). Mitochondria in traumatic brain
injury and mitochondrial-targeted multipotential therapeutic strategies. British journal of
pharmacology, 167(4), 699-719. https://doi.org/10.1111/1.1476-5381.2012.02025.x

Choe, M. C., Babikian, T., DiFiori, J., Hovda, D. A., & Giza, C. C. (2012). A pediatric perspective
on concussion pathophysiology. In Current Opinion in Pediatrics (Vol. 24, Issue 6, pp.
689-695). Ovid Technologies (Wolters Kluwer Health).
https://doi.org/10.1097/mop.0b013e32835ala44

Choe, M. C., Valino, H., Fischer, J., Zeiger, M., Breault, J., McArthur, D. L., Leung, M., Madikians,
A., Yudovin, S., Lerner, J. T., & Giza, C. C. (2016). Targeting the Epidemic: Interventions
and Follow-up Are Necessary in the Pediatric Traumatic Brain Injury Clinic. Journal of
child neurology, 31(1), 109—115. https://doi.org/10.1177/0883073815572685

Churchill, N. W., Hutchison, M. G., Richards, D., Leung, G., Graham, S. J., & Schweizer, T. A.
(2017). The first week after concussion: Blood flow, brain function and white matter
microstructure. Neurolmage. Clinical, 14, 480—489.
https://doi.org/10.1016/j.nicl.2017.02.015

27


https://doi.org/10.3389/fncir.2020.615626

BRAIN. Broad Research in October 2024
Artificial Intelligence and Neuroscience Volume 15, Issue 3

Clark A. (2013). Whatever next? Predictive brains, situated agents, and the future of cognitive
science. The Behavioral and brain sciences, 36(3), 181-204.
https://doi.org/10.1017/S0140525X12000477

Covassin, T., Stearne, D., & Elbin, R. (2008). Concussion history and postconcussion
neurocognitive performance and symptoms in collegiate athletes. Journal of athletic
training, 43(2), 119-124. https://doi.org/10.4085/1062-6050-43.2.119

Crane, P. K., Gibbons, L. E., Dams-O'Connor, K., Trittschuh, E., Leverenz, J. B., Keene, C. D.,
Sonnen, J., Montine, T. J., Bennett, D. A., Leurgans, S., Schneider, J. A., & Larson, E. B.
(2016). Association of Traumatic Brain Injury With Late-Life Neurodegenerative
Conditions and Neuropathologic Findings. JAMA neurology, 73(9), 1062—1069.
https://doi.org/10.1001/jamaneurol.2016.1948

David, O., & Friston, K. J. (2003). A neural mass model for MEG/EEG: coupling and neuronal
dynamics. Neurolmage, 20(3), 1743—1755.
https://doi.org/10.1016/j.neuroimage.2003.07.015

de Freitas Cardoso, M. G., Faleiro, R. M., de Paula, J. J., Kummer, A., Caramelli, P., Teixeira, A.
L., de Souza, L. C., & Miranda, A. S. (2019). Cognitive Impairment Following Acute Mild
Traumatic Brain Injury. Frontiers in neurology, 10, 198.
https://doi.org/10.3389/fneur.2019.00198

DeFord, S. M., Wilson, M. S., Rice, A. C., Clausen, T., Rice, L. K., Barabnova, A., Bullock, R., &
Hamm, R. J. (2002). Repeated mild brain injuries result in cognitive impairment in
B6C3F1 mice. Journal of neurotrauma, 19(4), 427-438.
https://doi.org/10.1089/08977150252932389

Dikmen, S., Machamer, J., & Temkin, N. (2001). Mild head injury: facts and artifacts. Journal of
clinical and experimental neuropsychology, 23(6), 729-738.
https://doi.org/10.1076/jcen.23.6.729.1019

D'Souza, M. M., Kumar, M., Choudhary, A., Kaur, P., Kumar, P., Rana, P., Trivedi, R., Sekhri, T., &
Singh, A. K. (2020). Alterations of connectivity patterns in functional brain networks in
patients with mild traumatic brain injury: A longitudinal resting-state functional magnetic
resonance imaging study. The neuroradiology journal, 33(2), 186—197.
https://doi.org/10.1177/1971400920901706

Dunkley, B. T., Da Costa, L., Bethune, A., Jetly, R., Pang, E. W., Taylor, M. J., & Doesburg, S. M.
(2015). Low-frequency connectivity is associated with mild traumatic brain injury.
Neurolmage. Clinical, 7, 611-621. https://doi.org/10.1016/j.nicl.2015.02.020

Eichenbaum H. (2014). Time cells in the hippocampus: a new dimension for mapping memories.
Nature reviews. Neuroscience, 15(11), 732—744. https://doi.org/10.1038/nrn3827

Fidan, E., Foley, L. M., New, L. A., Alexander, H., Kochanek, P. M., Hitchens, T. K., & Bayir, H.
(2018). Metabolic and Structural Imaging at 7 Tesla After Repetitive Mild Traumatic Brain
Injury in Immature Rats. ASN neuro, 10, 1759091418770543.
https://doi.org/10.1177/1759091418770543

Friston K. (2010). The free-energy principle: a unified brain theory?. Nature reviews. Neuroscience,
11(2), 127-138. https://doi.org/10.1038/nrn2787

Friston K. (2013). Active inference and free energy. The Behavioral and brain sciences, 36(3),
212-213. https://doi.org/10.1017/S0140525X12002142

Friston K. J. (2019). Waves of prediction. PLoS biology, 17(10), €3000426.
https://doi.org/10.1371/journal.pbio.3000426

Friston, K. J., Harrison, L., & Penny, W. (2003). Dynamic causal modelling. Neurolmage, 19(4),
1273—-1302. https://doi.org/10.1016/s1053-8119(03)00202-7

Friston, K., & Herreros, 1. (2016). Active Inference and Learning in the Cerebellum. Neural
computation, 28(9), 1812—1839. https://doi.org/10.1162/NECO_a 00863

28



I. Mavroudis, F. Petridis, D. Kazis et al. - Markov Blankets and Cognitive Dysfunction in mTBI: Insights from
Simulation Models

Friston, K., Levin, M., Sengupta, B., & Pezzulo, G. (2015). Knowing one's place: a free-energy
approach to pattern regulation. Journal of the Royal Society, Interface, 12(105), 20141383.
https://doi.org/10.1098/rsif.2014.1383

Fuster J. M. (1973). Unit activity in prefrontal cortex during delayed-response performance:
neuronal correlates of transient memory. Journal of neurophysiology, 36(1), 61-78.
https://doi.org/10.1152/jn.1973.36.1.61

Giza CC, Hovda DA. The Neurometabolic Cascade of Concussion. J Athl Train.
2001;36(3):228-235.

Giza, C. C., & Hovda, D. A. (2014). The new neurometabolic cascade of concussion. Neurosurgery,
75 Suppl 4(0 4), S24—-S33. https://doi.org/10.1227/NEU.0000000000000505

Giza, C. C., & Hovda, D. A. (2014). The new neurometabolic cascade of concussion. Neurosurgery,
75 Suppl 4(0 4), S24—-S33. https://doi.org/10.1227/NEU.0000000000000505

Hasson, U., Yang, E., Vallines, 1., Heeger, D. J., & Rubin, N. (2008). A hierarchy of temporal
receptive windows in human cortex. The Journal of neuroscience : the official journal of
the Society for Neuroscience, 28(10), 2539-2550.
https://doi.org/10.1523/JINEUROSCI.5487-07.2008

Hipolito, 1., Ramstead, M. J. D., Convertino, L., Bhat, A., Friston, K., & Parr, T. (2021). Markov
blankets in the brain. Neuroscience and biobehavioral reviews, 125, 88-97.
https://doi.org/10.1016/j.neubiorev.2021.02.003

Hohwy J. (2012). Attention and conscious perception in the hypothesis testing brain. Frontiers in
psychology, 3, 96. https://doi.org/10.3389/fpsyg.2012.00096

Hohwy, J. (2017). How to entrain your evil demon. In Philosophy and predictive processing: 3 (eds
T Metzinger, W Wiese). Frankfurt am Main, 28. Germany: MIND Group.

Huerta, R., & Rabinovich, M. (2004). Reproducible sequence generation in random neural
ensembles. Physical review letters, 93(23), 238104.
https://doi.org/10.1103/PhysRevLett.93.238104

Irimia, A., Ngo, V., Chaudhari, N., Zhang, F., Joshi, S., O’Donnell, L., Sheikh-Bahaei, N., & Chui,
H. (2022). White Matter Change Near Cerebral Microbleeds After Mtbi Involves Age And
Sex Dependent Cognitive Decline. Innovation in Aging, 6(Suppl 1), 784-785.
https://doi.org/10.1093/geroni/igac059.2835

Johnson, V. E., Stewart, W., & Smith, D. H. (2013). Axonal pathology in traumatic brain injury.
Experimental neurology, 246, 35-43. https://doi.org/10.1016/j.expneurol.2012.01.013

Kalimo, H., Rehncrona, S., Soderfeldt, B., Olsson, Y., & Siesjo, B. K. (1981). Brain lactic acidosis
and ischemic cell damage: 2. Histopathology. Journal of cerebral blood flow and
metabolism : official journal of the International Society of Cerebral Blood Flow and
Metabolism, 1(3), 313-327. https://doi.org/10.1038/jcbfm.1981.35

Kawamata, T., Katayama, Y., Hovda, D. A., Yoshino, A., & Becker, D. P. (1995). Lactate
accumulation following concussive brain injury: the role of ionic fluxes induced by
excitatory amino acids. Brain research, 674(2), 196-204.
https://doi.org/10.1016/0006-8993(94)01444-m

Kerr, A. L., Cheng, S. Y., & Jones, T. A. (2011). Experience-dependent neural plasticity in the adult
damaged brain. Journal of communication disorders, 44(5), 538-548.
https://doi.org/10.1016/j.jcomdis.2011.04.011

Kiebel, S. J., Daunizeau, J., & Friston, K. J. (2008). A hierarchy of time-scales and the brain. PLoS
computational biology, 4(11), €1000209. https://doi.org/10.1371/journal.pcbi.1000209

Kirchhoff, M., Parr, T., Palacios, E., Friston, K., & Kiverstein, J. (2018). The Markov blankets of
life: autonomy, active inference and the free energy principle. Journal of the Royal Society,
Interface, 15(138), 20170792. https://doi.org/10.1098/rsif.2017.0792

Korn, A., Golan, H., Melamed, 1., Pascual-Marqui, R., & Friedman, A. (2005). Focal cortical
dysfunction and blood-brain barrier disruption in patients with Postconcussion syndrome.

29



BRAIN. Broad Research in October 2024
Artificial Intelligence and Neuroscience Volume 15, Issue 3

Journal of clinical neurophysiology : official publication of the American
Electroencephalographic Society, 22(1), 1-9.
https://doi.org/10.1097/01.wnp.0000150973.24324.a7

Kroes, M. C., Rugg, M. D., Whalley, M. G., & Brewin, C. R. (2011). Structural brain abnormalities
common to posttraumatic stress disorder and depression. Journal of psychiatry &
neuroscience : JPN, 36(4), 256-265. https://doi.org/10.1503/jpn.100077

Lepsien, J., & Nobre, A. C. (2007). Attentional modulation of object representations in working
memory. Cerebral cortex (New York, N.Y. : 1991), 17(9), 2072-2083.
https://doi.org/10.1093/cercor/bhl116

Lepsien, J., Thornton, 1., & Nobre, A. C. (2011). Modulation of working-memory maintenance by
directed attention. Neuropsychologia, 49(6), 1569—1577.
https://doi.org/10.1016/j.neuropsychologia.2011.03.011

Loane, D. J., & Byrnes, K. R. (2010). Role of microglia in neurotrauma. Neurotherapeutics . the
Jjournal of the American Society for Experimental NeuroTherapeutics, 7(4), 366-377.
https://doi.org/10.1016/j.nurt.2010.07.002

Malec, J. F., Brown, A. W., Leibson, C. L., Flaada, J. T., Mandrekar, J. N., Diehl, N. N., & Perkins,
P. K. (2007). The mayo classification system for traumatic brain injury severity. Journal of
neurotrauma, 24(9), 1417-1424. https://doi.org/10.1089/neu.2006.0245

Martin, N. A., Patwardhan, R. V., Alexander, M. J., Africk, C. Z., Lee, J. H., Shalmon, E., Hovda,
D. A., & Becker, D. P. (1997). Characterization of cerebral hemodynamic phases
following severe head trauma: hypoperfusion, hyperemia, and vasospasm. Journal of
neurosurgery, 87(1), 9-19. https://doi.org/10.3171/jns.1997.87.1.0009

Mavroudis, I., Chatzikonstantinou, S., Ciobica, A., Balmus, I-M., Iordache, A., Kazis, D.,
Chowdhury, R., Luca, A-C. (2022). A Systematic Review and Meta-Analysis of the Grey
Matter Volumetric Changes in Mild Traumatic Brain Injuries. Applied Sciences. ;
12(19):9954. https://doi.org/10.3390/app12199954

Mavroudis, 1., Kazis, D., Chowdhury, R., Petridis, F., Costa, V., Balmus, I. M., Ciobica, A., Luca,
A. C.,, Radu, I, Dobrin, R. P., & Baloyannis, S. (2022). Post-Concussion Syndrome and
Chronic Traumatic Encephalopathy: Narrative Review on the Neuropathology,
Neuroimaging and Fluid Biomarkers. Diagnostics (Basel, Switzerland), 12(3), 740.
https://doi.org/10.3390/diagnostics 12030740

Maxwell, W. L., Povlishock, J. T., & Graham, D. L. (1997). A mechanistic analysis of
nondisruptive axonal injury: a review. Journal of neurotrauma, 14(7), 419—440.
https://doi.org/10.1089/neu.1997.14.419

Mc Fie, S., Abrahams, S., Patricios, J., Suter, J., Posthumus, M., & September, A. V. (2018).
Inflammatory and apoptotic signalling pathways and concussion severity: a genetic
association study. Journal of sports sciences, 36(19), 2226-2234.
https://doi.org/10.1080/02640414.2018.1448570

McCrea, M., Guskiewicz, K., Doncevic, S., Helmick, K., Kennedy, J., Boyd, C., Asmussen, S.,
Ahn, K. W., Wang, Y., Hoelzle, J., & Jaffee, M. (2014). Day of injury cognitive
performance on the Military Acute Concussion Evaluation (MACE) by U.S. military
service members in OEF/OIF. Military medicine, 179(9), 990-997.
https://doi.org/10.7205/MILMED-D-13-00349

McDevitt J. CNS Voltage-gated Calcium Channel Gene Variation And Prolonged Recovery
Following Sport-related Concussion. Orthop J Sports Med. 2016;4(3
suppl3):2325967116S00074. Published 2016 Mar 24.
https://doi.org/10.1177/2325967116S00074

Mclnnes, K., Friesen, C. L., MacKenzie, D. E., Westwood, D. A., & Boe, S. G. (2017). Mild
Traumatic Brain Injury (mTBI) and chronic cognitive impairment: A scoping review. PloS
one, 12(4), e0174847. https://doi.org/10.1371/journal.pone.0174847

30


https://doi.org/10.1177/2325967116S00074

I. Mavroudis, F. Petridis, D. Kazis et al. - Markov Blankets and Cognitive Dysfunction in mTBI: Insights from
Simulation Models

Meier, T. B., Bellgowan, P. S., Singh, R., Kuplicki, R., Polanski, D. W., & Mayer, A. R. (2015).
Recovery of cerebral blood flow following sports-related concussion. JAMA neurology,
72(5), 530-538. https://doi.org/10.1001/jamaneurol.2014.4778

Miller, D. R., Hayes, J. P., Lafleche, G., Salat, D. H., & Verfaellie, M. (2017). White matter
abnormalities are associated with overall cognitive status in blast-related mTBI. Brain
imaging and behavior, 11(4), 1129—-1138. https://doi.org/10.1007/s11682-016-9593-7

Molinari M., Leggio M.G., Solida A., Ciorra R., Misciagna S., Silveri M.C., Petrosini L. (1997).
Cerebellum and procedural learning: Evidence from focal cerebellar lesions. Brain.
1997;120:1753-1762. https://doi.org/10.1093/brain/120.10.1753

Nag, S., Manias, J. L., & Stewart, D. J. (2009). Expression of endothelial phosphorylated caveolin-1
is increased in brain injury. Neuropathology and applied neurobiology, 35(4), 417-426.
https://doi.org/10.1111/5.1365-2990.2008.01009.x

Nelson, L. D., Guskiewicz, K. M., Barr, W. B., Hammeke, T. A., Randolph, C., Ahn, K. W., Wang,
Y., & McCrea, M. A. (2016). Age Differences in Recovery After Sport-Related
Concussion: A Comparison of High School and Collegiate Athletes. Journal of athletic
training, 51(2), 142—152. https://doi.org/10.4085/1062-6050-51.4.04

Nixon R. A. (1993). The regulation of neurofilament protein dynamics by phosphorylation: clues to
neurofibrillary pathobiology. Brain pathology (Zurich, Switzerland), 3(1), 29-38.
https://doi.org/10.1111/j.1750-3639.1993.tb00723.x

Nordstrom, A., Edin, B. B., Lindstrom, S., & Nordstrom, P. (2013). Cognitive function and other
risk factors for mild traumatic brain injury in young men: nationwide cohort study. In BM.J
(Vol. 346, Issue marll 1, pp. f723—£723). BMJ. https://doi.org/10.1136/bmj.f723

O'Keefe, J., & Dostrovsky, J. (1971). The hippocampus as a spatial map. Preliminary evidence from
unit activity in the freely-moving rat. Brain research, 34(1), 171-175.
https://doi.org/10.1016/0006-8993(71)90358-1

Pearl, J. (1998). Graphical Models for Probabilistic and Causal Reasoning. In Quantified
Representation of Uncertainty and Imprecision (pp. 367-389). Springer Netherlands.
https://doi.org/10.1007/978-94-017-1735-9 12

Peskind, E. R., Petrie, E. C., Cross, D. J., Pagulayan, K., McCraw, K., Hoff, D., Hart, K., Yu, C. E.,
Raskind, M. A., Cook, D. G., & Minoshima, S. (2011). Cerebrocerebellar hypometabolism
associated with repetitive blast exposure mild traumatic brain injury in 12 Iraq war
Veterans with persistent post-concussive symptoms. Neurolmage, 54 Supp! 1(Suppl 1),
S76-S82. https://doi.org/10.1016/j.neuroimage.2010.04.008

Prins, M. L., Alexander, D., Giza, C. C., & Hovda, D. A. (2013). Repeated mild traumatic brain
injury: mechanisms of cerebral vulnerability. Journal of neurotrauma, 30(1), 30-38.
https://doi.org/10.1089/neu.2012.2399

Prins, M. L., Hales, A., Reger, M., Giza, C. C., & Hovda, D. A. (2010). Repeat traumatic brain
injury in the juvenile rat is associated with increased axonal injury and cognitive
impairments. Developmental neuroscience, 32(5-6), 510-518.
https://doi.org/10.1159/000316800

Rabinowitz, A. R., & Watanabe, T. K. (2020). Pharmacotherapy for Treatment of Cognitive and
Neuropsychiatric Symptoms After mTBI. The Journal of head trauma rehabilitation,
35(1), 76-83. https://doi.org/10.1097/HTR.0000000000000537

Raghupathi, R., Conti, A. C., Graham, D. 1., Krajewski, S., Reed, J. C., Grady, M. S., Trojanowski,
J. Q., & Mclntosh, T. K. (2002). Mild traumatic brain injury induces apoptotic cell death
in the cortex that is preceded by decreases in cellular Bel-2 immunoreactivity.
Neuroscience, 110(4), 605-616. https://doi.org/10.1016/s0306-4522(01)00461-4

Rathbone, A. T., Tharmaradinam, S., Jiang, S., Rathbone, M. P., & Kumbhare, D. A. (2015). A
review of the neuro- and systemic inflammatory responses in post concussion symptomes:

31


https://doi.org/10.1093/brain/120.10.1753

BRAIN. Broad Research in October 2024
Artificial Intelligence and Neuroscience Volume 15, Issue 3

Introduction of the "post-inflammatory brain syndrome" PIBS. Brain, behavior, and
immunity, 46, 1-16. https://doi.org/10.1016/j.bbi.2015.02.009

Reeves, T. M., Phillips, L. L., & Povlishock, J. T. (2005). Myelinated and unmyelinated axons of
the corpus callosum differ in vulnerability and functional recovery following traumatic
brain injury. Experimental neurology, 196(1), 126—137.
https://doi.org/10.1016/j.expneurol.2005.07.014

Smith, D. H., Chen, X. H., Pierce, J. E., Wolf, J. A., Trojanowski, J. Q., Graham, D. 1., & McIntosh,
T. K. (1997). Progressive atrophy and neuron death for one year following brain trauma in
the rat. Journal of neurotrauma, 14(10), 715-727. https://doi.org/10.1089/neu.1997.14.715

Soliveri, P., Brown, R. G., Jahanshahi, M., & Marsden, C. D. (1992). Procedural memory and
neurological disease. European Journal of Cognitive Psychology, 4(3), 161-193.
https://doi.org/10.1080/09541449208406181

Spain, A., Daumas, S., Lifshitz, J., Rhodes, J., Andrews, P. J., Horsburgh, K., & Fowler, J. H.
(2010). Mild fluid percussion injury in mice produces evolving selective axonal pathology
and cognitive deficits relevant to human brain injury. Journal of neurotrauma, 27(8),
1429-1438. https://doi.org/10.1089/neu.2010.1288

Squire, L. R., & Zola, S. M. (1998). Episodic memory, semantic memory, and amnesia.
Hippocampus, 8(3), 205-211.
https://doi.org/10.1002/(SICI)1098-1063(1998)8:3<205::AID-HIPO3>3.0.CO;2-1

Squire, L.R. (2004). Memory systems of the brain: A brief history and current perspective.
Neurobiology of Learning and Memory, 82, 171-177.
https://doi.org/10.1016/j.nlm.2004.06.005

Steenerson, K., & Starling, A. J. (2017). Pathophysiology of Sports-Related Concussion.
Neurologic clinics, 35(3), 403—408. https://doi.org/10.1016/j.ncl.2017.03.011

Stephan, K. E., Penny, W. D., Moran, R. J., den Ouden, H. E., Daunizeau, J., & Friston, K. J.
(2010). Ten simple rules for dynamic causal modeling. Neurolmage, 49(4), 3099-3109.
https://doi.org/10.1016/j.neuroimage.2009.11.015

Su, S. H., Xu, W., Li, M., Zhang, L., Wu, Y. F., Yu, F., & Hai, J. (2014). Elevated C-reactive protein
levels may be a predictor of persistent unfavourable symptoms in patients with mild
traumatic brain injury: a preliminary study. Brain, behavior, and immunity, 38, 111-117.
https://doi.org/10.1016/5.bbi.2014.01.009

Terwindt, G., Kors, E., Haan, J., Vermeulen, F., Van den Maagdenberg, A., Frants, R., & Ferrari, M.
(2002). Mutation analysis of the CACNAT1A calcium channel subunit gene in 27 patients
with sporadic hemiplegic migraine. Archives of neurology, 59(6), 1016—1018.
https://doi.org/10.1001/archneur.59.6.1016

Thibeault, C. M., Thorpe, S., O'Brien, M. J., Canac, N., Ranjbaran, M., Patanam, 1., Sarraf, A.,
LeVangie, J., Scalzo, F., Wilk, S. J., Diaz-Arrastia, R., & Hamilton, R. B. (2018). A
Cross-Sectional Study on Cerebral Hemodynamics After Mild Traumatic Brain Injury in a
Pediatric Population. Frontiers in neurology, 9, 200.
https://doi.org/10.3389/fneur.2018.00200

Tseng, Y. W., Diedrichsen, J., Krakauer, J. W., Shadmehr, R., & Bastian, A. J. (2007). Sensory
prediction errors drive cerebellum-dependent adaptation of reaching. Journal of
neurophysiology, 98(1), 54—62. https://doi.org/10.1152/jn.00266.2007

Wang, Y., Nelson, L. D., LaRoche, A. A., Pfaller, A. Y., Nencka, A. S., Koch, K. M., & McCrea, M.
A. (2016). Cerebral Blood Flow Alterations in Acute Sport-Related Concussion. Journal
of neurotrauma, 33(13), 1227-1236. https://doi.org/10.1089/neu.2015.4072

White, E. R., Pinar, C., Bostrom, C. A., Meconi, A., & Christie, B. R. (2017). Mild Traumatic Brain
Injury Produces Long-Lasting Deficits in Synaptic Plasticity in the Female Juvenile
Hippocampus. Journal of neurotrauma, 34(5), 1111-1123.
https://doi.org/10.1089/neu.2016.4638

32


https://doi.org/10.1016/j.nlm.2004.06.005

I. Mavroudis, F. Petridis, D. Kazis et al. - Markov Blankets and Cognitive Dysfunction in mTBI: Insights from
Simulation Models

Yasen, A. L., Smith, J., & Christie, A. D. (2018). Glutamate and GABA concentrations following
mild traumatic brain injury: a pilot study. Journal of neurophysiology, 120(3), 1318-1322.
https://doi.org/10.1152/jn.00896.2017

Yeung, D., Manias, J. L., Stewart, D. J., & Nag, S. (2008). Decreased junctional adhesion
molecule-A expression during blood-brain barrier breakdown. Acta neuropathologica,
115(6), 635—642. https://doi.org/10.1007/s00401-008-0364-4

Yi, J. H., & Hazell, A. S.(2006). Excitotoxic mechanisms and the role of astrocytic glutamate
transporters in traumatic brain injury. Neurochemistry international, 48(5), 394—403.
https://doi.org/10.1016/j.neuint.2005.12.001

Yoshino, A., Hovda, D. A., Kawamata, T., Katayama, Y., & Becker, D. P. (1991). Dynamic changes
in local cerebral glucose utilization following cerebral conclusion in rats: evidence of a
hyper- and subsequent hypometabolic state. Brain research, 561(1), 106—119.
https://doi.org/10.1016/0006-8993(91)90755-k

Zotey, V., Andhale, A., Shegekar, T., & Juganavar, A. (2023). Adaptive Neuroplasticity in Brain
Injury Recovery: Strategies and Insights. Cureus, 15(9), e45873.
https://doi.org/10.7759/cureus.45873

33



