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ABSTRACT

Background: Traumatic brain injury (TBI) occurs due to a severe head injury caused by an external force during
a vehicle accident, fall, domestic violence, or explosion. In sub-Saharan Africa, the prevalence of TBI is 150—
170 per 100,000 individuals. It is estimated that by 2050, the prevalence of TBI in Africa will increase to
14.25+0.75 million. TBI is clinically evaluated and classified using the Glasgow Coma Score (GCS), with CT
and MRI. However, GCS has many limitations. Therefore, the aim of this study was to investigate the role of

serum GFAP, S100B, NSE and SAA as potential biomarkers for the detection and diagnosis of TBI.

Methodology: The first phase of the experiment was the scan analysis (n=50) as recorded in the hybrid
electronic medical registry, MediTech, at a large urban tertiary referral hospital in eThekwini, South Africa.
The second phase utilized a multiplex immunoassay (ProcartaPlex, Thermo Fisher Scientific, 2024) to detect
human serum GFAP, S100B, NSE and SAA in n=50 patients with moderate to severe TBI and n=25 control
patients. Ethics approval was obtained from the Biomedical Research Ethics Committee (Ref.
BREC/00002147/2020) of the University of KwaZulu-Natal. Statistical analysis was achieved using Statistical

Package for the Social Sciences version 30.0.0.0 (SPSS; IBM Corporation 2025).

Results: Serum GFAP and S100B concentrations were significantly elevated in patients with moderate and
severe TBI compared with the control group (P < 0.001). No significant differences between the moderate and
severe groups were detected for GFAP or S100B (P=0.2623, P>0.999). The serum concentrations of NSE and
SAA proteins were also significantly upregulated in the moderate and severe TBI compared to the control group

(p<0.0001) and (p= 0.0002), respectively.

Conclusion: These findings suggest that elevated serum concentrations of GFAP, S100B, NSE and SAA are
indicative of increasing severity of TBI. These findings suggest that combining GFAP, S100B, NSE, and SAA

biomarkers with GCS and CT findings enhances the accuracy of TBI classification.
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CHAPTER ONE

Introduction

Traumatic brain injury (TBI) is the most frequent cause of paralysis, disability and death of many
individuals, especially in urban regions (Ghajar, 2000). Globally, the burden of TBI is increasing
significantly. The reported global prevalence of TBI is 37.93 million [95% uncertainty interval

(UI) =36.33-39.77] (Zhong et al., 2025).

Studies report that in Africa, there are approximately two million cases of TBI per annum, which
require neurosurgical care (Embolo et al., 2021). The prevalence of TBI in Sub-Saharan Africa
remains unclear due to several factors, including unreported injuries and inadequate technology
for documenting reported cases (Staton et al., 2017). Available cases are primarily hospital-

reported and may offer an incomplete picture of actual prevalence (Eaton et al., 2017).

Developing countries experience a disproportionate burden of TBIs, possibly due to rapid urban
growth, expanding transport systems lacking proper risk assessment, and weak enforcement of
road safety regulations (Roozenbeek et al., 2013). The National Institute for Occupational Health
of South Africa reported approximately 89,000 new traumatic brain injury (TBI) cases annually
(Kong et al., 2017), with 39.4% attributed to interpersonal violence, 16.7% to motor vehicle
collisions, 14.1% to vehicle—pedestrian incidents, 10.3% to falls and 19.5% to other causes

(Jerome et al., 2017).

Bradshaw et al. (2005) found higher TBI incidence rates in more developed provinces, including
Gauteng, Mpumalanga, and the Western Cape. Within KwaZulu-Natal, research has highlighted a

substantial burden of TBI among children in Pietermaritzburg (Buitendag et al., 2017).
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Additionally, an earlier study reported that in 2000, 40% of patients admitted to a public acute

neurological unit in the province were diagnosed with TBI (Kalyan, 2007).

Traumatic brain injury is categorized as mild (GCS 13-15), moderate (GCS 9-12), or severe (GCS
<9) based on the Glasgow Coma Scale (GCS), which evaluates the level of consciousness through
verbal, motor, and ocular responses (Bodien et al., 2021). The Glasgow Coma Scale (GCS) is
widely used to assess cerebral function; however, it has notable limitations in reliability and in
accurately classifying TBI severity, particularly among intubated patients and those with severe
trauma (Andraos et al., 2025; Niessen et al., 2025). It demonstrates only a mild to moderate
correlation with anatomical injury severity, while underestimating the injury's underlying severe
physiological effects (Bodien et al., 2021). Moreover, the GCS score fails to account for factors
such as brainstem reflexes, anesthesia, aphasia, timing of assessment, pre-hospital interventions,
medication and associated injuries, thereby compromising its reliability (Savitsky et al., 2016).
Recognizing the limitations of the GCS is essential for physicians in decision-making in certain
contexts, while also fostering exploration of potential enhancements to the GCS by considering
biomarkers as an emerging tool for TBI diagnosis. More recently, the NINDS-CBI-M has been
used to classify injuries based on clinical tests, biomarkers, brain scans and individual factors
such as the cause of injury and medical history. These factors may offer a more precise

characterization and classification of brain injuries (Peralta et al., 2026).
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Biomarkers are quantitatively measurable proteins that serve as indicators of standard biological
processes, pathogenic processes, or responses to therapeutic interventions (Wagner and Atkinson
Jr., 2015). These biomarkers are important across various fields of biology and medicine, including
oncology, psychiatry, cardiovascular disease, reproductive medicine and neuroscience (Figg and
Newell, 2014). In precision medicine, biomarkers are crucial for identifying patient subgroups that
most benefit from specific treatments, predicting individual drug responses, and identifying
patients at risk of unfavorable outcomes (Leung et al., 2019). They are useful for prediction,
diagnosis and prognosis, supporting treatment decisions, patient classification and monitoring
therapeutic responses (Huss, 2015). Identification and validation of appropriate and accurate
biomarkers in clinical research and drug development are required to address challenges in disease
treatment and drug approval (Amur et al., 2015). There is a paucity of TBI biomarker data from
South African and broader African populations. This is not simply a geographic omission.
However, biomarker concentrations and diagnostic thresholds may be influenced by
demographic characteristics, comorbidities, renal function, assay characteristics, timing of
sampling and biological differences between populations. Consequently, evidence generated
predominantly in North American and European cohorts cannot automatically be assumed to
have identical diagnostic characteristics in South African population (Wroblewski et al., 2025).
Therefore, the aim of this study is to investigate potential biomarkers, including S100 calcium-
binding protein B (S100B), Glial Fibrillary Acidic Protein (GFAP), Neuron-Specific Enolase

(NSE), and Serum Amyloid A, for the diagnosis and prognosis of TBI in a South African cohort.
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Overview of Anatomy of the Brain

The brain is composed of the cerebrum, cerebellum and brainstem, of which the cerebrum is the
largest part (Bui and Das, 2020). The cerebrum is made up of two hemispheres joined together by
the corpus callosum. It is further divided into five lobes: the frontal, parietal, temporal, occipital
and insula lobes (Bui and Das, 2023). The cerebrum is responsible for various functions, including
motor control, sensory perception, cognitive functions, emotions, speech and language and spatial
reasoning. Executive functions include creativity, consciousness, and learning and memory
(Catani, 2017).

The cerebellum is the part of the hindbrain located in the posterior cranial fossa. The extension of
the dura mater called the tentorium cerebelli separates the cerebellum from the cerebrum. It is
comprised of two hemispheres joined together by the vermis and is subsequently segregated into
three lobes, namely, the anterior, posterior, and flocculonodular lobes (Van Essen et al., 2018).
Damage to any part of the brain and its components can cause impairment and a range of
neurological conditions and malfunctions, ranging from mild to severe. However, sometimes these

conditions may not be obvious immediately after surgery in the recovery room (Baker et al., 2018).
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Human Brain Anatomy

Frontal lobe Parietal lobe

Occipital lobe

Cerebellum
Temporal lobe

Spinal Cord

Figure 1: lllustration of the human brain and its lobes (Adapted from: Fahim et al., 2024)

Pathophysiological process of TBI and phases of brain injury

TBI is divided into two phases, namely, the primary and secondary phases. The primary phase is
a direct result of mechanical force exerted on the head, leading to hematoma, lacerations,
contusions and shearing of neurons, glial cells and axons (Nazwar et al., 2023). The primary phase
triggers systemic inflammation, increasing blood-brain barrier (BBB) permeability and triggering
the secondary phase of the injury (Kinoshita, 2016). During the secondary phase, neurotransmitters
such as glutamate, glycine, and aspartate are released, leading to the production of

proinflammatory cytokines, reactive oxygen species (ROS), ischemia, and apoptosis (Greve and
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Zink, 2009). The injury can be focal or widespread, depending on the impact or force applied to

the brain (Dolenec et al., 2020).

It is inevitable for the primary injury to happen; however, the secondary injury can be managed
and controlled through suitable and proper techniques, such as oxygen pressure monitoring for
severe traumatic brain injury (OXY-TC) and brain oxygen optimization in severe TBI, Phase 3
(BOOST3) (Diaz-Arrastia et al., 2024), to avert subsequent events such as hypotension, hypoxia

and excessive cerebral perfusion pressure (CPP) (Vella et al., 2017).

During the second phase of TBI, a complex cascade of cellular and molecular events occurs,
mainly through the RhoA/Rho kinase (ROCK) and NLRP3 pathways, influencing the
neuropathology and neurological dysfunction of the brain (Mulherkar and Tolias, 2020). These
pathways play key roles in cell survival, oxidative stress, inflammation, neuronal plasticity, and
cognitive function (Freire et al., 2023). The known signaling pathways include nuclear factor-
kappa B (NF-kB), a modulator of cellular activity that binds to a promoter region, inducing the
transcription of various protein genes (Singh and Singh, 2020). Stimulation of NF-kB in neuronal
and glial cells has been associated with neuroprotective activity and neurodegenerative conditions,
including TBI (Singh and Singh, 2020). These genes induce inflammation and cell survival by
acting as downstream mediators of receptor signaling, such as Toll-like receptor 4 (TLR-4) and
tumor necrosis factor receptor-associated factor 6 (TRAF-6), in individuals with TBI. Therefore,
inhibiting these receptors will consequently reduce apoptosis and inflammatory response after

injury (Freire et al., 2023).

The mitogen-activated protein kinase (MAPK) pathway is another crucial pathway in TBI.
However, it has mostly been associated with neuronal apoptosis, neuroinflammation and cognitive

impairments following TBI. The MAPK pathway comprises numerous protein kinases, including
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c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38 MAPK

(Kalra et al., 2022; Karve et al., 2016).

The phosphoinositide 3-kinase (PI3K)/Akt pathway is another pathway implicated in TBI
pathology. It is responsible for regulating cell survival, neurogenesis, and synaptic plasticity.
Studies have shown that initiation of the PI3K/Akt pathway promotes neuronal survival and
improves recovery post-TBI (Kalra et al., 2022). Thus, activating Brain-Derived Neurotrophic
Factor (BDNF)/receptor tyrosine kinase (TrkB) signaling via PI3K/Akt/MAPK appears to be a
promising neuroprotective treatment option for TBI (Cente et al., 2023). BDNF has recently been
the subject of several studies on neuroprotection following a TBI incident (Di Battista et al., 2015).
This molecule binds to two types of receptors: TrkB, which has the highest affinity and the pan-
neurotrophin receptor p75NTR, which belongs to the tumor necrosis factor receptor (TNFR)
family and has the lowest affinity (Gustafsson et al., 2021). The TrkB receptor activates MAPK,
PI3K/mTOR, and phospholipase C-y (PLC-y) pathways. These pathways work together to promote
the expression of genes involved in important brain functions such as neuronal survival, axonal
sprouting, dendritic growth and synaptogenesis (Wang et al., 2022). In an experiment by Wang et
al. (2014), BDNF levels in CSF increased between 1 and 6 hours after brain trauma in rats.
Augmented BDNF levels in CSF following TBI may be detrimental due to injury and the

subsequent increase in pro-apoptotic BDNF target receptors (Failla et al., 2016).

The mechanistic target of the mammalian target of rapamycin (mTOR) signaling pathway has also
piqued the interest of TBI researchers. In non-pathological conditions, this pathway is vital for
brain development, synaptic plasticity, metabolic regulation and memory (Movahedpour et al.,
2022). However, deviations in the mTOR signaling pathway can contribute to the development of

a wide range of brain diseases, including TBI (Maiese, 2016).
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Another main pathway is the Janus kinase/signal transducer and activator of transcription
(JAK/STAT) pathway. This pathway is activated by cytokine and growth factor receptors and
oversees signal transduction from the cellular surface to the nucleus (Kumar et al., 2023). An
experiment conducted by Zhao et al. (2011) reported that, 3 hours after cortical compression-
induced TBI, the JAK2/STAT pathway was activated in neurons and astrocytes. This subsequently

increased the secretion of inflammatory cytokines by T cells and macrophages (Zhao et al., 2011).

‘ /j 1Bl
[

N
N

Signaling pathways following TBI

' ' . . .

T NFkB 1 MAPK (PI3K)/Akt/mTOR FUAK/STAT INif2

Microglial Inflammatory ‘ PI3K T mTOR Inflammatory Oxidative

activation response l response stress
Inflammatory Neuronal , Apoptosis

response apoptosis Cell death , Neuronal

degeneration

Figure 2: Summarized signaling pathways after TBI. Nuclear factor-kappa B (NF-xB)
signaling pathway, mitogen-activated protein kinase (MAPK) pathway, PI3K/Akt/mTOR
signaling pathway, Janus kinase/signal transducer and activator of transcription (JAK/STAT)
pathway, nuclear factor erythroid 2-related factor 2 (Nrf2) pathway
(Adapted from: Freire et al., 2023).
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Biomarkers and their roles

S100 calcium-binding protein B

S100 calcium-binding protein B (S100B) derives from the S100 family of proteins, categorized by
two EF-hand-type calcium-binding proteins, and plays a vital role in cell morphology. It has been
found in high concentrations in the cytoplasm of astrocytes and other glial cells, including
oligodendrocytes, ependymal cells, Schwann cells, retinal Muller cells and enteric glial cells (Du
et al., 2021; Mbele et al., 2002). It plays a crucial role in several cellular processes, both
intracellular and extracellular, due to its affinity for calcium (Ca?*) and Zinc (Zn?*) (Tsoporis et
al., 2010). S100B is a small, dimeric protein associated with diseases such as cancer, making it a
potential target for therapeutic inhibitors (Wilder et al., 2019). Furthermore, S100B interacts with
a variety of cellular targets in a calcium-dependent manner, leading to conformational changes that
enable its involvement in cell signaling (Malik et al., 2008). The protein's function includes
regulating trace metal homeostasis and excitotoxicity in the brain. Furthermore, S100B has been
linked to neuropathological conditions and is regarded as a potential biomarker for brain-related
conditions (Sen and Belli, 2007; Hagmeyer et al., 2018). Changes in serum S100B concentrations
can indicate the severity of neuroglial injury, making it a possible marker for neuronal injury
(Hamadi et al., 2023). S100B has been widely investigated and clinically used to rule out mild TBI
(mTBI) (Oris et al., 2023). However, the sensitivity of S100B alone in detecting TBI severity has
been found to be relatively low in mTBI (Blais Lécuyer et al., 2021). S100B is a reliable biomarker
unaffected by hemolysis or storage conditions, making it suitable for clinical use. Serum levels are

stable for up to 8 hours at room temperature and 48 hours at 2-8°C (Oris et al., 2019).
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The S100 calcium-binding protein B is involved in a range of physiological and pathological
functions. It has been associated with calcium homeostasis, glial proliferation and axon growth
(Alatas et al., 2015). Following injury or ischemia, astrocytes release S100B, which can serve as
a marker of BBB disruption (Lopez et al., 2020). However, other studies of TBI patients have
found no correlation between BBB disruption and peak S100B levels (Thelin et al., 2017). The
mechanisms that drive this diffusion across the BBB are not entirely clear. After diffusion into the
bloodstream, S100B is eliminated through the kidneys and has been associated with renal failure
in some reported cases (Li et al., 2011). In addition to being a biomarker, S100B plays a dual role
in molecular pathophysiological processes. At low concentrations, S100B exhibits neuroprotective
and neurotrophic effects, preventing neuronal degeneration and promoting neuronal survival. At
elevated concentrations, it can trigger the brain's inflammatory response by binding to the receptor
for advanced glycation end products (RAGE) and activating the NF-kxB pathway, thereby
increasing the expression of pro-inflammatory cytokines (Oris et al., 2023), Figure 3. Therefore,
inhibiting the S100B/RAGE signaling pathway has emerged as a promising treatment strategy for

TBI (Oris et al., 2023).
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Figure 3: A schematic representation of extracellular S100B astrocytes regulation
through the Nuclear factor-kappa B (NF-«B) signaling pathway.
(Adapted from: Michetti et al., 2023).

Pathological elevation of S100B to high extracellular concentrations (micromolar) by
activated astrocytes induces microglia activation and triggers the NF-«xB signaling pathway,
leading to the production of inflammatory mediators and an astroglial reactivation feedback

loop.

At low extracellular concentrations (nanomolar), astrocytes and microglia maintain a

baseline resting state. Targeted S100B inhibition blocks this pathological cascade,
suppressing downstream NF-xB activation and restoring microglia to a resting state.
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At nanomolar concentrations, S100B has no effect on microglial homeostasis. Microglia exhibit
pro-inflammatory phenotypes when exposed to micromolar concentrations of S100B. Negative
regulation of extracellular S100B can shift microglia from an inflammatory to a homeostatic state

by suppressing NF-kB signaling (Michetti et al., 2023).

Glial Fibrillary Acidic Protein

Glial fibrillary acidic protein (GFAP) is an intermediate filament (IF) 111 protein that is encoded
by the GFAP gene in humans chromosome 17921 and is distinctively found in astrocytes in the
central nervous system, enteric glial cells and non-myelinating Schwann cells in the peripheral
nervous system (PNS) (Isaacs et al., 1998; Yang and Wang, 2015). GFAP is the primary structural
protein responsible for the IF cytoskeleton in astrocytes. GFAP, along with other cytoskeletal
components such as microtubules and microfilaments, mechanically supports, stabilizes and
reorganizes the astrocyte cell membrane and processes, which is significant for astrocyte
morphological changes and reactivity in response to brain and spinal cord injury or disease (Hol
and Pekny, 2015; Yang and Wang, 2015). Astrocyte cells respond to injuries, including TBI and
other destructive neurological conditions, by undergoing a process known as “reactive
astrogliosis,” which involves cellular hypertrophy, proliferation and inflammation, which
subsequently lead to increased GFAP levels (Eng et al., 2000; Tzeng et al., 2005), Figure 4. This
increase in GFAP levels is associated with injury severity: reactive astrocytes near the injury site

express the most GFAP, while levels decrease farther away (Burda et al., 2016).
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Figure 4: (A) and (B) Reactive astrocytes stained with vimentin showing structural
intermediate filaments and nuclei (blue) of astrocytes GFAP (C) undergoing a cellular
transformation triggered by TBI. Scale bar, 50 um, (Adapted from: Le Douce et al., 2020).

Studies have shown that elevated serum GFAP levels can aid as a blood biomarker and a prognostic
and diagnostic tool to detect the early development of a variety of neurological diseases and

injuries, including TBI, stroke and other neurodegenerative disorders (Wang et al., 2021,

Heimfarth et al., 2022).
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GFAP expression is regulated by several nuclear receptor hormones, growth factors and
lipopolysaccharides, including ciliary neurotrophic factor, which activates the JAK/STAT
signaling cascade, thereby inducing GFAP transcription (Gomes, Paulin et al. 1999). Post-
translational modifications to GFAP include phosphorylation by kinases such as PKC and PKA,
which are important for cytoplasmic signal transduction. One of the key phosphorylation pathways
involves the G-protein-coupled mGIuR receptor, which causes calcium influx and CaMKII

activation (Yang and Wang, 2015).

In summary, GFAP is a critical structural and signaling protein in astrocytes that is dynamically
regulated at the transcriptional and post-translational levels to mediate astrocyte activation and
response to brain injuries. Understanding GFAP signaling pathways provides insight into astrocyte
biology in both health and disease. GFAP has been recognized as a biomarker of astrocyte
activation and as a marker of brain injury severity. Higher GFAP levels in blood or CSF after
injury can help determine the extent of astrocytic damage and activation, allowing for a better

assessment of injury severity and recovery outcomes (Abdelhak et al., 2022).
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Figure 5: Dispensation of GFAP after astrocyte injury.

Anti-aquaporin-4 autoantibodies (AQP4-Ab) pass through a damaged blood-brain barrier
(BBB) consisting of endothelial cells, basement membrane, and astrocytic endfeet. In the
perivascular region, AQP4 antibodies attach to AQP4 water channels located on astrocytic
endfeet, triggering the complement cascade and resulting in astrocyte destruction. Astrocytic
damage results in the secretion of glial fibrillary acidic protein (GFAP) into the extracellular
environment and circulation. Adapted from: (Kim et al., 2022).

Antibody and complement-dependent cellular cytotoxicity leads to the recruitment of
inflammatory cells, demyelination, astrocyte damage and neuronal apoptosis. Following astrocyte
damage, GFAP, an astrocytic scaffold protein, is released into the interstitial and cerebrospinal
fluids, eventually reaching the bloodstream via an impaired BBB and/or glymphatic efflux (Kim

et al., 2022).
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Neuron-specific enolase

Neuron-specific enolase (NSE) is characterized as a cell-specific isoenzyme of the glycolytic
enzyme enolase, specifically in the gamma form (y). It serves as a biomarker for neurons and
neuroendocrine cells and is associated with various physiological and pathological conditions, as

well as TBI (Isgro et al., 2015).

Studies have shown that elevated levels of NSE in serum are associated with neuronal damage,
making it a potential biomarker in conditions like traumatic brain injury and stroke. It has also
been found that the level of concentration of NSE correlates with the extent of brain insult,

providing vital information for prognosis, diagnosis, and treatment planning (Lee et al., 2021).

The signaling pathways of NSE known so far are the phosphatidylinositol 3-kinase/protein kinase
B (PIBK/AKT) and mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) pathways. These pathways control pro-inflammatory mechanisms, neurotrophic

activity and neuronal growth regulation (McCoy et al., 2023).

NSE measurement in clinical settings has the potential to identify patients at risk of poor outcomes,
guide treatment decisions and monitor therapy response. However, further research is needed to

fully understand its clinical utility and limitations.
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Figure 6: Signaling pathway of NSE regulating stem cell-like traits in Small-Cell Lung
Cancer (SCLC) cells by modulating the BMP2/Smad/ID1 pathway via the antagonist
NBL1 when silenced and overexpressed (Adapted from (Lu et al., 2022).

Serum Amyloid A
Serum Amyloid A (SAA) is a protein family that consists of SAAL, SAA2, and SAA4. SAA1 and
SAAZ2 are the primary hepatic acute-phase proteins (APP) produced by hepatocytes; however,

extrahepatic production has been reported (Yamada, 2006).

Serum amyloid A (SAA) is an acute-phase protein that is upregulated in response to TBI. SAA
levels reach their peak in the bloodstream shortly after the insult and are associated with
neuroinflammatory responses. Studies have shown that SAA is expressed in the brain following
TBI, predominantly in microglia and astrocytes, emphasizing its role in the acute inflammatory
response. Remarkably, SAA expression appears to be sex-dependent, with higher levels observed

in males (Wicker et al., 2019; Soriano et al., 2020). In a clinical study, SAA concentrations in
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serum on the first day of hypoxic-ischemic encephalopathy were found to be significantly
correlated with the severity of damage in neonates (Aly et al., 2011). Additionally, SAA levels in
adult TBI patients with severe polytrauma have been documented (Rael et al., 2009). However, it
remains unclear whether circulating SAA levels are directly correlated with TBI severity.
Specifically, there is currently a lack of experimental models of TBI that investigate SAA as a

potential biomarker of injury severity.

Problem statement

Currently, the prognostic and diagnostic methods for TBI assessment during the patient admission
and characteristic clinical outcomes for brain surgery include Glasgow coma score (GCS), which
is the most commonly used, along with other assessments such as the absence of pupillary
reactivity, activated partial thromboplastin time, lymphocyte ratio, international normalized ratio
and platelet count (Kim et al., 2020). TBI is classified as mild (score: 13-15), moderate (score: 9—
12), and severe (score: <9) based on the level of consciousness, also known as the Glasgow coma
scale (GCS) score after resuscitation (Maas et al., 2012). Mild TBI (GCS 13-15) is also referred
to as a concussion and is usually followed by a full neurological recovery. Although the majority
of patients may develop short-term memory loss and concentration difficulties (Jerome et al.,
2017). In moderate TBI (GCS 9-13), the patient is usually in a confused and slow to react and in
severe injury (GCS <9), the patient is in a coma state, unresponsive to light and other motor stimuli
(Ferndndez-Salguerd et al., 2002; Rauchman et al., 2023). Computed Tomography (CT) and
Magnetic Resonance Imaging (MRI) are additional tools to GCS, used to assess the severity of the
injury (Fadalla et al., 2022). However, recent investigations have reported several limitations and

the unreliability of the GCS scoring system in assessing injury severity in TBI patients (Sherer et
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al., 2008). Studies have reported several factors, such as administration of sedatives, early
intubation, facial injuries and administration of paralyzing agents or intoxicants, that may hinder
the reliability and accuracy of the GCS scoring system (Murray et al., 1999). GCS consists of three
components: eye, verbal and motor responses. However, GCS does not include evaluation of
brainstem reflexes, which determine brainstem stimulation activity (Matis and Birbilis, 2008).
Other limitations have been associated with the low sensitivity of CT and MRI scanning for diffuse
axonal injury and diffuse vascular injury (Amyot et al., 2015), failure to predict the risk of cerebral
vasospasm or hypoperfusion (Fatima et al., 2019) and different scores assessed on the same patient
by different physicians (Baratloo et al., 2016). These limitations have led to the search for more
reliable approaches to assess TBI by incorporating imaging and biomarkers (Diaz-Arrastia &
Kochanek, 2023). Therefore, given the high morbidity and mortality associated with TBI, this
study was set out to examine different biomarkers and compare their predictive value as risk

indicators for TBI.
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Justification for the study

Among common neurological disorders, TBI has the highest incidence and carries a significant
public health burden (Bruns Jr and Hauser, 2003; Owolabi et al., 2023). There is growing evidence
that TBI is not just an acute problem but also a chronic illness with long-term effects, such as a
higher chance of late-onset neurodegeneration (Maas et al., 2022). The current GCS diagnostic
tools do not detect additional neurological signs, such as focal lesions, brainstem reflexes, corneal
reflexes, pupil response and oculocephalic reflexes, which are often indicative of significant
midbrain or pontine injury and are frequently observed in severe TBI (Mena et al., 2011). These
gaps often lead to underdiagnosis of transtentorial herniation or locked-in syndrome, in which
motor responses appear intact despite significant impairment (Bodien et al., 2021). Additionally,
it has been reported that symptoms of TBI can overlap with those of other conditions, like
obsessive-compulsive disorder (OCD), post-traumatic stress disorder (PTSD), impaired memory
and cognitive function. Hence, misdiagnosis of TBI through the GCS system can be a significant
setback, emphasizing the importance of proper management (Sumpter and McMillan, 2005).
However, biomarkers such as GFAP, S100B, NSE and SAA, among others, provide objective
biological indicators of brain injury, pathological conditions, including stroke, hypoxic-ischemic
injury, seizures, neuroinflammation, and systemic trauma or inflammation. Therefore, addressing
significant limitations of the GCS, which relies subjectively on behavioral evaluations (Hossain
et al., 2024). In contrast to GCS, biomarkers directly quantify subtle lesions and neuronal injury,
axonal damage and gliosis, facilitating accurate categorization of TBI severity beyond the limited
correlation of GCS with morphological damage (National Academies of Sciences et al., 2023).
The study addresses whether the relationships between the aforementioned biomarkers, clinical
TBI severity and GCS (which have predominantly been characterized in international cohorts),

are reproducible and clinically informative in a South African population.
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Expected Contribution to Knowledge
The Glasgow Coma Scale (GCS) has certain limitations in TBI, particularly in its short- and long-

term use, because it relies on observable behaviours rather than underlying physiological and

pathological factors. GCS inadequately predicts outcomes, frequently results in suboptimal
recovery due to unrecognized axonal injury and the subscale combinations obscure prognostic
details such as motor abnormalities. Several factors, such as intubation, anesthesia, intoxication,
or facial trauma, obscure initial evaluations, whereas interobserver reliability among novice
clinicians diminishes accuracy and dependability. Therefore, interest in developing a more
accurate or complementary tool, such as GFAP, S100B, NSE, and SAA biomarkers, to enhance
the accuracy and reliability of TBI diagnosis is vital to improve patient outcomes and deepen
understanding of other neurological phases associated with TBI. Biomarkers substantially improve
TBI diagnosis by providing objective evidence of cerebral injury, inflammation, neuronal

apoptosis and neuroimmunological changes.

Research questions
e Can biomarkers predict the severity of brain injury?

e Are biomarkers better diagnostic tools than the GCS scoring system?
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Aim of the study
The aim of this study is to investigate potential biomarkers, including S100 calcium-binding
protein B (S100B), Glial Fibrillary Acidic Protein (GFAP), Neuron-Specific Enolase (NSE), and

Serum Amyloid A, for the diagnosis and prognosis of traumatic brain injury.

Objectives

The specific objectives of this study are as follows:

-

. To determine the concentration of serum S100B protein versus the control, and its effect in TBI.
2. To determine the concentration of serum GFAP versus control, and its effect in TBI.

3. To determine the concentration of serum NSE protein versus control, and its effect in TBI.

4. To determine the concentration of serum Amyloid A protein versus control, and its effect in
TBI.

5. To compare the concentration of serum S100B protein, GFAP, NSE, and amyloid A in TBI.

Overview of Methodology
The following design was adopted for the collection, analysis and interpretation of this study.
Ethical approval for this study was obtained from the Biomedical Research Ethics Committee

(BREC) of the University of KwaZulu-Natal (Ethics number: BREC/00002147/2020).

Study population

The study was conducted on male and female patients diagnosed with severe to moderate TBI
from the Inkosi Albert Luthuli Central Hospital (IALCH), Durban, KwaZulu-Natal, South Africa.
The control group consisted of normal individuals with no underlying neurological disease or

history of TBI.
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Sample size

This is a prospective study that used purposive sampling of serum samples from TBI patients.
The sample size was determined by using the following parameters:

N=75, where n1=n2=n3=25

Power calculation

For comparing three independent groupsusing a one-way ANOVA, assume: Number of
groups k=3, total sample N=75, n=25 per group (control, moderate and severe TBI), significance
level 0=0.05, two-sided hypothesis, and a desired power = 80%. Using the Cohen's formula,
f=\Y3=1pi(ni—p)%o? with 75 participants (25 per group) provide approximately 80% power to

detect a large effect (f=0.40).

Table 2: Demographic profile of samples

TBI group Age range Male Female
Control 10 15
Moderate 18-45 24
Severe 23

Inclusion/ exclusion criteria

Inclusion criteria: Male and female patients diagnosed with moderate (9-12) to severe < 9 TBI
based on the Glasgow Coma Scale (GCS), above the age of 18 years old. Age, gender and informed
consent were obtained from participants and recorded in an Excel file. All patients were managed
according to the Brain Trauma Foundation guidelines, including surgery and ICP monitoring for

patients with severe TBI.
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Exclusion criteria: Patients had the right to choose whether to participate; therefore, any patient
who declined to participate was excluded. In addition, any patient who fell under the age of 18
years old, had mild TBI (13-15) based on (GCS) and other neurological conditions based on
patient’s hospital record was excluded. Patients that had a prior history of TBI were also
excluded. The control group consisted of patients that had no prior history of TBI or other
neurological or systemic conditions. Lifestyle choices were not recorded. Temporal changes of

biomarkers over time and follow-up data were not collected.

Blood collection

After obtaining informed consent from eligible patients, blood samples were collected by Inkosi
Albert Luthuli physicians within 24 hours of traumatic head injury using serum separator tubes.
The sample tubes were appropriately labeled and immediately sent to a local laboratory at the
Westville campus. Samples were allowed to clot overnight at room temperature (due to logistical
limitations in infrastructural support in sample processing), then centrifuged at 22°C or lower for
20 minutes at 1000xg. Undiluted serum samples were then aliquoted and stored at -80 °C. The

samples underwent a total of two freeze-thaw cycles.

Scan details collection
All CT scans were performed in accordance with the Neuroradiology Department's protocol.
Investigators who read the scans were blinded to clinical information. CT classification was done

by a radiologist and categorized as traumatic subarachnoid hemorrhage, extradural hematoma,

subdural hematoma or diffuse axonal injury. The classification was based on GCS: moderate (9-
12) and severe (< 9). Axial CT images of specific patients were obtained from the hospital's
Picture Archiving and Communication System and stored in Digital Imaging and

Communication in Medicine format. These CT scans were obtained during standard clinical
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procedures using either a 128-slice SOMATOM Definition AS scanner or a SOMATOM

Definition Flash CT Scanner (Siemens Definition Edge Plus and Siemens Definition Flash).

Reconstruction: 1.0mm x 0.7mm (Thin slice/source images for reporting and planning of 3D

reconstruction).
Brain reconstruction: Kernel —Hr38, Window - Cerebrum, 5.0mm x5.0 mm Axial
Bone reconstruction: Kernel Hr60- , Window- Inner ear, 5.0mm x5.0 mm Axial

Exposure: Dose and exposure factors are modulated automatically by the scanner.

Multiplex immunoassay procedures

ProcartaPlex Kits: EPX010-12339-901 HU S100B Simplex, EPX010-12336-901 HU GFAP,
EPX010-12335-901 HU NSE Simplex and EPXO01A-12136-901 HU SAA Simplex were
purchased from Life Sciences Solutions Group, Thermo Fisher Scientific, Waltham, MA, USA.
The immunoassay procedures were each performed according to the manufacturer's instructions

for the analyte. Samples were run once in singlicate.

Statistical Analysis

Analysis was achieved using the Statistical Package for the Social Sciences, version 30.0.0.0
(SPSS, IBM Corporation). Kruskal-Wallis and Pearson Chi-Square tests were used to assess the
association between variables, with 95% confidence intervals. Results with two-tailed p < 0.05
were considered significant, p-values were not corrected for multiple comparisons and the results

obtained were expressed as median and interquartile range.
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Overview of thesis
This thesis is written and submitted in manuscript form. As recommended by the University of
KwaZulu-Natal College of Health Sciences guidelines, this thesis comprises 5 chapters and

appendices as follows:

Chapter 1: This chapter provides background information on the study, the literature review, the
problem statement and research gap, the study justification, the research questions, the research
objectives, the general overview of the research methodology, the overview of the thesis, and the

references.

Chapter 2: This chapter contains a review article titled "The potential of serum S100 calcium-
binding protein B and glial fibrillary acidic protein as biomarkers for traumatic brain injury,”

published in the Translational Research in Anatomy Journal. It summarized the most suitable

potential biomarkers for TBI diagnosis. DOI: https://doi.org/10.1016/j.tria.2022.100228.

Chapter 3: This chapter contains the first manuscript from the study on S100B and GFAP
expressed in astrocytes and reports results for objectives 1 and 2. In this chapter, we determined
the concentration of S100B and GFAP in TBI patients. The findings were presented in a manuscript
titled "Evaluating Traumatic Brain Injury Severity Through GFAP and S100B Biomarkers: An
Immunoassay-Based Approach.” The manuscript was submitted to and is under review by the

Journal of Neurocritical Care.

Chapter 4: This chapter contains the second manuscript from the study on NSE and SAA
biomarkers, expressed in neurons, neuroendocrine cells, and microglia/macrophages. The chapter
reports results for objectives 3 and 4. In this chapter, we determined the concentration of NSE and
SAA in TBI patients. The findings were presented in a manuscript titled Evaluation of Serum

Neuron-Specific Enolase and Serum Amyloid A in Moderate-to-Severe Traumatic Brain Injury in
38


https://doi.org/10.1016/j.tria.2022.100228

Association with Glasgow Coma Scale and CT Findings for Improved Classification in a South

African Cohort.

Chapter 5: This chapter contains the synthesis, conclusion, recommendations, suggestions for
future research, limitations, a summary of findings and contributions to knowledge, and references.

The chapter reports results for objective 5.

Appendices: This contains the ethical and hospital approvals, data collection sheet, standard

curves and the informed consent form.
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BRIDGING TEXT

FROM CHAPTER ONE TO TWO

Chapter one presents an introductory section and a review of the literature. It was evident from
chapter one how TBI is a socioeconomic problem and how it adds a burden to the healthcare
system. Furthermore, chapter one demonstrates that the current diagnostic tool, GCS, is limited
and requires a new or complementary tool capable of detecting underlying neurological
dysfunctions following TBI. Given this, investigating biomarkers as new or complementary tools
for TBI diagnosis may be a tempting option to enhance diagnostic accuracy. Thus, the next chapter
(Chapter Two) focuses on analyzing the most common and suitable biomarkers currently under
investigation or already introduced into clinical settings. The results obtained on S100B and GFAP
were presented as a manuscript and published in the Journal of Translational Research in Anatomy.
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ARTICLE INFO ABSTRACT

Keywords: Background: Traumatic brain injury (TBI) occurs as a result of a severe head injury caused by an external force

TBI during a vehicle accident, fall, domestic violence, or explosion. Clinically, TBI is evaluated and classified clini-

ze“'m Z;OAOPB cally according to the Glasgow Coma Scale (GCS), associated with Computed Tomography (CT) and Magnetic
erum

Resonance Imaging (MRI). However, there are many limitations associated with GCS; therefore, the aim of this
review is to perform a systematic meta-synthesis that evaluates the various characteristics of TBI markers. Most
especially, S100 calcium-binding protein B (S100B) and Glial Fibrillary Acidic Protein (GFAP).

Methods: To achieve this revised review of S100B and GFAP roles in human TBI, an electronic literature search
was carried out among articles published in English from previous years up to December 2021. The review
included 103 studies and was retrieved from PubMed, Google Scholar, PMC, BMC and Scopus, using the key-
words "traumatic brain injury" and "neurobiomarkers". And "S100B and GFAP proteins".

Results: & Conclusion: This study demonstrates that S100B and GFAP have a high sensitivity for intracranial
injuries and remain unchanged by external factors such as temperature, freeze-thaw cycles, and hemolysis.
Moreover, both S100B and GFAP are specific to the brain. Hence a combination of the two proteins could
improve the outcome of TBI diagnosis. However, the clinical test value and specific mechanisms of S100B and
GFAP to predict TBI requires further investigation.

1. Introduction

Traumatic brain injury (TBD is a change in brain function, or an
indication of brain pathology caused by an external force [1,2]. Glob-
ally, TBI is considered a silent epidemic that contributes to major
morbidity and mortality compared to other traumatic insults. It is a
major health and socioeconomic problem affecting individuals irre-
spective of their race, gender, and age [3,4].

Worldwide, 69 million (95% CI: 64-74 million) individuals suffer
from TBI [5]. TBI occurs in both developed and developing countries
[6]. The prevalence of TBI is three-fold greater in low- and
middle-income compared to high-income countries [5].In sub-Saharan

Africa, the prevalence of TBI is 150-170 per 100 000 individuals [7].
It is estimated that by the year 2050, the TBI prevalence in Africa will
increase to 14.25 + 0.75 million due to increased urbanization [8].
Notably, the National Institute for Occupational Health of South Africa
(SA) report an estimated 89 000 new cases of TBI annually [9], of which
39.4% are caused by interpersonal violence, 16.7% by a motor vehicle
collision, 14.1% by vehicle-pedestrian accidents, 10.3% from falls and
19.5% from other causes [10].

Traumatic brain injury varies in gravity from minor to fatal, as well
as by type, location, age and gender [11]. Acute trauma may result in
hemorrhage within several intracranial segments arising from brain
contusion, diffuse axonal shearing, and brain oedema [12]. Frequent TBI

Abbreviations: (TBI), Traumatic brain injury; (SA), South Africa; (ROS), Reactive oxygen species; (GCS), Glasgow Coma Scale; (CT), Computed Tomography;
(NSE), Neuron-Specific Enolase; (GFAP), Glial Fibrillary Acidic Protein; (S100B), S100 calcium-binding protein B; (CNS), Central nervous; (TLR4), Toll-like receptor
4; (MAPK), Mitogen-activated protein kinases; (NF-kB), Nuclear factor kappa light chain enhancer of activated B cells; (iNOS), Inducible nitric oxide synthase;
(RAGE), receptor for advanced glycation end products; (NADPH), Nicotinamide adenine dinucleotide phosphate.
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may cause chronic traumatic encephalopathy, identified clinically by
amnesia, executive dysfunction, aggression, depression, and Parkin-
sonism [13].

TBI is evaluated and classified clinically according to the GCS by
imaging using axial Computed Tomography (CT) and Magnetic Reso-
nance Imaging (MRI) [14,15]. Based on the GCS, TBI is categorized as
mild (score: 13-15), moderate (score: 9-12), and severe (score: <9)
[11]. However, using GCS as a diagnostic tool is associated with sig-
nificant limitations [16]. These include its insensitivity to detect un-
derlying neurological and non-neurological diseases [17], failure to
evaluate verbal responses in intubated patients, an absence of brainstem
reflex, and different scores assessed on the same patient [18]. Most
physicians in emergency rooms often encounter the challenge of how to
evaluate patients who are intoxicated with aleohol that have poor recall
of events [19].

Moreover, detecting early symptoms in sport-related TBI is difficult
as CTs cannot differentiate subtle changes in brain tissue. Also, it is
costly to transport these scanners to sports sites. Hence, a considerable
percentage of sport-related TBIs remain undiagnosed or undetected
[20]. These limitations have driven the need for alternative, more reli-
able methods to assess TBI. Thus, in light of the high morbidity and
mortality associated with TBI. This review examines different bio-
markers and compares their values as predictor risk indicators for brain
injury.

1.1. Pathophysiological process of TBI and phases of brain injury

TBI may comprise two separate phases rather than a single patho-
physiological incident. The early insult stimulates the primary injury
process, which causes tissue distortion, necrosis, and shearing of neu-
rons, glial cells and axons [21]. The nervous tissue injury resulting from
this primary phase causes the release of neurotransmitters such as
glutamate, glycine and aspartate [22]. Thus, the latter phase activates a
secondary phase associated with an elevation of proinflammatory cy-
tokines with consequent production of reactive oxygen species (ROS)

| Disruption of blood brain bartier } Activation of markers of injury

l

Translational Research in Anatomy 29 (2022) 100228

that cause mitochondrial dysfunction and subsequent ischemia and
injury to the cell and apoptosis, as shown in Fig. 1 [23]. This inflam-
matory phase may persist for weeks to months, often culminating in
death [24]. Moreover, disrupted blood-brain barrier (BBB) consequently
causes invasion of peripheral inflammatory cells in the brain and acti-
vation of voltage-dependent calcium (Ca®")and sodium (Na') channels.
Following Ca”" and Na' activation of phospholipases, proteases, and
lipid peroxidases occur, followed by induction of apoptosis, membrane
degradation and cell death [25].

1.2. Prognosis of TBI and TBI biomarkers

Currently, the prognostic approach for the TBI assessment during the
patient admission and characteristic clinical outcomes for brain surgery
include Glasgow coma score (GCS), which is the most commonly used,
along with other assessments such as the absence of pupillary reactivity,
activated partial thromboplastin time, lymphocyte ratio, international
normalized ratio, and platelet count [26].

Biomarkers are quantifiable biological substances that serve as
markers of physiological injury or inflammation. Currently, studies have
highlighted many TBI biomarkers that are promising and clinically
relevant [27]. Early studies investigated the presence of serum fructose
1,6-diphosphate aldolase, glutamic pyruvic transaminase, GOT, LDH,
alpha-hydroxybutyric acid dehydrogenase, and malate transaminase in
patients with head injury [28]. However, these studies had several
methodology errors that were performed prior to the introduction of
both CT scans and GCS [29]. Biomarkers that have received recent
attention include Creatine Kinase (CK), Lactate Dehydrogenase (LDH),
Myelin Basic Protein (MBP), Neuron-Specific Enolase (NSE), Creatine
Kinase Isoenzyme (BB), Glial Fibrillary Acidic Protein (GFAP) and S100
calcium-binding protein B (S100B). Both GFAP and S100B have gener-
ated extensive scientific interest [29]; plausibly because both are par-
allel regarding detection of brain damage, higher level of accuracy for
prediction mortality, as well as neuromonitoring parameters such as
cerebral perfusion pressure, intracranial pressure and mean arterial

Fig. 1. The pathophysiology of TBI is initiated by an
external force exerted on the head (i.e primary
injury). The mechanical damage, resulting from the
primary injury causes blood-brain barrier (BBB)
disruption, brain tissue damage and altered vascula-
ture. The emanating damaged neurons and glia
release their intracellular contents into the extracel-
lular space and stimulate adjacent neurons and glia
generating the second injury. S100B proteins path-
ways during inflammation, proliferation, lipid per-

v brain injury oxidation and apoptosis. S100B acts in a paracrine,

| ACerebral perfusion pressure
Intracranial pressure
| ¥ Cerebral blood volume

Increase in tissue fluid
Increase in pressure

Ischaemia

Inflammation
Mitochondrial damage

Neuronal death/apoptosis

autocrine and endocrine manner. It binds to toll-like
receptor 4 (TLR4) and an immunoglobulin receptor
for advanced glycation end products (RAGE) on the

Secondary brain injury ‘
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plasmalemma of astrocytes, microglia, Schwann cells
and neurons. ROS is produced via activation of
NADPH oxidase complex. This stimulates Src tyrosine
kinase and recruits the Racl-Cdc42-MKK6-p38-
MAPK-NF-xB and Ras-MEK-ERK1/2-NF-xB signaling
pathways. Consequently, there is an up-regulation of
IL-1p, TNF-a, COX-2 and iNOS expression. Also,
elevated ROS leads to lipid peroxidation and eleva-
tion of Bcl-2, and a Rac1-Cdc42 pathway leading to
mitochondrial  cytochrome-C  release
apoptosis.

Abbreviations: P38 MAPK: p38 mitogen-activated
protein kinases, NF-kB: nuclear factor kappa light
chain enhancer of activated B cells, JNK: c-Jun N-
terminal kinase, TLR4: toll-like receptor 4, iNOS:
inducible nitric oxide synthase, IL-f: interleukin 1
beta, and TNF-a: tumor necrosis factor-a. ROS:
Reactive oxygen species.

Inflammation

Proliferation causing
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pressure [30]. Hence, our review focuses on S100 calcium-binding
protein B (S100B) and Glial fibrillary acidic protein (GFAP) as predic-
tor markers for the prognosis of TBL

1.2.1. Other TBI biomarkers their applications in TBI prognosis

TBI has been reported to induce tau aggregation and spreading,
suggesting that TBI is a risk factor for tauopathies [31]. The primary
function of tau in the brain is to stabilize the microtubules which support
the long axon; other reported functions include regulation of the cell
cycle via tyrosine kinase and promote the synaptic function [32,33].
Studies have reported that tau phosphorylation in the brain occurs
during the early hours of TBI and induce progressive pathology for years
after the initial injury [34,35]. However, several studies reported the
failure to identify tau pathology within the short observation period and
after TBI [36-38].

Similarly, accumulation of alpha-synuclein (o-Syn) in microglial
cells and astrocytes has been reported in TBI, which promotes neuronal
damage leading to neurodegeneration ([39]. Alpha-synuclein (a-Syn) is
the most abundant protein in presynaptic terminals. Its normal expres-
sion is vital for neuronal survival [40]. The presence of exocytosis a-Syn
during the neuronal mitochondrial dysfunction and the detention in the
cerebrospinal fluid (CSF) with severe TBI makes a potential marker for
TBI prognosis [41]. However, a study reported that there was no sta-
tistically significant when comparing the a-Syn level with initial GCS
and GOS scores in CSF of 47 infants and children with severe TBI [42].
Other biomarkers such as BDNF, ICAM-5 and MCP-1, were evaluated in
the blood sample of 85 isolated moderate-to-severe TBI patients to
reveal the complex cellular and molecular mechanisms [43]. Using the
biomarkers, Battista and colleagues reported the complex cellular and
molecular mechanism underlying TBI. The results showed that S100B
alone compared with other biomarkers, outperformed in discriminating
unfavourable and favorable outcomes in the acute period from moderate
to severe TBI [43].

1.3. The biological role of S100 and GFAP during the physiological brain
process

S100B is a calcium-binding protein usually found in the glial cells
and detected in definite extra-neural cell types. Its various biological
roles in the normal physiological process are still debatable [44], but it is
believed to regulate protein phosphorylation, cell growth, cell cycle, cell
differentiation, and cell survival and act in intracellular and extracel-
lular functions [45,46]. S100B has an autocrine or paracrine effect at
physiological concentration when secreted. However, its toxic effects
are manifested at a higher concentration which can be detected in bio-
logical fluids such as CSF, blood, urine, amniotic fluid, and saliva [47].
Therefore, it has been used for brain biomarkers during neuro-
inflammation, tumour, neurodegeneration, and traumatic brain injury
[48]. More so, S100B has been reported to express in Schwann cells and
in the cell that forms myelin. This suggests that it may be involved in the
degree of myelination and response to injury [49].

GFAP is an intermediate filament structural protein that is highly
expressed during the activation of glial cells, predominantly in astro-
cytes [50]. The intermediate filament in this protein forms a network
that gives structural support and strength to cells. The functions of GFAP
are not well understood, but it has been reported that it involves con-
trolling the astrocytes’ shape, movement and function [50]. Studies
have also reported that GFAP plays several biological roles in CNS, such
as suppression of neuronal proliferation, neurite extension in the mature
brain, cerebellar motor learning process, regulation of blood flow after
ischemia, providing support to the blood-brain barrier, and mechanical
strength to the cell [46,51]. However, GFAP is not routinely found in the
blood or biological fluid, and it is only released during neuro-
inflammation, neuronal injury or cell death. Thus, this attribute has
made GFAP a potential marker for TBI [51]. For instance, GFAP has been
used as a marker for the diagnosis of brain injury and its potential
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adverse effect related to death outcomes [43]. Another study reported
that the higher GFAP levels were found to be associated with worse GCSs
in TBI patients [52]. More recently, the expression of GFAP in astrocytes
has been used as a major marker in neurological, neuroinflammation
and neurogenesis to predetermine and monitor neurological severity in
TBI patients [53].

1.3.1. Pros and cons of the commonly used biomarkers in TBI; advantages
and disadvantages of S100B and GFAP as biomarkers

Neuron-specific enolase (NSE) is uniquely known for its specificity to
detect direct functional damage to neurons [54]. Unlike normal physi-
ological conditions, during cellular injury or death, NSE leaks into the
extracellular space and is upregulated. One of the major problems
related to the use of NSE as a biomarker for TBI, is hemolysis. Red blood
cells contain a substantial amount of NSE, hemolysis during TBI may
cause an increase of NSE in the blood, making it difficult to interpret and
may reflect inaccurate values [55]. Nonetheless, despite NSE having a
longer half-life than S100B yet equivalent to GFAP, its slow release from
plasma makes it difficult to differentiate between primary and second-
ary injury to the brain [56]. Some studies have reported no difference in
NSE levels between control and TBI patients [57]. Generally, NSE is
mostly associated with severe injury rather than mild and moderate
injury [58]. Its poor sensitivity and specificity limit its use in TBI as a
good biomarker since it also does not correlate with mild and moderate
TBI compared to S100B and GFAP.

Contrary to S100B and NSE effect, ubiquitin C-terminal hydrolase -L1
(UCH-L1) is enhanced and very specific for neurons and is absent-low in
other tissues [59]. Studies have reported that serum UCH-L1 measured
within 48 h following injury distinguishes patients with intracranial
hemorrhage from controls [60]. In contrast, shahim et al. [61], noted an
increase in UCH-L1 concentration in patients with TBI seven months
after the first measurement, and there was no correlation between the
level of UCH-L1 and the severity of the injury. These finding questions
the specificity and accuracy of UCH-L1 levels post-injury as similar to
NSE, it has a very low sensitivity for mTBI compared to S100B and GFAP
[62].

Neurofilament light (NF-L) is the core protein of CNS neurofilaments
expressed within long myelinated subcortical axons [63]. It is made up
of a heteromeric protein, divided into three groups with different mo-
lecular weights, that is, light (NF-L)-68 kDa, moderate-sized (NF-M)-150
kDa, and heavy (NF-H)- 200 kDa NF proteins respectively, with NF-L
acting as the core protein [64]. Although S100B and GFAP have a
shorter half-life compared to NF-L, they are considered a better
biomarker than NF-L due to their dynamic release. With NF-L, the initial
increase is highly correlated to primary brain injury and weakly corre-
lated to secondary brain injury, while S100B and GFAP is more effective
for detection of secondary brain injury, thus are considered better bio-
markers [65]. Whilst the predictive value of NF-L is considered inde-
pendent of association with other biomarkers, contradictory reports
show weak predictive values compared to S100B and GFAP [66].

1.3.1.1. S100 calcium-binding protein B (S100B). Twenty-one S100
proteins occur exclusively in vertebrates and are encoded in the human
genome [67]. They share sequence and structural homology, but are not
functionally interchangeable with their functional roles in proliferation,
migration and/or invasion, inflammation and differentiation [68].

S100B has been immunohistochemically identified in astrocytes of
brain tissues as well as within other organs such as bladder, colon, liver,
lungs, kidney, pancreas, tonsil and stomach [69]]. Therefore, S100B
measurements taken at the time of trauma, may not be derived primarily
from the CNS but may also emanate from other organs [70].

S100B is a small dimeric cytosolic and calcium-binding protein with
a molecular size that ranges between 9 and 21 kDa. It is soluble in 100%
ammonium sulfate liquid [71]. Its normal level in serum is 0.14 pg/1
[72], and 1.8 pg/1 in CSF [73]. Notably the S100B increase measured at



S.N. Mafuika et al.

the time of trauma correlates poorly with TBI outcome [74]. However,
12 h after the trauma, there is a considerable association with TBI
outcome [75]. Following brain injury, S100B is released as a structural
factor in high concentration and as a reconstructive protein in low
concentration [76]. In CNS development and TBI recovery, S100B may
be correlated to its neurotrophic and gliotrophic actions [77]. A low
S100B secretion at nanomolar concentrations strengthens neural sur-
vival, however, at micromolar levels it may have a toxic effect [76].

Physiologically, S100B is implicated in the development and main-
tenance of CNS homeostasis. In astrocytes, S100B is located within the
cytoplasm and nucleus, where it regulates various cellular activities
[78]. It binds to crucial synaptic proteins such as toll-like receptor 4
(TLR4) (Fig. 1), thereby inhibiting their phosphorylation [79], and
signal transduction is affected via the mitogen-activated protein kinases
(MAPK) and nuclear factor kappa light chain enhancer of activated B
cells (NF-kB) pathways [30]. The mechanism of secretion and action of
S100B remains unclear [31] however, it may be associated to different
factors such as interleukin B, tumor necrosis factor alpha a-1, the
proinflammatory cytokines and metabolic stress [32]]. In contrast,
several studies have demonstrated a positive correlation between S100B
release after brain trauma and the degree of severity of injury [S3].
Furthermore, S100B protects newrons against excitotoxic damage,
demonstrating a positive role for S100B in decreasing brain injury and in
stimulating recovery [34]. However, toxic levels of glutamate in neurons
down-regulates serum deprivation induced S100B secretion by a process
reliant upon the glutamate transporter [85]. Glutamate is the dominant
free amino acid with excitatory lethal effects on nerve cells in the brain
[36]. In an experiment conducted by Guerra et al. [37], it was observed
that S100B was upregulated by phospholipid 1-palmitoyl-2-arachido-
noyl-sn-glycerol-3-phosphatidylcholine (PAPQ), which has
anti-inflaimmatory properties [38]. Ke et al. [89] showed that
endothelin-1 (Et-1) also upregulates S100B secretion in astrocyte cul-
tures, however this was time dependent, after an hour Et-1 decreased
S100B secretion.

It is worth noting that individuals with darker skin have higher
serum levels of S100B compared to individuals with lighter skin [90],
due to higher levels of melanocytes in darker-skinned individuals [91].
This should be taken into consideration as it implies the concentration of
S100B may be affected by race and that careful observations are
required during measurements of serum S100B and interpretation of
results in correlation with skin color [92].

1.3.1.2. S100B and Ca®" pathway. Several S100 proteins are dependent
on Ca®" activation for relocation from one specific cellular compartment
to another [93]. Ca®' ions are vital secondary messengers in all active
cells [94]. During intracellular signaling, S100B regulates cytosolic Ca®’
level thereby transducing Ca®" signaling at the plasmalemma [95]]. In
response to Ca®" increase, S100B translocates as vesicle-like structures
from the perinuclear zone towards the periphery of the cell where it
induces astrocyte proliferation [93]. In contrast, Ca®" ions were reported
to be ineffective on S100B release, in a study on rat cortical slices [96].
The omission of Ca®" ions from incubation medium containing oxygen
and glucose did not affect S100B release. However, when extracellular
Ca®" ions are chelated with bis (alpha-aminophenoxy) ethane-N, N, N/,
N'-tetraacetic acid) (BAPTA) there is significant elevation in S100B
release [97].

Furthermore, S100B stimulates glial inducible nitric oxide synthase
(iNOS) through a signal transduction pathway that involves the tran-
scription factor nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB). It is plausible that this signal transduction pathway regu-
lates S100B activation of glia which ultimately contributes to oxidative
and neurotoxic responses [93]. Additionally, extracellular S100B is
encapsulated by vesicles and reabsorbed by astrocytes in a receptor for
advanced glycation end products (RAGE)-dependent manner (Fig. 1)
[99]. Reabsorption of S100B via RAGE activates and further endorses
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the shedding of endothelial glycocalyx, exacerbates the dysfunction of
BBB, and increases vascular permeability [100]. Recent studies have
shown the role of S100B in neurodegenerative diseases and neurode-
generative brain injury via mitochondria-derived Reactive Oxygen
Species (mROS) [101,102]. ROS is produced via activation of Nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase complex
[103]. This triggers Src tyrosine kinase and recruits the
Rac1-Cdc42-MKK6-p38-MAPK-NF-kB  and Ras-MEK-ERK1/2-NF-«kB
signaling pathways, at low and high concentration of ROS respectively
[104]. Resulting in anti-apoptotic expression and neurite extension
respectively (Fig. 1).

1.3.1.3. S100B and apoptosis. Notably, at high concentrations, S100B
induces apoptosis of an in vitro cell line (N18) in a RAGE-dependent
manner (Fig. 1) [105]. In malignant melanomas, S100B downregulates
apoptosis by binding directly to the p53 tumour suppressor protein,
thereby decreasing and inhibiting the p53 protein levels [106]. Over-
expression of S100B prevents apoptosis due to lower levels of p53 and
phosphorylated p53 protein [106]. To decrease the survival ability of
malignant melanoma, S100B levels must be 2-fold lower in order to
activate apoptosis [107].

Moreover, based on its concentration, secreted glial S100B has both
trophic and toxic effects [108]. At high levels, S100B stimulates neurite
outgrowth and boosts the survival of neurons during development. In
contrast, at low levels, S100B induces the expression of proinflammatory
cytokines and apoptosis [109].

1.3.1.4. Brain immune response during TBL. During TBI, the BBB is dis-
rupted, resulting in immune cell infiltration into the CNS, leading to
neuroinflammation and activating proinflammatory markers. The pro-
longed chronic inflammatory process often leads to secondary cell death
[110]. More so, the disruption of BBB plays a significant role in Osmotic
demyelination syndrome (ODS) ODS pathology, which could lead to
microglia activation and astrocyte death [111].

1.3.2. Glidl fibrillary acidic protein (GFAP)

Glial fibrillary acidic protein (GFAP) is a protein derived from glial
cells of the central nervous system (CNS). It forms a portion of the in-
termediate filament of the cytoskeleton of astrocytes [112]. Astrocytes
play a critical function in cellular restoration and healing following TBI
[113]. Following TBI, spinal cord injury and stroke, GFAP and its con-
tents are rapidly released into biofluids, making them potential candi-
date biomarkers for neurological disorders [114,115].

GFAP is related to agents that compromise the integrity of the blood-
brain barrier (BBB) [50]. The level of GFAP increases in many neuro-
degenerative illnesses such as Alzheimer's disease (AD), dementia with
Lewy bodies (DLB), and frontotemporal lobar degeneration (FTLD)
[112]. The normal level of GFAP in serum is < 0.03 ng/mL [29].
However, in TBI, the more severe the damage, the higher the serum
GFAP expression [116]. In CSF, the normal concentration of GFAP is
2.27 ng/mL [112]. Studies have highlighted that GFAP in CSF has
greater diagnostic accuracy compared to S100B in differentiating
mild-TBI patients from controls [117]. GFAP mRNA expression is
regulated by numerous nuclear-receptor hormones, growth factors, and
lipopolysaccharides (LPSs) [50]. GFAP is also subject to several
post-translational modifications. GFAP protein induction seems to play a
vital role in astrocyte activation subsequent to CNS injuries and neuro-
degeneration [114]. Nonetheless, the mechanism of action of GFAP is
poorly understood. However, it is thought to give structural support and
tensile strength to the cytoskeleton of astrocytes [118].

1.3.2.1. GFAP mechanism. Studies suggest that GFAP plays a vital
defensive role in nervous system injury (NSI), where the local inflam-
matory response is directly proportional to GFAP inhibition [119].
Toll-like receptor 4 (TLR4) plays a vital role in pathogen recognition and
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activation of the innate immune system; it is believed to decrease GFAP
levels post-TBI [120]. Elevated GFAP release has also been associated
with elevated inflammatory responses in patients with neurodegenera-
tive diseases, including neuromyelitis Optica (NMO) [121]. However, it
has been demonstrated that GFAP may be detrimental depending on the
NFkB signalling pathways [122]. GFAP is considered a strong predictor
of mortality; that is, a high concentration of this protein can lead to
death [123]. GFAP expression is also upregulated upon TBI by the
JAK/STAT pathway (Fig. 2), which in turn is activated by Interleukin 6
(IL-6), suggesting that reactive astrogliosis depends on IL-6 [124]. IL-6 is
inhibited by allyl isothiocyanate (AITC), and inhibition of IL-6 down-
regulates GFAP, which in turn prevents astroglial activation in TBI pa-
tients [124]. Other studies have reported that IL-6 upregulates GFAP via
the MAPK pathway (Fig. 2) [125]. In contrast, no association between
IL-6 and GFAP have been demonstrated, raising uncertainties about its
involvement in the JAK/STAT pathway [126].

Unlike S100B, several studies have demonstrated a strong associa-
tion and correlation between GFAP and MRI [127], making it an
important biomarker that may be associated with current diagnostic
tools. A limiting factor of GFAP as a reliable biomarker in clinical
practice is the varying sensitivity and specificity of the protein, different
cut-off values have been reported [123]. Nonetheless, it is important to
note that S100B and GFAP have separate regulatory mechanisms of
expression [129]. However, studies report that a combination of S100B
and GFAP exhibits better prediction of TBI and outperforms other
biomarker combinations [130]. Therefore, S100B and GFAP are poten-
tial candidates for diagnoses and prognoses of mild to severe TBL

TBI biomarkers properties, as suggested by Thelin et al. [72] include:

It must show a considerable sensitivity and particularity for brain
injury

e Must demonstrate a compliant release from the CNS without any
accelerated dynamic release

It must be convenient to differentiate patients by the gravity of the
injury and provide information about injury mechanisms

e Must have a rapid occurrence of inaccessible biological fluids and a
limitless passage from the brain

i STAT dimerization
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e Have unambiguous bio-kinetic properties and control the progress of
disease and reaction to treatment, and predict functional outcome

S100B and GFAP fulfil most of these properties; however, their
mechanisms are not yet completely understood. S100B is a stable pro-
tein, comparatively unaltered by storing, fluctuating temperatures,
freeze-thaw cycles and hemolysis in the sample, which greatly simplifies
the processing of the protein and reliability of the analyses, therefore,
making it a suitable biomarker in the acute setting [131]. Moreover,
both S100B and GFAP have high sensitivity for intracranial injuries
despite them differing considerably in their specificity (5% and 55%,
respectively) [132].

Limitations of S100B are mostly associated with its inability to
exclude moderate to severe TBI; neither has it been specifically quan-
tified according to the TBI category. Most probably due to its fluctuating
values in brain injury and other extracranial sources of S100B, which
may affect the overall concentration of the protein. In contrast, GFAP is
brain-specific, and a combination of the two proteins could improve the
outcome of TBI diagnosis.

2. Correlation between radiological examination and blood
plasma levels of S100B and GFAP

Studies have reported the correlation between Computed tomogra-
phy images and the two biomarkers (S100B and GFAP) in TBI [51,132].
S100B, of all the biomarkers, is the most studied biomarker in mild TBI
patients for possible head computed tomography [132]. The use of
S100B for CT screening in TBI is debatable, and Studies have reported
significant correlations between CT image abnormalities and elevated
serums levels of S100B [133,134]. Conversely, other studies failed to
detect any association between the two [135,136]. Recent studies
showed that S100B alone could be used as a predictor for TBI, and it will
reduce the risk of exposing patients to radiation, especially in pediatric
patients [137,138].

Similarly, GFAP outperformed S100B when detecting intracranial CT
lesions. This means GFAP could be a valuable biomarker in TBI [132]. In
addition, a study has reported that GFAP levels remain elevated for
several months and even years after TBI, and this elevation was

ExtraceBular space
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Fig. 2. GFAP pathophysiology via the MAPK and STAT pathways. MAPK: mitogen-activated protein kinases, NF-kB: nuclear factor kappa light chain enhancer of
activated B cells, TLR4: toll-like receptor 4, IL-6: interleukin 6. The MAPK pathway usually leads to the increase of GFAP level, while the STAT pathway leads to
decrease of GFAP level, which eventually induces multiple cellular processes such as cell differentiation, migration, apoptosis, proliferation, and inflammation.
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correlated with changes in brain microscopic structure using quantita-
tive diffusion tensor imaging. This suggests that GFAP may be a useful
tool to identify TBI survivors overt time who are at high risk of pro-
gressive neurological damage [139].

3. Summary of findings for the commonly used biomarkers

As shown in Table 1, an extensive literature review comparing the
serum concentration of NSE with mortality and neurological outcome in
TBI patients showed that the higher NSE concentration was significant
with increased mortality and unfavourable outcomes in TBI patients
[58]. Similarly, a study reported the correlation of S100B with
intra-and-extracranial injury using the Stockholm CT score. The reports
showed that there were higher S100B levels in both patients with
intracranial and extracranial compared with patients without injury.
This study revealed that S100B levels were independently correlated
with TBI, which could be a potential marker for monitoring aggregated
brain injury [70]. Furthermore, the study reported that the serum levels
of S100B and GFAP in 49 patients with TBI, both S100B and GFAP
showed a significant negative correlation with GOS score in the 6th
month. Interesting, there was an increase in medium serum levels of
S100B and GFAP in patients with unfavourable conditions and those
who later dead compared with those alive with improving health [140].

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is another biomarker
used to determine the severity of TBI due to its abundance in the brain,
particularly neurons. The expression of UCH-L1 has been reported in
patients with moderate and severe TBI after 10 h of injury [141]. Nimer
and colleagues investigated the NF-L as a marker of neuroaxonal injury
using 182 patients admitted to the neurointensive care unit who were
suffering from TBI. Their reports revealed that serum NF-L levels, SI00B
and NSE are highly expressed in TBI patients. Their results showed that
serum NF-L is well-correlated to TBI outcome and neuroaxonal injury
[66].

4. Conclusion

Given the high prevalence of TBI globally, there is an urgent
requirement for a reliable predictor risk indicator that would enable
rapid patient management. This review demonstrates that S100B and
GFAP have good potential as predictors for TBI compared to NSE, UCH-
L1 and NF-L biomarkers. They show high specificity for neural networks
related to mortality and are associated with good prognoses. They are
useful and are potential screening means for physicians who may not
consider performing head CT cases, such as in younger patients and
pregnant women, to prevent exposure to radiation. Both S100B and
GFAP have high sensitivity for intracranial injuries and are unchanged
by extemnal factors such as temperature, freeze-thaw cycles, and hemo-
lysis. In addition, S100B and GFAP testing is cost-effective; the blood
sample is not limited by the duration of testing time, making analysis
simple for suitable health professionals using commercially available
kits. More studies should be done on the quantification of both S100B
and GFAP levels according to TBI severity, that is, mild, moderate, and
severe. Reflecting the concentration of TBI severity will ease medical
management. However, at this introductory stage, S1I00B and GFAP
measurements should be combined with correct imaging for anatomical
visualization of the injury as the levels of S100B and GFAP can be
affected by the amount of tissue damaged. Long term studies in a large
cohort are required to better elucidate S100B and GFAP in TBI patients
as well as investigate their mechanisms of action in TBI.
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Table 1
Five mostly investigated biomarkers for TBI.
Authors Biomarkers Molecular Primary TBI type Effective
weight origin half-life
[134] S100B 9-21 kDa Astrocytes Mild, 24h
moderate &
severe
[72,74]1 GFAP 52 kDa Astrocytes Mild, 48 h
Moderate &
Severe
[58,92] NSE 47 kDa Neurons Severe 48 h
[141] UCH-L1 24 kDa Neurons Moderate & 10 h
Severe
[66] NF-L Light 68 Neurons Mild & (=1
kDa Severe weeks)
Mid-sized
150 kDa
Heavy 200
kDa
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BRIDGING TEXT

FROM CHAPTER TWO TO THREE

In the manuscript from Chapter Two, we noted that GFAP and S100B originate primarily from
astrocytes, while NSE is mainly associated with neuronal damage and SAA is a hepatocyte and is
associated with inflammatory cytokines like IL-1, IL-6, and TNF-a. GFAP, S100B, NSE and SAA
were identified as the most suitable biomarkers for TBI diagnosis and have been implemented in
some clinical settings in developed countries. Therefore, Chapter Three was designed to
investigate GFAP and S100B separately from NSE and SAA based on their origins. A novel
multiplex immunoassay was used to detect GFAP and S100B levels and assess their ability to
predict the severity and progression of TBI. The results of this Chapter have been presented as a
manuscript and are under review in the Journal of Neurocritical Care (Manuscript number: JNC-

25-031).
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Abstract

Diagnosis and detection of low levels of serum GFAP and S100B biomarkers in traumatic brain
injury (TBI) using highly sensitive blood and fluid assays, such as fluorescence-based techniques,
enzyme-linked immunosorbent assays (ELISA), and electrochemiluminescence (ECL), remain
major challenges despite improved predictive accuracy.

This prospective study utilizes a multiplex immunoassay (ProcartaPlex, Thermo Fisher Scientific,
2024) to detect human GFAP and S100B proteins in serum from 75 patients with moderate to
severe TBI. Statistical analysis was achieved using Statistical Package for the Social Sciences
version 30.0.0.0 (SPSS; IBM Corporation). Kruskal-Wallis, Dunn's multiple comparisons, and
Pearson's chi-squared test were used to assess the association between variables. The results
obtained were expressed as median and interquartile range, at P< 0.05.

Serum concentrations of GFAP and S100B were significantly elevated in the moderate and severe
TBI groups compared with the control group (P < 0.001). No significant differences between the
moderate and severe groups were detected for GFAP or S100B (P=0.2623, P>0.999).

These findings suggest that elevated serum concentrations of GFAP and S100B are indicative of
increasing severity and progression of TBI, supporting the utility of multiplex immunoassay as a
predictive tool. These findings suggest that the combined use of GFAP and S100B biomarkers
enhances the accuracy of distinguishing between moderate and severe TBI as predictor test

indicators of the condition.

Keywords: Traumatic brain injury, GFAP, S100B, neurology, Immunoassay, GCS.
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TEXT

Introduction

Globally, traumatic brain injury (TBI) is the principal cause of ill health, disability, mental
instability, and death (Kalyan, 2007; Williamson and Rajajee, 2021). TBI has a wide range of
aetiology, which includes mechanical assault, firearm-related accidents, falls, or motor vehicle
accidents (CDC, 2018; Miller et al., 2020).

Its complex pathophysiology is caused by primary and secondary trauma, resulting in either short-
term or long-term neurological impairment (Xiong et al., 2013; Galgano et al., 2017). The primary
injury is characterized by short-term impairment and primarily affects gross anatomical structures
such as the skull, brain, blood vessels, and surrounding tissues of the head. In contrast, the
secondary trauma occurs immediately following the primary impact, triggering pathophysiological
pathways that lead to various cellular dysfunctions, including inflammation, altered cell
differentiation and proliferation, as well as apoptosis (Galgano et al., 2017). This preempts a
secondary injury that involves chemical, molecular, and inflammatory responses, thereby eliciting
further cerebral damage. This cascade of events involves neuronal neutralization followed by the
release of excitatory neurotransmitters such as aspartate and glutamate that cause a surge in
intracellular calcium (Galgano et al., 2017; Abdelmalik et al., 2019). Consequently, this triggers
the activation of apoptotic enzymes such as caspases and free radicals that degrade neuronal cells
and impair the blood-brain barrier (BBB), causing cerebral damage (Annunziato et al., 2003;
Galgano et al., 2017).

It is estimated that approximately 50 million individuals sustain TBI worldwide each year, with
the highest incidence reported in Southeast Asia and Europe (Dewan et al., 2018; James et al.,

2019). Africa and Southeast Asia are notably regarded as the epicentre of road traffic collision-
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related TBIs (Dewan et al., 2018). Empirical evidence suggests that TBI affects every individual
regardless of age and sex, but some specific groups are more vulnerable and at greater risk of
prolonged disability and mortality (Rutland-Brown et al., 2005).

The severity of TBI is determined by a simple blow to the head, compared to a penetrating injury
to the brain. It is classified into mild, moderate, and severe subtypes (CDC, 2015). The mild form
is viewed as an injury without any obvious morphological damage secondary to a non-penetrating
TBI with loss of consciousness not more than 30 minutes and with post-traumatic amnesia (PTA)
not greater than 24 hours (CDC, 2015). Moderate TBI is characterized by the loss of consciousness
and PTA lasting for 1-24 hours, whilst severe TBI is the loss of consciousness for more than 24

hours and PTA of more than 7 days (CDC, 2015).

Several clinical indices have been developed and utilized to grade the severity of TBI (Hill et al.,
2016). These tools include the Galveston Orientation and Amnesia Test, Glasgow Coma Scale
(GCS), and the Marshall Computed Tomography classification. Of these clinical tools, GCS is the
most accurate, easy to use, and widely used to classify the severity of TBI into three subtypes
(Syed et al., 2007). On the GCS scale, grades 13-15 indicate mild TBI, which accounts for
approximately 80% of cases. A grading of 9-12 represents moderate TBI, which accounts for 10%
of cases, whilst a grading of 3-8 represents severe TBI, which accounts for 10% of cases (Syed et
al., 2007). Despite its acceptability and the widespread utilization of GCS in evaluating the severity
of TBI, its limitations include subjectivity and the loss of verbal elements following patient

intubation (Gardner and Zafonte, 2016).

Until recently, the evaluation of acute TBI was restricted to radiographic imaging and physical
examination (Mahan et al., 2019). Biomarkers such as ubiquitin C-terminal hydrolase L1 (UCH-

L1), S100 calcium-binding protein B (S100B) and glial fibrillary acidic protein (GFAP) have been
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put forward as potential clinical predictive tools for the determination of TBI severity (Welch et

al., 2017; Mahan et al., 2019).

The S100B protein is a class of calcium-binding proteins produced by neuroglial cells within the
brain. This protein acts as a neurotrophic factor for neuroprotection and has been detected in serum
after the opening of the BBB following brain injury (Xiong et al., 2009). The latter study proposed
that a high concentration of S100B increases neuroinflammation and worsens neural survival.
Numerous experimental studies have also interrogated the practicality of measuring blood S100B
for the exclusion of mild TBI patients (Bouvier et al., 2009). More recently, GFAP has been
suggested as an important brain fluid biomarker (Benedet et al., 2021). It is expressed on mature
astrocytes within both white and grey matter, cerebellum, sub-granular and subventricular zones
(Middeldorp and Hol, 2011). Several immunoassay methods can be used to detect S100B and
GFAP in body fluids. Hence, this study aimed to employ a novel multiplex immunoassay to
evaluate S100B and GFAP levels and predict TBI severity, with the aim of better understanding

the progression of the injury and developing appropriate therapeutic modalities.
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Materials and Methods

Study population

This is a prospective study that used purposive sampling of serum from TBI (n=50; determined by
GCS) and control (n=25) patients. This TBI group was further stratified by severity into moderate
(n=25) and severe (n=25) sub-groups. The control group consisted of healthy individuals with no
underlying neurological disease or history of TBI.

Inclusion criteria

Male and female adult patients, irrespective of race and ethnicity (African, Indian, Coloured, and
White), aged >18 years, were diagnosed with TBI based on the Glasgow Coma Scale (GCS),
[moderate (9-12) to severe < 9]. Informed consent was obtained from all participants or family
members.

Exclusion criteria

Exclusion criteria were participants who did not agree to participate in the study, participants
younger than 18 years old, patients with mild TBI (13-15), and patients with other neurological

conditions.

Reagents and Kits

ProcartaPlex Kits: EPX010-12339-901 HU S100B Simplex and EPX010-12336-901 HU GFAP
Simplex were purchased from Life Sciences Solutions Group, Thermo Fisher Scientific, Waltham,

MA, USA.

GFAP and S100B concentrations in serum samples were measured using digital array technology
(ProcartaPlex), which employs Luminex XMAP technology with magnetic beads for multiplexing

and fluorescent detection via spectrally unique beads, enabling high sensitivity and specificity
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(Kroll et al., 2023). ProcartaPlex Immunoassay is a novel technology that utilizes highly sensitive
immunoassays with the lowest limit of quantification (LLOQ) of 36.72 pg/mL and the lowest limit
of detection (LLOD) of 1.79 pg/mL for GFAP, and (LLOQ) of 1.84 pg/mL and (LLOD) of 0.19

pg/mL for S100B.

Blood collection and multiplex immunoassay

Blood samples were collected from patients within 3 hours of TBI from the time of presentation
to the hospital to blood sampling using serum separator blood sample tubes. The sample tubes
were appropriately labelled; samples were centrifuged for 10 minutes at 1000xg at 20-25°C.
Undiluted serum samples were stored at -80°C. The S100B and GFAP concentrations were
determined using ProcartaPlex Simplex Basic kits following the manufacturer's instructions.
Additionally, CT scan results from each TBI group were analysed, and brain injuries were

classified as either extradural, subdural, or subarachnoid.

Immunoassay procedure- Samples were brought to room temperature as per the manufacturer’s
instructions. The beads were vortexed for 30 seconds, and 50 uL of the beads was added to each
well. The plate was subsequently washed with wash buffer. 25 uL of serum samples and standards
were added to their designated wells and incubated overnight. Thereafter, the plate was washed,
and 25 uL of biotinylated detection antibody mix was added to each well. The plate was incubated
on a shaker at room temperature for 30 minutes before subsequent washing. 50 uL of Streptavidin-
phycoerythrin was added to each well. The plate was incubated on a shaker for an additional 30
minutes at room temperature. Thereafter, the plate was washed. Lastly, 120 uL of reading Buffer

was added to each well, and concentration was detected on the MAGPX18251721 system.
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Data analysis

Statistical analysis was achieved using the Statistical Package for the Social Sciences, version
30.0.0.0 (SPSS, IBM Corporation). Kruskal-Wallis and Pearson Chi-Square tests were used to test
the association of variables. Results with two-tailed P < 0.05 were considered significant, p-values
were not corrected for multiple comparisons, and the results obtained were expressed as median

and interquartile range.

Results
We report that interpersonal violence and assault occurred in 33.3% of TBI patients. Other
causes emanated from sports (13.3 %), motor vehicle accidents (12.0%), and falls (8.0%) (Fig.

1).

Figure 1: Total study population — Control (33%) and TBI (67%) prevalence.
Key: IVA: Interpersonal violence/assault; MVA: Motor Vehicle Accident
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There was a significant difference in the cause of TBI by gender (P < 0.001). Males were more

likely to sustain TBI compared to females, as shown in Table 1. Statistical significance was

determined using the Pearson Chi-Square test.

Table 1: Causes of TBI compared to sex

Cause of TBI

0,
SO Total %) | P-value
Male Female
Control (no TBI) Count 10 15 25
% within Causes/History 40.0 60.0 100.0
IVA Count 25 0 25
%% within Causes/History 100.0 0.0 100.0
MVA Count 7 2 9 Sl
<0.
% within Causes/History 77.8 22.2 100.0
Fall Count 6 0 6
% within Causes/History 100.0 0.0 100.0
Other causes Count 9 1 10
%% within Causes/History 90.0 10.0 100.0
Total Count 57 18 75
%% within Causes/History 76.0 24.0 100.0

Key: IVA: Interpersonal violence/assault; MVA: Motor Vehicle Accident, P-value for comparisons between

Control and TBI

There was a significant difference (P<.001) between the cause of TBI vs. Age. Patients aged 18-

29 years had the highest IVA score (56.0%) compared with other age groups. Patients aged 45+

had the highest falls score (66.7%). Patients aged 30-44 years and 45+ years had the same

prevalence (40.0%) of other causes as the 18-29 years age group (20.0%). However, all age groups

had an equal prevalence of 33.3% for MVA as shown in Table 2. Statistical significance was

determined using the Pearson Chi-Square test.

73




Table 2: Causes of TBI compared to age

Age group
Causes of TBI 1829 30-44 yT Total P-value
Control Count 23 2 0 25
% within Causes/History 92.0 8.0 0.0 100.0
Interpersonal violence | Count 14 11 0 25
(IVA) / Assault % within Causes/History 56.0 440 0.0 100.0
Motor Vehicle Count 3 3 3 9
Accident (MVA) % within Causes/History 333 333 333 100.0 p<0.001
Fall Count 2 0 4 6
% within Causes/History 333 0.0 66.7 100.0
Other causes Count 2 4 4 10
% within Causes/History 20.0 40.0 40.0 100.0
Total Count 44 20 11 75
% within Causes/History 58.7 26.7 14.7 100.0

CT Scan results showed that the moderate group had a higher percentage of extradural and

subarachnoid hematoma injuries (61.9% and 66.7%, respectively) compared to the severe group

(38.1% and 33.3%, respectively). However, the severe group had a higher percentage of subdural

hematoma injuries (61.5 %) compared to moderate (38.5 %), as shown in Figure 2. Statistical

significance was observed between injury type and GCS score (p<0.001).

Figure 2: Comparison between the types of injury based on GCS
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There was a significant increase between the control (median = 1.79 pg/ml, IQR =1.79-2.19 pg/ml)
and moderate (median = 155.40 pg/ml, IQR = 36.72-1819 pg/ml) groups for GFAP (p<0.0001),
Figure 3(a). The serum concentration of GFAP was significantly higher in the severe group
(median = 3240 pg/ml, IQR =111.70-8839 pg/ml) than in the control group (p<0.001). There was
no significant difference in serum concentration of GFAP between moderate and severe groups
[p=0.2623, Figure 3(a)]. Statistical significance was determined using Dunn's multiple-

comparison test with a 95% confidence interval.

Similarly, S100B was significantly upregulated in moderate (median = 0.40 pg/ml, IQR = 0.23-
1.16 pg/ml) and severe (median = 0.59 pg/ml, IQR = 0.23-1.84 pg/ml) groups compared to the
control group (median = 0.19 pg/ml, IQR = 0.19-0.23 pg/ml) (P<0.0001). However, there was no
significant difference in serum concentration of S100B between the moderate and severe groups
[(P>0.999); Figure 3(b)]. Statistical significance was determined using Dunn's multiple-

comparison test with a 95% confidence interval.
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Figure 3: (a) GFAP, (b) S100B concentrations vs. GCS category, n=25 for each group.

**** statistical significance, ns: not significant. Data is represented as median and interquartile range
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A further analysis was made to test the correlation of GFAP and S100B. A strong positive

correlation between GFAP and S100B concentrations was demonstrated [Kruskal-Wallis Test -

p<0,001, r = 0,731], as shown in Table 3.

Table 3: Correlation analysis between concentrations of GFAP and S100B protein

Correlations

GFAP conc S100B conc
(pg/ml) (pg/ml)
Spearman's rho GFAP conc (pg/ml) Correlation Coefficient 1.000 0.731™
Sig. (2-tailed) . P<0.001
n 75 75
S100B conc (pg/ml) Correlation Coefficient 0.731™ 1.000
Sig. (2-tailed) P<0.001 .
n 75 75

**_Correlation is significant at the 0.01 level (2-tailed)

Serum GFAP concentrations did not differ significantly by gender, age group, injury type, or

patient outcome. However, S100B showed statistical significance for injury type and patient

outcome (p<0.001), as shown in Tables 4 and 5 using the Mann-Whitney U and Kruskal-Wallis

Tests, respectively.

Table 4: Cross analysis of analytes across sex (n= 75)

Gender GFAP conc (pg/ml) S100B conc (pg/ml)
Median & Interquartile Range (IQR) (pg/mL) | Median & Interquartile Range (IQR) (pg/mL)
Male (n=57) 155.43 (29.32-3386.69) 0.40 (0.23-0.95)

Female (n=18)

1.79 (1.79-8.15)

0.23 (0.19-0.23)

P-value

<0.001
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Table 5: Cross analysis of analytes across participants' demographics (n= 75)

Analyte concentration P-value
Median & Interquartile Range (IQR) (pg/mL)
GFAP S100B GFAP | S100B
18-29 (n=44) 8.15 (1.79-1608.83) 0.23 (0.19-0.59)
Age group 30-44 (n=20) 157.28 (25.61-1980.98) 0.25(0.23-0.54) 0.515 0.030
45+ (n=11) 166.76 (36.72-4380.54) 0.92 (0.23-1.84)
Control (n=25) 2.00 (1.79-2.20) 1.00 (0.19-0.23)
Type of injury | Extradural (n=21) 211.89 (36.72-4020.77) 0.40(0.23-1.73)
0.049 <0.001
Subdural (n=26) 1324.79 (36.72-4729.25) 0.40 (0.23-1.84)
Subarachnoid (n=3) 1895.98 (155.43-5450.58) 0.98 (0.23-1.61)
Patient Control group (n=25) 1.79 (2.00-2.20) 1.00 (0.19-0.23)
outcome Discharged (n=42) 479.63 (36.72-4403.38) 0.59 (0.23-1.84) 0.021 | <0.001
Passed away (n=8) 992.96 (141.23-5412.31) 0.32 (0.23-0.40)
Discussion

The National Institute of Occupational Health (NIOH) in South Africa (SA) has reported TBI as a

significant public health issue. Of note, SA has an incidence of TBI of 89,000 per annum, with the

main cause being motor vehicle, bicycle, or pedestrian—vehicle accidents accounting for 50%

(Dewan et al., 2018). In a 2007 audit of TBI care in KwaZulu-Natal, a concerning lack of

understanding and prioritization of secondary brain injury prevention and classification of TBI

was identified (Alexander et al., 2009). This study reports that interpersonal violence/assault (IVA)

is the main cause of TBI, accounting for 33.3%, followed by other (non-intentional trauma) causes

(13.3%), motor-vehicle accident (MVA) (12%) and fall (8%), Fig. 1. Furthermore, we report the

effect of gender and age, as males between the ages of 18- 29 years (56%) and 30-44 years (44%)
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were most susceptible to sustaining TBI compared to females of the same age. The TBI group
analysis demonstrated that males (100%) were from IVA, 77.8% from MVA, 100% from a fall,
and 90% from other causes (Tables 1 and 2). These results are corroborated by Ramdheen and
Naicker in 2021, where 78.7% of males and 59.7% of males emanated from IVA as the main
contributing factor to the aetiology of TBI (Ramdheen and Naicker, 2021). However, it is worth
noting that the incidence reported in this study was based on patients who reported and were
admitted to a tertiary hospital. Many patients with unreported TBIs who died at the sites of the
accident or during transfer to a hospital, or due to lack of accessibility to a hospital, are not

accounted for in this report.

Our study quantified the concentration of the most promising GFAP and S100B biomarkers for
the diagnosis of TBI. Due to several limitations of conventional tools for diagnosing TBI, such as
GCS, CT, MRI and functional MRI, biomarkers have the potential to improve the accuracy of TBI
diagnosis. The United States of America's National Institutes of Health and the National Institute
of Neurological Disorders and Stroke have recently proposed a new approach for diagnosing and
categorizing TBI. This approach consists of four components: a clinical component
(comprehensive GCS and pupillary reactivity); a biomarker component (blood-based metrics); an
imaging component (pathoanatomical assessments); and a modifier component (factors affecting
clinical presentation and outcomes) (Manley et al., 2025). Several biomarkers have shown
suitability; however, many have not been applicable in clinical settings. To be appealing and
considered for use in the clinic, such markers must be readily accessible, easy to interpret and
quick and inexpensive to process (Okonkwo et al., 2013). Therefore, this study investigated the
concentrations of relevant biomarkers, such as GFAP and S100B, which have been shown to be
suitable, using a novel multiplex technique. Hence, this experimental investigation reports

increased GFAP levels in moderate and severe compared to control patients (p<0.0001). However,
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there was no significant difference in serum GFAP levels between the moderate and severe groups
[p=0.262; Fig. 3(a)]. It is worth noting that GFAP is released during astrocytic activity, and its
increased levels reflect the brain's response to injury (Okonkwo et al., 2013). Also, GFAP
functions in providing strength and support for the neurons and astrocytes as well as safeguarding
the BBB (McKeon and Benarroch, 2018). Many studies have shown that GFAP is released into
the interstitial fluid and then crosses the BBB into the bloodstream following brain injury
(Mondello et al., 2011; Huebschmann et al., 2020). Hence, GFAP upregulation may be directly
proportional to injury severity. Despite a lack of upregulation of serum GFAP in patients with
severe TBI compared with those with moderate TBI, we observed a higher serum GFAP
concentration in patients with severe TBI. The precise mechanisms that trigger changes in GFAP
levels are still unclear, but they are known to be associated with astrocyte and glial cell damage or
activation (Okonkwo et al., 2013). GFAP has both neurotrophic and neurotoxic effects (Gust et
al., 2023). It is proposed that following the secondary phase of the injury, cytokines such as
Oncostatin M (OSM), Ciliary neurotrophic factor (CNTF) and Leukaemia Inhibitory Factor (LIF)
activate the Janus kinase (JAK) pathway. The JAK then activates the Signal Transducer and
Activator of Transcription 3 (STAT3) pathway through phosphorylation, which subsequently
leads to GFAP expression (Brenner and Messing, 2021). Additionally, Smadl aids STAT3 in
stimulating GFAP, following the binding of Bone Morphogenetic Protein 2 (BMP2) to its plasma
membrane receptor (Abidin et al., 2017). Neurogenin (Ngn), an abundant transcription factor
expressed during neuronal differentiation, inhibits JAK-mediated STAT3 phosphorylation,

thereby suppressing GFAP expression and neurotrophic effects (Agarwal et al., 2015).

This study also showed a significant upregulation of S100B in the moderate and severe groups
compared with the control group (P<0.0001). Similar to GFAP, there was no significant difference

in serum S100B concentration between the moderate and severe groups (P>0.999), as shown in
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Fig. 3(b). In an experiment conducted by Anderson et al., (2001), the S100B level in normal
individuals was 10 pg/mL. It is unexpected, but we report a lower level of 0.19 pg/mL in normal
patients, suggesting that the immunoassay used in this experiment can detect lower concentrations

of biomarkers.

S100B proteins are mainly expressed in the supporting cells of the brain, such as astrocytes and
Schwann cells, and are usually found in the extracellular space and blood following brain injury
(Gerlach et al., 2006). This protein is essential for brain development and recovery from injury,
which substantiates its role as a marker of neuronal death, glial activation, and the severity and
progression of TBI (Yardan et al., 2011). In our study, elevated serum S100B protein levels were
observed in the moderate and severe TBI groups compared with the control group. Our results
support S100B's ability to predict the progression and severity of TBI, consistent with a previous
study by Kdvesdi et al. (2010). Similarly, a study found that high concentrations of S100B increase
neuroinflammation and worsen neural survival (Xiong et al., 2009). This result confirms that a
significantly increased concentration of S100B protein exacerbates the severity and progression of
TBI. However, studies have demonstrated that S100B is also present in extracerebral tissues and
fluids, including bone marrow, heart, and muscle (Anderson et al., 2001). Hence, the concentration
of S100B detected in our study may not be specific to the brain but may also emanate from other
extracerebral organs. The mechanism of action of S100B remains unclear, but it is generally
thought to interact with the receptor for advanced glycation end products (RAGE), which can
exacerbate the inflammatory response and progression of injury (Zou et al., 2022). S100B has been
reported to stimulate glial INOS via a signal transduction pathway involving the transcription
factor NF-xB. Consequently, NF-kB triggers activities in neuronal and glial cells that ultimately

lead to cell proliferation and apoptosis, as well as neural and immune development and
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inflammation (Lam et al., 2001). Therefore, the elevated S100B levels in our study may reflect an

inflammatory response following brain injury.

In our study, increases in GFAP and S100B were significant (P < 0.001). A correlation (r = 1)
between GFAP and S100B was also observed, as shown in Table 3. Thus, we conclude that GFAP
and S100B concentrations increase simultaneously following TBI, making them a good pair of
complementary biomarkers for TBI diagnosis. However, Janigro et al. (2022) reported conflicting
results, stating that GFAP release may be delayed by a simultaneous, passive release of serum
S100B from damaged astrocytes. Nevertheless, elevated levels of GFAP and S100B may be
attributed to several factors, including bone fractures, cerebral injury, endothelial cell dysfunction,
and systemic inflammation (Anderson et al., 2001). The proteins may trigger or reflect endothelial
dysfunction and elevated inflammatory cytokines (IL-6, IL-8), both of which are common in
severe trauma and the systemic inflammatory response (Dang et al., 2014). The non-significant
increase of GFAP and S100B between the moderate and severe groups may be attributed to several
factors, such as cerebral ischemia, increased intracranial pressure, reduced cerebral perfusion
pressure, complete vascular collapse, blood or fluid transfusions during resuscitation, which may
cause rapid clearance of biomarkers and massive tissue necrosis, which can cause complete

astrocytes destruction in severe injury (Pelinka et al., 2004; Janigro et al., 2022).

We also observed that both serum GFAP and S100B levels were higher in males than in females,
and they increased proportionally with age, as shown in Table 4 and 5. Contrary to our study,
Castellani et al. (2009) reported a significant increase in S100B in younger patients. We observed
significant differences in serum levels of the two proteins between extradural, subdural, and
subarachnoid injuries (P=0.021 and P<0.001, respectively; Table 5). Serum GFAP and S100B

levels were higher in patients with subarachnoid injury. This is true, as it reflects the extent of the
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injury up to the brain. Thus, GFAP and S100B may be used in conjunction with CT or MRI to aid
in diagnosing TBI and assessing its severity. Previous studies found GFAP and S100B to be
sensitive enough to detect and assess a variety of traumatic intracranial lesions, including cerebral
contusions, subdural and extradural hematomas, as well as subarachnoid haemorrhages (Thelin et

al., 2017).

Elevated GFAP and S100B on intensive care unit admission have been correlated to mortality in
severe TBI patients with greater accuracy when measured 24 hours after admission (Wu et al.,
2020; Gyldenholm et al., 2022). Persistent high levels of serum GFAP and S100B have been
previously linked to fatal neuronal damage, resulting in death, regardless of GCS scores (Wu et
al., 2020; Trung Nguyen et al., 2024). In contrast to previous studies, we observed a significant

increase in serum GFAP and S100B levels in discharged patients (Table 5).

The significantly elevated serum concentrations of GFAP and S100B in the moderate and severe
TBI groups in our study indicate the suitability of the multiplex technique for detecting GFAP and
S100B levels, confirming the ability of these two biomarkers to distinguish between patients with
moderate and severe brain injury. A similar investigation documented the usefulness of serum
GFAP concentration in predicting TBI severity (Abdelhak et al., 2022). However, emerging
evidence suggests that serum concentrations of GFAP and S100B have not yet been widely
explored as predictors of TBI severity and progression (Vos et al., 2004). This finding revealed
that the serum levels of GFAP and S100B increase as the TBI progresses from moderate to severe.
Moreover, GFAP is a constituent of the cytoskeleton that anchors neurons and neuroglial cells,
especially astrocytes. Nevertheless, careful interpretation of serum S100B should be considered,
as this protein can be detected outside the nervous system and is elevated in polytrauma patients,

unlike GFAP, which is specific to the brain (Anderson et al., 2001).
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Conclusion

The study reports that progression from moderate to severe TBI increases serum concentrations of
GFAP and S100B. However, for more accurate prediction of TBI severity and progression across
the moderate-to-severe categories, combining these two biomarkers may yield better results.
GFAP and S100B may be useful adjuncts for characterising TBI severity, but should not be
interpreted as discriminatory tools between moderate and severe TBI without further investigation.
This study also emphasises that the findings support the promise of multiplex immunoassays in
detecting low concentrations of GFAP and S100B, rather than asserting that these biomarkers
alone can classify severity grades. Our dataset was limited to single-time-point sampling and a
modest sample size, which restricted the ability to perform secondary analyses, such as examining
temporal changes in biomarker levels. This is a limitation of the study, and future studies should
incorporate longitudinal sampling and expanded statistical modeling to better characterize
biomarker dynamics. Furthermore, the study did not permit parallel testing with established

methods such as ELISA. Future work should include comparisons with established platforms.

Limitations of the study

Limitations of this study include a small sample size. The inability to obtain consent from relatives
of TBI patients affected the sample size. Also, it must be noted that some of the patients may be
HIV positive and have received ART, which may have influenced apoptosis, endothelial cell
injury, as well as inflammation. Additionally, biological sex should ideally be evaluated while
controlling for major confounding factors, including injury severity, mechanism of injury, age,
time from injury to sampling, and other clinical characteristics known to influence biomarker
release. The candidate acknowledges that differences in the distribution of TBI severity, injury

mechanisms, and sample sizes between male and female participants may have contributed to the
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observed variation in GFAP concentrations. Therefore, the reported sex differences should not be
interpreted as being solely attributed to biological sex. We recommend conducting further large-
scale experiments to compare GFAP and S100B with other biomarkers as tools for diagnosing

TBI at different time points.
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BRIDGING TEXT

FROM CHAPTER THREE TO FOUR

In Chapter Three, the detection and quantification of GFAP and S100B in astrocytes showed
substantial differences in GFAP and S100B levels between healthy individuals and patients with
moderate to severe TBI, and can be useful for TBI prognosis and diagnosis. However, no
significant difference in GFAP and S100B levels was found between the moderate and severe
groups. These findings required further investigation, especially to establish the difference in
severity between moderate and severe TBI. On this basis, Chapter four will explore additional
biomarkers, NSE and SAA, their roles and usefulness in TBI classification based on their neuronal
and hepatocytic origins, respectively. The results obtained from this investigation were prepared

as a manuscript to be submitted for publication.
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Abstract

The current classification and prognostic system for TBI assessment includes the GCS and CT
scans. However, recent research has highlighted the limitations and unreliability of the GCS
scoring system in assessing injury severity in TBI patients. Biomarkers, CT and MRI scans, as
well as pre-existing medical conditions, environmental factors and the manner in which the injury

occurred, are now included in the new assessment criteria.

This prospective study used a multiplex immunoassay (ProcartaPlex, Thermo Fisher Scientific,
2024) to compare the concentrations of human NSE and SAA biomarkers in serum from 75
patients with moderate to severe TBI and from normal individuals. Statistical analysis was
achieved using Statistical Package for the Social Sciences version 30.0.0.0 (SPSS; IBM
Corporation). The results obtained were expressed as medians and interquartile ranges, with p <
0.05.

These findings suggest that elevated serum concentrations of NSE and SAA are indicative of
increasing severity of TBI. These findings suggest that combining NSE and SAA biomarkers with

GCS and CT findings enhances the accuracy of TBI classification.

Keywords: Traumatic brain injury, NSE, SAA, serum biomarkers, new classification
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TEXT

Introduction

Traumatic brain injury (TBI) is one of the most common causes of disability and death across all
age groups (Yan et al., 2025). TBI occurs when there is a sudden or physical assault that damages
the brain, resulting in physical disability, long-term cognitive and social defects (Richmond and
Rogol, 2014). Over 50 million individuals are reported to suffer from TBI each year, which
accounts for 30-40% of all injury-related fatalities globally (Zhong et al., 2025). Over 80% of
neurosurgical admissions for TBI in South Africa (SA) consist of young adult males between the
ages of 17-40 years (Maasdorp et al., 2020). In SA, reports show that TBI undoubtedly constitutes
a public health emergency, adding more weight to the already overwhelmed South African
healthcare system (Jerome et al., 2017). In KwaZulu-Natal Province (KZN, SA), a study reported
a significant burden of TBI amongst children in Pietermaritzburg (Buitendag et al., 2017). Kalyan
(2007) also reported that 40% of the patients admitted to the public acute neurological unit in KZN
were diagnosed with TBI. The SA statistic reports that the high crime rate in SA is a major
contributor to the high TBI prevalence, with assault and Road Traffic Incidents (RTIs) accounting
for 26.5% of all non-natural deaths (Gettleman, 2009; Ramdheen and Naicker, 2021). In SA,
crime, RTIs and violence are the main contributors to the high TBI incidence compared to high-
income countries (HICs)(Seedat et al., 2009). In HICs, falls are the major cause of TBI, paticularly

among older individuals (Maas et al., 2022).

Currently, the classification and prognostic system for TBI assessment during patient admission
includes the Glasgow Coma Score (GCS), international normalized ratio, absence of pupillary

reactivity, platelet count, activated partial thromboplastin time and neutrophil-to-lymphocyte ratio
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(Kim et al., 2020). Investigating the above-mentioned clinical characteristics is essential before

entering the operating room.

Conventional Classification of TBI

Traumatic Brain Injury may be classified based on several factors, including type, severity,
location, injury mechanism and physiological response (Carney et al., 2017). Classification by
clinical severity is based on the GCS system, which has been widely and extensively used to
classify TBI into sub-categories of mild (GCS 13-15), moderate (GCS 9-12), or severe (GCS <9)
(Stiell et al., 2001). The Mayo TBI classification system divides patients into three categories,
namely, definite, probable and possible, based on clinical and CT findings (Malec et al., 2007).
Classification by etiology distinguishes between blunt, penetrating, and blast injuries (Ling et al.,
2009). Classification by injury progression differentiates between primary and secondary injuries.
The primary injury results from the immediate mechanical force applied to the head, whether blunt,
penetrating, or blast, leading to structural damage such as concussion, skull fracture, contusion,
hematoma (subdural, intracerebral, or subarachnoid), axonal shear, or laceration (Silver et al.,
2012). In contrast, the secondary injury encompasses the complex cascade of pathophysiological
processes that unfold following the initial insult. These include cerebral oedema, increased
intracranial pressure, ischemia, seizures, inflammation and traumatic venous sinus thrombosis
(Maas et al., 2008). Classification by area of involvement is based on the distribution of the injury

within the brain, categorized as focal, diffuse, or a combination of both (Maas et al., 2008).

In South Africa, the GCS is the most commonly used marker for assessing the level of
consciousness in patients following TBI (Salottolo et al., 2014). However, recent research has
reported limitations and unreliability in the GCS scoring system for determining injury severity in
TBI patients (Sherer et al., 2008). Studies have reported several factors, such as administration of
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sedatives, early intubation, facial injuries and administration of paralyzing agents or intoxicants,
that may hinder the reliability and accuracy of the GCS scoring system (Zafonte et al., 1996;

Murray et al., 1999).

Therefore, in recent times, the use of additional and accurate laboratory prognostic markers to
determine the severity of TBI has been highly sought (Wang et al., 2021). In 2022, a new
framework was proposed by the USA National Institutes of Health-National Institute of
Neurological Disorders and Stroke. Biomarker evaluation, CT and MRI scans, as well as
preexisting medical conditions, environmental factors and the manner in which the injury

occurred, are now included in the new assessment criteria (Manley et al., 2025).

Neuron-specific enolase (NSE) is a key cytoplasmic enzyme present in neurons that plays a central
role in the glycolytic pathway. Elevated extracellular NSE reflects neuronal injury (Mollayeva et
al., 2018). NSE has been investigated as an acute-phase biomarker in stroke, potentially signaling
early neuronal damage (Nguyen et al., 2018). Interestingly, NSE has also been detected in the
saliva of stroke patients and individuals at risk, suggesting disruption of the blood-brain barrier
(BBB) and leakage of the enzyme from the central nervous system (CNS) (Al-Rawi and Atiyah,

2009).

Serum Amyloid A is an acute-phase protein that is primarily released by hepatocytes in response
to infection, tissue damage and cancer (Villapol et al., 2015). Several previous studies have
reported elevated SAA concentrations in TBI patients and shown that SAA is highly sensitive to
disease severity (Rael et al., 2009; Aly et al., 2011). Its release may aid in the accurate detection
and direct measurement of the severity of brain injury and may be a useful tool for TBI diagnosis
when pathological symptoms or neuroimaging analysis fail to provide this information (Wicker et
al., 2019).
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Hence, this study aimed to evaluate the role of NSE and SAA biomarkers in moderate-to-severe
TBI, inassociation with GCS and CT findings, to improve classification in a South African Cohort.
We hypothesize that NSE and SAA levels correlate positively with TBI severity, as indicated by

GCS and CT findings.

Materials and methods

The study population consisted of 25 controls and 50 patients diagnosed with TBI, as recorded in
the hybrid electronic medical registry, MediTech, at a large urban tertiary referral hospital in
eThekwini, South Africa. This included 25 patients with severe TBI and 25 with moderate TBI.
Standard demographic data were analyzed and patients were classified according to the severity
of their head injury, as well as their gender and age. The severity of TBI was determined based on
the GCS scoring system, in line with international standards, as follows: severe (GCS <9),
moderate (GCS 9-12) and mild (GCS 13-15). The control (n = 25) group consisted of normal

individuals with no underlying neurological disease or history of TBI.

All CT scans were performed in accordance with the Neuroradiology Department's protocol.
Investigators who read the scans were blinded to clinical information. CT classification was done
by a radiologist and categorized as traumatic subarachnoid hemorrhage, subdural hematoma,
extradural hematoma, or diffuse axonal injury. Ethics approval was obtained from the Biomedical

Research Ethics Committee (Ref. BREC/00002147/2020) of the University of KwaZulu-Natal.

For biomarkers to be used as tools for TBI diagnosis, we first need to determine whether their
concentrations differ significantly by injury severity and other demographic factors. Therefore, we
measured and determined the concentrations of NSE and SAA in each TBI group according to
GCS score. Subsequently, the concentrations of NSE and SAA were further analyzed and
compared against the types and extent of the injury based on the analyzed scan results.
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Reagents and multiplex immunoassay Kits

ProcartaPlex kits: EPX010-12335-901 HU NSE Simplex and EPX01A-12136-901 HU SAA
Simplex were purchased from Life Sciences Solutions Group, Thermo Fisher Scientific, Waltham,

MA, USA.

NSE and SAA concentrations in serum samples were measured using digital array technology
(ProcartaPlex), which employs Luminex XMAP technology with magnetic beads for multiplexing
and fluorescent detection, utilizing spectrally unique beads to achieve high sensitivity and
specificity (Kroll et al., 2023). ProcartaPlex Immunoassay is a novel technology that utilizes highly
sensitive immunoassays with the lowest limit of quantification (LLOQ) 42564.06 pg/mL for NSE

and (LLOQ) 169.73 pg/mL for SAA.

Immunoassay procedure- Samples were brought to room temperature as per the manufacturer’s
instructions. The beads were vortexed for 30 seconds and 50 uL of beads were added to each well.
The plate was subsequently washed with wash buffer. A volume of 25 pL of serum samples and
standards were added to their designated well and left to incubate overnight. Thereafter, the plate
was washed and 25 pL of biotinylated detection antibody mix was added to each well. The plate
was incubated on the shaker for 30 minutes at room temperature before being washed
subsequently. A total of 50 pL of Streptavidin-phycoerythrin was added to each well. The plate
was then incubated on a shaker for an additional 30 minutes at room temperature. Thereafter, the
plate was washed. Lastly, 120 uL of reading Buffer was added to each well and concentrations
were detected on the MAGPX18251721 system. The recommended sample dilution factor for

SAA was 100; NSE did not require any sample dilution.
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Inclusion criteria encompassed male and female patients over 18 years of age, of any race or

ethnicity, who were admitted to the hospital with isolated head trauma resulting in TBI.

Exclusion criteria included individuals under 18 years of age, patients with mild TBI (GCS 13—

15) and those admitted for medical conditions other than TBI.

Analysis was achieved using the Statistical Package for the Social Sciences, version 30.0.0.0
(SPSS, IBM Corporation). Kruskal-Wallis and Pearson Chi-Square tests were used to assess the
association between variables, with 95% confidence intervals. Results with two-tailed p < 0.05
were considered significant, p-values were not corrected for multiple comparisons and the results

obtained were expressed as median and interquartile range.
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Result

The following results were obtained from patients with moderate and severe TBI.
There was a substantial increase of serum NSE in the moderate (median = 863.7 ng/mL, IQR =
15.44-2917 ng/mL) and severe (median = 626.8 ng/mL, IQR = 334.1-626.8 ng/mL) TBI groups

compared to the control group (median = 115.5 ng/mL, IQR = 68.67-518.0 ng/mL), Figure 1(a).

A significant difference in serum NSE concentration was observed among the control, moderate,
and severe TBI groups (p < 0.001). However, no significant difference was observed between the

moderate and severe groups (p > 0.99), as shown in Figure 1(a).

Similarly, SAA was significantly up-regulated in moderate (median = 2308 ng/mL, IQR = 1283-
2828 ng/mL) and severe (median = 1678 ng/mL, IQR = 1162-2319 ng/mL) groups compared to
the control group (median = 418.7 ng/mL, IQR =291.2-987.5 ng/mL) (p<0.001) and (p=0.002),
respectively. However, there was no significant difference in serum concentration of SAA between

the moderate and severe groups [(p= 0.59); Figure 1(b)].
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(a)

(b)

Figure 1: (a) NSE, (b) SAA concentrations vs. GCS category, n=25 for each group
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Results show a relatively positive correlation between NSE and SAA (Spearman's rho Test), as

shown in Table 1.

Table 1: Correlation between NSE and SAA biomarkers

Correlation
NSE (ng/mL) SAA (ng/mL)

Correlation Coefficient 1 0.374™

NSE (ng/mL) Sig. (2-tailed) 0 <0.001
n 75 75
Correlation Coefficient 0.374™ 1
SAA (ng/mL) Sig. (2-tailed) <0.001 0
n 75 75

**_Correlation is significant at the 0.01 level (2-tailed).

There was no substantial difference in the concentration of NSE and SAA between focal and

diffuse brain injury, p-value 0.314 and p-value 0.472, respectively, as shown in Table 2. The

statistical significance was determined using the Mann-Whitney U test. However, a substantial

difference has been noted between injury types, with a p-value < 0.001 (Table 3). Statistical

significance was determined using the Kruskal-Wallis multiple-comparisons test with a 95%

confidence interval. Therefore, the null hypothesis that the distributions of NSE and SAA (ng/mL)

are the same across the different types of injury is rejected.
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Table 2: NSE and SAA concentrations vs. extent of injury

Interquartile Range (IQR)| p-value
Extent of injury n Median (ng/mL) (ng/mL)
NSE Control 25 115.533 57.46-350.04
Focal 37 626.780 233.31-2675.19
Diffuse 13 1007.778 113.41-4606.36 B2
Total 75
SAA Control 25 418.712 192.27-1288.61
Focal 37 1861.340 1161.512-2881.406
Diffuse 13 1870.465 691.26-3390.67 0472
Total 75
Table 3: NSE and SAA concentrations across types of injury
NSE (ng/mL) SAA (ng/mL)
n=75 n=75
Interquartile Interquartile Overall
) p-value
Median Range (IQR) Median Range (IQR) p-value across
haemorrhage
(ng/mL) (ng/mL)
Type of Control 115.533 350.043-57.464 418.712 192.27-1288.61
injury
Extradural hematoma| 809.472 |3092.343-295.606| 2317.084 1161.69-3390.669 p=0.37
Subdural hematoma | 628.246 |3420.943-160.422 | 1740.819 | 943.06-3294.671 p=0.18 p<0.001
Subarachnoid 2675.188 3159.257-0 1161.512 0-2275.596 p=0.33
haemorrhage
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A relatively positive correlation between the serum concentration of NSE, SAA and age was

observed (Spearman'’s rho Test), as shown in Table 4.

Table 4: Correlation between age and concentration of NSE and SAA

Correlations

NSE (ng/mL) SAA (ng/mL) Age
NSE (ng/mL) Correlation Coefficient 1 0.374™ 0.286"
Sig. (2-tailed) <0.001 0.013
n 75 75 75
SAA (ng/mL) Correlation Coefficient 0.374™ 1 0.293"
Sig. (2-tailed) <0.001 0.011
n 75 75 75
Age Correlation Coefficient 0.286" 0.293" 1
Sig. (2-tailed) 0.013 0.011
n 75 75 75

** Correlation is significant at the 0.01 level (2-tailed).

* Correlation is significant at the 0.05 level (2-tailed).
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The serum concentrations of both NSE and SAA varied by gender, with p-values of <0.001 and

0.002, respectively. The concentration of NSE and SAA was higher in males compared to females,

as shown in Table 5.

Table 5: Comparison of NSE and SAA concentrations across gender

NSE (ng/mL) p-value SAA (ng/mL) p-value
Median Interquartile range Median Interquartile range
Male 542.631 149.67-2482.16 1678.160 677.87-2775.39
Sex Female 127.719 75.87-3092.34 0.001 873.350 192.27-2016.74 0.002
Total 350.043 113.41-2415.24 1288.612 411.98-2634.796
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Clinical: GCS score: 6

Clinical: GCS score: 7

Clinical: GCS score: 7

Biomarker: NSE concentration: 542.631 ng/mL
SAA concentration: 1161.689 ng/mL

Biomarker: NSE concentration: 115.269 ng/mL
SAA concentration: 1678.16 ng/mL

Biomarker: NSE concentration: 149.669 ng/mL
SAA concentration: 3525.845 ng/mL

Scan results: soft tissue swelling, no skull fracture, left
parieto-occipital intracranial hematoma, right intraventricular
hematoma and entrapment hydrocephalus; there is a midline
shift to the right.

Extent of injury: diffuse

Type of injury: extradural hematoma

Scan results: left parietal skull fracture, large left parietal acute
subdural hematoma 8mm, coup and contre-coup contusion.
There is a midline shift to the right of 4.5 mm, subfalcine
herniation and soft tissue swelling.

Extent of injury: focal

Type of injury: subdural hematoma

Scan results: left occipital skull fracture extending to basal
skull, transverse petrous temporal bone fracture, fracture of
right temporal bone, frontal pneumocephalus, large frontal
intraparenchymal hemorrhage, and right frontal acute
subdural hematoma.

Extent of injury: focal

Type of injury: subdural hematoma

Modifiers: assaulted with an unknown object

Modifiers: fell off a moving vehicle

Modifiers: fell from the stairs

Figure 2: TBI Classification System with biomarkers incorporated (severe TBI case)
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Clinical: GCS score: 11

Clinical: GCS score: 13

Clinical: GCS score: 12

Biomarker: NSE concentration: 2415.244 ng/mL
SAA concentration: 2547.604 ng/mL

Biomarker: NSE concentration: 295.606 ng/mL
SAA concentration: 3306.983 ng/mL

Biomarker: NSE concentration: 342.335 ng/mL
SAA concentration: 869.515 ng/mL

Scan results: right-sided acute extradural hematoma, right
parietal skull fracture with underlying parieto-occipital acute
extradural hematoma, temporal contusion and basal cisterns
are patent.

Extent of injury: Focal

Type of injury: Extradural hematoma

Scan results: multiple small skull lacerations sutured from
base, periorbital ecchymosis and oedema, left supraorbital
instability and crepitus on palpation, epistaxis and left otorrhea.
Extent of injury: diffuse

Type of injury: Extradural hematoma

Scan results: fronto-parietal and posterior-parietal skull
fractures, right post-traumatic intracranial hemorrhage with
extension to the left, midline shift of 10mm to the left with
cytotoxic, partial cisternal effacement.

Extent of injury: diffuse

Type of injury: subdural hematoma

Modifiers: Pedestrian motor vehicle accident

Modifiers: Patient fell from the second floor of a building
while doing maintenance work

Modifiers: Fell off the bike and landed on the head

Figure 3: TBI Classification System with biomarkers incorporated (moderate TBI case)
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Discussion

The development of diagnostic tools and recovery predictors for TBI is hindered by the
heterogeneity of injuries, the inaccuracy of the GCS system and existing limitations in
imaging sensitivity (Eierud et al., 2014). The newly proposed TBI classification comprises
four main pillars and includes biomarkers as one of the pillars: a modifier pillar made up of
features influencing clinical presentation and outcome; a biomarker pillar (blood-based
measures); an imaging pillar reporting pathoanatomical measures; and a clinical pillar
reporting full GCS and pupillary reactivity (Manley et al., 2025). However, several
biomarkers have not yet been clinically investigated or approved for use. For a more accurate
diagnosis and a more accurate predictive value of functional outcomes, the combination of
multiple biomarkers is vital, as each biomarker may reflect different pathological processes
associated with injury, such as neuronal, glial, or axonal injury (Al Nimer et al., 2015; Sahu
et al., 2025). Figures 2 and 3 illustrate an example of the potential new classification system,

incorporating biomarkers investigated in this study.

While some biomarkers, like S100B and GFAP, have been approved for clinical use, others,
including NSE and SAA, are still under scientific investigation (Puccio and Brody, 2024).
Hence, this study investigated the concentration of NSE and SAA using a novel immunoassay

technique.

In this study, we report a substantial increase in the concentration of serum NSE in moderate
(median = 863.7 ng/mL, IQR = 15.44-2917 ng/mL) and severe (median = 626.8 ng/mL, IQR
= 334.10-626.80 ng/mL) TBI groups compared to the control (median = 115.5 ng/mL, IQR =
68.67-518.0 ng/mL), as shown in Figure 1(a). Notably, the glycolytic enzyme NSE is
predominantly found in neurons and is activated when neurons are damaged, subsequently
being released into the bloodstream (Kawata et al., 2016). Hence, damaged neurons release

NSE when their membrane integrity is compromised, thereby indicating the severity of
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neuronal injury (Bezek et al., 2020). In addition to its enzymatic activity, NSE also triggers
intracellular signaling pathways that promote neuronal survival, regeneration, and
neurotrophic functions, such as the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt)
and mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
pathways. Moreover, NSE interacts with the RhoA/Rho kinase pathway, thereby inducing
inflammation that results in neuronal death and subsequent regeneration (Zhang et al., 2021).
Therefore, the increase observed in our study suggests that NSE attempts to induce neuronal
survival and regeneration. However, Smith et al. (2019) stated that approximately 10 ng/mL
of serum NSE levels at baseline can be released from red blood cells and hemolysis may
elevate circulating NSE concentrations, making interpretation more challenging in clinical
settings. Higher mortality and worse neurological outcomes are frequently associated with
elevated serum NSE levels in brain injury cases, such as TBI and sepsis-associated
encephalopathy (SAE) (EIl-Maraghi et al., 2013). In our study, an elevated serum NSE was
observed in patients with subarachnoid hemorrhage injury (median = 2675.188 ng/mL, IQR
= 0-3159.257 ng/mL) (Table 3). Hence, the NSE concentration detected in our study reflects
the severity of the injury. Contrary to our findings, Zhang et al. (2025) observed that NSE
levels decreased with increasing disease severity. Nonetheless, several studies corroborate our
finding that serum NSE levels increase in proportion to injury severity (EI-Maraghi et al.,

2013; Thelin et al., 2016; Park et al., 2019).

Similarly, SAA was significantly upregulated in moderate (median = 2308 ng/mL, IQR =
1283-2828 ng/mL) and severe (median = 1678 ng/mL, IQR = 1162-2319 ng/mL) groups
compared to the control group (median = 418.7 ng/mL, IQR = 291.2-987.5 ng/mL)
(p<0.0001) and (p=0.0002), respectively. Astrocytes and microglia release SAA in the brain
in response to injury and inflammation (Yu et al., 2014). Following brain injury, SAA levels

increase due to a significant release of inflammatory mediators, including IL-1p, IL-6 and
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TNF-a (Soriano et al., 2020). When the BBB is disrupted, the systemic SAA can enter the
brain and activate microglial cells through pathways such as the Nucleotide-binding domain,
Leucine-rich—containing family, Pyrin domain—containing-3 (NLRP3) inflammasome,
cathepsin B release and reactive oxygen species (ROS) formation (Yu et al., 2019; Erickson
and Mahankali, 2024). It also binds to high-density lipoprotein (HDL) in plasma. Post-injury
neuroinflammation is sustained by this activation, which triggers the brain to generate more

inflammatory cytokines such as IL-1p (Erickson and Mahankali, 2024).

Studies have reported a positive correlation between NSE and SAA levels with the severity
of injury since both represent exacerbated inflammatory and neurodegenerative processes (El-
Maraghi et al., 2013; Wicker et al., 2019). Similarly, our study shows a significant positive
correlation between NSE and SAA (r = 0.374, p-value < 0.005; see Table 1). Although other
studies have reported a better correlation between NSE and S100B, our findings also reveal a
positive correlation between NSE and SAA (Al Nimer et al., 2015; Sahu et al., 2025). This
finding highlights the correlation between NSE and SAA in determining the extent of
neurological damage and the possible prognosis after TBI or encephalopathy. As
complementary prognostic biomarkers, higher levels of SAA and NSE generally indicate
worse outcomes and more extensive damage and they also tend to increase in tandem (Wicker

et al., 2019).

Further analysis in our study revealed that serum NSE and SAA levels increased in patients
with different types of TBI. An increase in serum NSE (median = 1007.778 ng/mL, IQR =
113.411-4606.364 ng/mL) and SAA (median = 1870.465 ng/mL, IQR = 691.256-3390.669
ng/mL) levels were observed in patients with diffuse TBI compared to those with focal TBI,
as shown in Table 2. However, the difference was not statistically significant. Similarly,
another study found that patients with diffuse axonal injuries had significantly higher NSE

levels within 6 hours of injury than those with focal injuries (Chen et al., 2022). In our study,
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the lack of significance may reflect the smaller sample size, as the p-values (p=0.314 and
p=0.472) are close to 0.05. However, as the injury progresses from extradural to subdural or
subarachnoid hemorrhage, levels of NSE and SAA increase significantly (p < 0.001), as
shown in Table 3. Hence, deducing that the more neuronal damage and axonal shearing occur,
the higher the concentrations of NSE and SAA are released. This can be interpreted as the
deeper the penetration in the brain and the more damaged the cortical regions are, the higher
the concentrations of serum NSE and SAA (Polcyn et al., 2017). In our study, we report a
positive correlation between age and serum NSE and SAA levels, with r values of 0.286 and
0.293, respectively. These correlations were statistically significant, with p-values of 0.013
and 0.011, respectively (Table 4). Our findings, along with other studies, clearly reveal that
injury severity and SAA levels are highly correlated. However, no clear investigations have
reported any correlation between SAA levels and patient age (Wicker et al., 2019; Soriano et
al., 2020). According to a thorough analysis of biomarker dynamics following TBI, NSE
levels in healthy individuals did not correlate with age, unlike other biomarkers. NSE levels
in TBI patients were less predictable and did not exhibit a distinct age-related pattern (Chen
et al., 2022; Gardner et al., 2022). Our study also reports substantial differences in NSE and
SAA levels across genders, with p-values of <0.001 and 0.002, respectively. The
concentrations of NSE and SAA were higher in males than in females, as shown in Table 5.
Similarly, Soriano et al. (2020) found elevated SAA levels in males compared to females.
According to research, specifically in animal models, males had higher levels of SAA than
females following TBI, particularly during the acute phase following the brain damage. This
discrepancy in sexual dimorphism is strongly associated with a more robust
neuroinflammatory response in males (Soriano et al., 2020). Unlike for NSE, no current

investigations have highlighted this discrepancy in sexual dimorphism.

Limitations of the study
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Limitations of this study include a small sample size. The inability to obtain consent from
relatives of TBI patients affected the sample size. Exclusion of mTBI patients, as this group
was not referred to the hospital site where the study was conducted. Also, it must be noted
that some of the patients may be HIV positive and have received ART, which may have
influenced apoptosis, endothelial cell injury, as well as inflammation. Additionally, SAA in
polytrauma may reflect systemic rather than neuroinflammation. We recommend conducting
additional large-scale experiments to compare NSE and SAA with other biomarkers for

diagnosing TBI.

Conclusion

In conclusion, we report a significant upregulation of NSE and SAA in TBI patients compared
to controls, which was associated with injury severity. We also noted that serum NSE and
SAA concentrations are higher in patients with diffuse TBI than in those with focal TBI.
Furthermore, we report a positive proportional increase of both biomarkers following TBI,
and they were further correlated with age. No substantial difference in the concentration of
NSE and SAA between focal and diffuse brain injury was observed. These findings suggest
that combining NSE and SAA biomarkers with GCS and CT findings enhances the accuracy
of TBI classification. Higher levels of NSE and SAA indicate worse outcomes and more
extensive damage to the brain. The incorporation of NSE and SAA alongside other biomarkers
into the new classification system provides a multidimensional characterization of TBI,

advancing our understanding of the initial injury among TBI experts, scientists, and patients.

In summary, serum NSE and SAA are useful for diagnosing TBI and can be incorporated into
the new classification system. However, for more accurate and robust deduction, further
studies on a larger population are required. Further studies should also examine the positive
predictive value of NSE and SAA in mild TBI and incorporate these findings into the new

classification.
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CHAPTER FIVE

SYNTHESIS, CONCLUSION AND RECOMMENDATION

Synthesis

The causes of TBI vary from one country to another. In the US, for instance, the major causes
of TBI are falls and firearm-related injury (Daugherty et al., 2019). While in SA, it is primarily
caused by car accidents, violence and falls and affects men nearly twice as much as women
under the age of 45 (Johnson and Griswold, 2017). TBI occurs at various stages, with
interconnected pathophysiological pathways that begin with mechanical disruption and
progress through biochemical cascades (Algattas and Huang, 2013). The primary or
immediate phase is caused by direct mechanical pressure, which induces focal contusions,
diffuse axonal injury and vascular ruptures, resulting in prompt cellular necrosis, bleeding,
and ischemia (Maas et al., 2008). The second phase is triggered 24 hours following the injury.
Energy failure diminishes ATP levels, leading to excitotoxicity from glutamate excess,
calcium influx, lactic acidosis and mitochondrial impairment (Freire et al., 2023).
Neuroinflammation ensues when the BBB is compromised, facilitating cytokine production
(e.g., TNF-a and IL-1), oxidative stress, edema and leukocyte infiltration via reactive oxygen
species, thereby exacerbating damage (Ng and Lee, 2019). Additionally, the apoptotic demise
of neurons and oligodendrocytes is a characteristic of the secondary phase (Grady et al.,
2003). Certain neurochemical, cellular, and molecular pathways, including extracellular
signal-regulated kinase (ERK), p38 MAPK, and JAK/Signal transducer and activator of
transcription, can interact to trigger apoptotic events that involve the activation of cysteine
proteases such as caspases and calpains (Zhao et al., 2011). Since the primary phase of TBI
typically involves immediate physical injury and irreversible necrotic cell death, treatment
primarily aims to stabilize the injury site and prevent progression to the secondary phase (Ng

and Lee, 2019).
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To diagnose and classify TBI, physicians rely on several parameters, including severity,
mechanism, location and type. Based on the GCS score, TBI is classified as mild (GCS 13-
15), moderate (GCS 9-12) and severe (GCS<9) (Carney et al., 2017). In most clinical settings,
the initial severity of a TBI is quantified using the GCS score (Bodien et al., 2021). However,
several investigations have identified flaws and limitations of GCS, such as inaccurate scores
in intubated, intoxicated, or sedated patients (Bodien et al., 2021). Additionally, there is
ongoing debate concerning the inclusion of a GCS of 13 in the category of mild TBI, due to
the increased risk of intracranial injury in these patients compared to those with a GCS of 14

or 15 (Tiredi et al., 2008; Pearson et al., 2012).

These limitations have led physicians and researchers to investigate better or complementary
tools, such as biomarkers, to improve TBI prognosis and diagnosis ((Diaz-Arrastia and
Kochanek, 2023; Wilde et al., 2022). Several studies have proven that biomarkers such as
GFAP, S100B, NSE and SAA have gained popularity and approval to help detect brain
lesions, abnormalities and reduce the need for head CT scan procedures (Wicker et al., 2019;
Chen et al., 2022; Hossain et al., 2024). Similarly, our study reports elevated serum GFAP,
S100B, NSE and SAA levels in patients with moderate and severe TBI compared with healthy
individuals. Hence, the upregulation of serum GFAP, S100B, NSE and SAA observed in our
study reflects the severity of the injury and supports the ability of these biomarkers to predict
its progression. Furthermore, our study has shown a positive correlation between the four
biomarkers GFAP, S100B, NSE and SAA, suggesting that they can be used in combination

to improve the accuracy of TBI diagnosis (Table 1).

The exact mechanisms of action of GFAP, S100B, NSE and SAA are not yet fully understood,
but they have been reported to interact with signaling pathways such as RAGE, the
transcription factor NF-kB, P13K/Akt, MAPK/ERK, RhoA/Rho kinase and NLRP3 (Yu et

al., 2019; Zhang et al., 2021; Zou et al., 2022; Erickson and Mahankali, 2024).
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Nevertheless, the significant upregulation of serum GFAP, S100B, NSE and SAA in moderate
and severe TBI in this study may contribute to TBI prognosis and diagnosis. It also implies
that these biomarkers can detect underlying neurological changes following brain injury.
Based on the biological sources of the biomarkers, a comparison has been made to predict

injury severity (Table 1).

Table 1: Receiver Operating Characteristic (ROC) curve analysis of GFAP, S100B,

NSE, and SAA
) ) ) Calculated Area Under the Curve
Biomarker Diagnostic Accuracy
(AUC) Value
GFAP Excellent 0.990
S100B Excellent 0.938
NSE Very Good 0.904
SAA Very Good 0.890

The ROC curve analysis was performed to evaluate the diagnostic performance of S100B,
GFAP, NSE, and SAA to distinguish moderate-severe TBI patients from the control group.
It was observed that GFAP achieved the highest overall diagnostic performance (AUC=
0.990), representing a near-perfect separation between the controls and TBI patients. S100B
also exhibited remarkable discriminative ability (AUC= 0.938), revealing sharp baseline
concentrations in both TBI severity categories compared to controls. Both NSE (AUC=
0.904) and SAA (AUC= 0.890) demonstrated reliable clinical classification, however they
showed a slightly higher level of background crossover noise in the control population when

compared to GFAP.
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Table 2: Comparison of concentration thresholds in the literature review

Biomarker & Type
of cell

Literature Threshold

Study threshold

Pathophysiologic Cascade

Reference

GFAP (Astrocyte)

67 pg/mL

14.77 pg/mL

Astrocyte cytoskeletal breakdown

Papa et al., 2014; Welch et al., 2016;
(Receiver Operating Characteristic (ROC)
Amoo et al., 2021; Janigro et al., 2022
(Meta-analysis)

Ahmadi et al., 2023
(Receiver Operating Characteristic (ROC),

S100B (Astrocyte)

100 pg/mL

0.27 pg/mL

Reversible glial activation & BBB
disruption and permeability

Papa et al., 2014
(Receiver Operating Characteristic (ROC)
Amoo et al., 2021; Janigro et al., 2022
(Meta-analysis)

NSE (Neuron)

20-35ng/mL

233.31 ng/mL

Neuronal cell membrane
disruption/necrosis

Vos et al., 2006
Amoo et al., 2021
(Receiver Operating Characteristic (ROC),
multivariate logistic regression)

SAA (Glioneuronal)

10 pg/mL

1032.06 ng/mL

Neuroinflammatory magnification

Papa et al., 2014; Janigro et al., 2022
Salgado et al., 2026
(Meta-analysis, meta-analysis, Receiver
Operating Characteristic (ROC)

The clinical cutoffs were calculated using Youden’s J. The moderate and severe TBI cohorts were combined and compared with the control group. It is

worth noting that GFAP emerged as the strongest standalone biomarker, with a cutoff of 14.77 pg/mL, although the threshold was found to be lower than that

reported in the literature (67 pg/mL). The optimal S100B concentration found was 0.27 pg/mL, which is < 100 pg/mL reported in the literature. The NSE

threshold found in this study was 233.31 ng/mL, which is >35 ng/mL. Finally, the SAA threshold was 1032.06 ng/mL, which is < 10 pg/mL.




Practical limitations: the threshold can be limited by the type of immunoassay employed;
local validation and certification are important before implementing into hospital protocols
(Papa et al., 2014; Gnyliukh et al., 2025). Collection timing, all GFAP, S100B, NSE and SAA
must be collected within 3-6 hours for accurate thresholds; delayed collection reduces
negative predictive value (NPV) and specificity (Welch et al., 2016). Another limitation is
that, in pediatric settings, thresholds for moderate-to-severe TBI differ from those in adults

(Salgado et al., 2026).

Conclusion

The introduction of biomarkers has tremendously impacted the use of the GCS score in
diagnosing TBI. With the new proposed framework, biomarkers have the potential to improve
patients' experience and outcome after sustaining a head injury. TBI biomarkers such as
GFAP, S100B, NSE and SAA have the potential to improve prehospital transport decisions
and reduce unnecessary head CT scans. This improvement may change patients’ status from
misdiagnosis to accurate diagnosis. However, prolonged exposure to higher concentrations of
these biomarkers may lead to more severe conditions, such as neural inflammation and
apoptosis. Moreover, inadequate biomarker measurements may obscure the precise condition.
Additionally, we report positive correlations between GFAP, S100B, NSE and SAA and age,
patient outcome and injury severity. This study has demonstrated that GFAP, S100B, NSE
and SAA could be potential tools for TBI prognosis and diagnosis. However, further studies
should also examine the positive predictive values of GFAP, S100B, NSE and SAA in mild
TBI and incorporate these findings into the new classification, as the mild group was not
included in this study. To successfully adopt blood-based biomarkers for TBI diagnosis and

classification in routine clinical practice, the healthcare sector, clinical laboratory specialists
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and the in vitro diagnostics sector will need to work together. This next phase is at least as

challenging as biomarker discovery and characterization.

Recommendation and further study

The observed sex-related difference in GFAP concentrations warrants interpretation. We
recommend that biological sex should ideally be evaluated while controlling for major
confounding factors, including injury severity, mechanism of injury, age, time from injury to
sampling, and other clinical characteristics known to influence biomarker release. The
differences in the distribution of TBI severity, injury mechanisms, and sample sizes between
male and female participants may have contributed to the observed variation in GFAP
concentrations. Therefore, the reported sex differences should not be interpreted as being
solely attributed to biological sex. Regarding the markedly larger difference observed for
GFAP compared with S100B, several biological and methodological explanations may
account for this finding. Although both are considered astrocytic markers, they differ
substantially in their cellular distribution, release kinetics, and clearance profiles. GFAP is a
structural intermediate filament protein that is relatively specific to astrocytes and is released
predominantly following astrocytic injury and cellular disruption. In contrast, S100B is more
widely distributed, can be released during astrocyte activation without overt cell damage,
and may also originate from extracranial tissues such as adipose tissue, skeletal muscle, and
melanocytes. Consequently, S100B concentrations may be less sensitive to sex-specific
differences in central nervous system injury and more susceptible to background biological
variability. Furthermore, GFAP has been shown to correlate strongly with structural brain
injury and injury severity, whereas S100B frequently demonstrates earlier and more
transient elevations. Differences in sampling times between studies may therefore
disproportionately affect S100B measurements while preserving larger differences in GFAP
concentrations.
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Although some biomarkers have already been used in clinical settings, further research is
needed across numerous domains. Existing research on biomarkers for TBI is frequently
restricted by small sample sizes and short follow-up periods. Additional research is also
needed on the use of biomarkers in prehospital and chronic care settings. In this study, the
influence of comorbidities was not considered as it fell outside the scope of this study. The
cohort of patients was treated as homogenous as the study was based solely on the diagnosis
of moderate-severe TBI. Therefore, future studies should evaluate the influence of
comorbidities in TBI. In South African healthcare, integrating biomarkers into TBI
diagnosis can be achieved by promoting local, large-scale research that aligns with the
National Health Laboratory Service (NHI) guidelines, advocate for South African National
Accreditation System (SANAS)-accredited TBI biomarker testing platforms in KZN
provincial hospitals, and conduct local health technology assessments, prioritising point-of-
care biomarker testing, and implementing national training programmes for healthcare

professionals.
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APPENDIX C: STANDARD CURVES

GFAP

Belysa® Software Experiment Report

Test Info

File Name: C:/Users/dessaif/Desktop/Seke Magpix Runs/Run 1 GFAP/Run 1 Seke GFAP STD
change.belysa

Source File Name: C:/Users/dessaif/Desktop/Seke Magpix Runs/Run 1 GFAP/Run 1 GFAP Seke.csv
Executed By: admin

Executed On: Tue Oct 1 15:40:00 2024

Instrument: MAGPX18251721

File Last Modified:Wed Feb 12 13:42:06 2025 GMT+0200

File Last Modified By:  Dessaif Instrument SW Version: 4.2.1705.0 Analysis SW Version: Belysa 1.2.2
Printed By SW Version: 1.2.2

LLoQ Recovery Range  [80% 120%]

LLoQ CV Limit 20%

LoD Coefficient 2.5

MDD Coefficient 2.5

Experiment Name: Experiment 1

Experiment Description:

Experiment Created By: Dessaif

Experiment Created On: Wed Feb 12 13:22:03 2025 GMT+0200

Messages: ND = Response is below limit of detection (LoD); EXT = Using extrapolated values;
BLOQ = Response is below the lower limit of quantification (LLoQ); Defects = Well(s) have defects
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GFAP

Original Name Current Name ID Units  Precision
GFAP GFAP 22 pg/mL 2
GFAP

@ Standard Curve Group 1 (4PL) O Standard Curve Group 1 © Unknown Group 1

1000

100

MFI

10

1 10 100 1000 10000 100000
Concentration (pg/mL)
Figure 1: GFAP Curve Standard Curve Group 1 (4PL)

Key:

e Blog: Below the Limit of Quantification
e NaN: Not a Number

e LLD: Lower Limit of Detection

e LLOQ: Lower Limit of Quantification
e ND: Not Detected
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Table 1: GFAP Luminex results

LoD R
Fit LLoQ MDD Slope Weighting Equation
Squared
4PL 3672 277 179 100 0.03 1yn2 y=3.28 + (1564.12 - 3.28)/(1 + (14584.84/x)"0.876658)
Standard
S
Location| Sample ID I%Sg/er%ti()j MFI (ge/ﬁ:f) ResultSD | ResultCV | Recovery Message
Al A2 Standardl 37600.00 1089.00 | 37477.12 0.00 0.0% 99.7% EXT
A2 Standardl 37600.00 1089.00 | 37477.12 99.7% EXT
cic2 Standard3 2350.00 265.00 2345.26 0.00 0.0% 99.8%
C1l Standard3 2350.00 265.00 2345.26 99.8%
D1 D2 | Standard4 587.50 93.00 600.11 0.00 0.0% 102.1%
D1 Standard4 587.50 93.00 600.11 102.1%
E1E2 Standard5 146.88 32.00 156.24 0.00 0.0% 106.4%
E1l Standard5 146.88 32.00 156.24 106.4%
F1F2 Standard6 36.72 10.75 33.12 5.39 16.3% 90.2%
F1 Standard6 36.72 11.50 36.93 100.6%
F2 Standard6 36.72 10.00 29.32 79.8%
G1G2| Standard7 9.18 7.00 14.90 0.00 0.0% 162.3%
G1 Standard? 918 NaN NaN nran%
G2 Standard7 9.18 7.00 14.90 162.3%

H1 H2 Background0 0.00 3.25 EXT, ND
H1 Background0 0.00 3.00 EXT
H2 Background0 0.00 3.50 ND

Unknowns

Location Sample ID | MFI Result (pg/mL) ResultSD | ResultCV Unk. Dilution Message

A3 Unknownl | 4.00 2.28 0.00 0.0% 1.00 BLOQ
A3 Unknownl 4.00 2.28 1.00 BLOQ
B3 Unknown2 6.00 1041 0.00 0.0% 1.00 BLOQ
B3 Unknown2 6.00 10.41 1.00 BLOQ
C3 Unknown3 3.00 - - - 1.00 EXT
C3 Unknown3 3.00 - 1.00 EXT

Location Sample ID MFI Result (pg/mL) | ResultSD | ResultCV | Unk. Dilution | Message

D3 Unknown4 2.00 - - - 1.00 EXT
D3 Unknown4 2.00 - 1.00 EXT
E3 Unknown5 5.00 6.17 0.00 0.0% 1.00 BLOQ
E3 Unknown5 5.00 6.17 1.00 BLOQ
F3 Unknown6 NaN NaN 0.00 0.0% 1.00

F3 Unknown6 NaN NaN 1.00

G3 Unknown7 3.00 - - - 1.00 EXT
G3 Unknown? 3.00 - 1.00 EXT
H3 Unknown8 4.00 2.28 0.00 0.0% 1.00 BLOQ
H3 Unknown8 4.00 2.28 1.00 BLOQ
A4 Unknown9 5.00 6.17 0.00 0.0% 1.00 BLOQ
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A4 Unknown9 5.00 6.17 1.00 BLOQ
B4 Unknown10 7.00 14.90 0.00 0.0% 1.00 BLOQ
B4 Unknown10 7.00 14.90 1.00 BLOQ
C4 Unknown11 6.00 1041 0.00 0.0% 1.00 BLOQ
C4 Unknownl1l 6.00 10.41 1.00 BLOQ
D4 Unknown12 4.00 2.28 0.00 0.0% 1.00 BLOQ
D4 Unknown12 4.00 2.28 1.00 BLOQ
E4 Unknown13 4.00 2.28 0.00 0.0% 1.00 BLOQ
E4 Unknown13 4.00 2.28 1.00 BLOQ
F4 Unknown14 2.50 - - - 1.00 EXT
F4 Unknown14 2.50 - 1.00 EXT
G4 Unknown15 3.00 - - - 1.00 EXT
G4 Unknown15 3.00 - 1.00 EXT
H4 Unknown16 0.00 - - - 1.00 EXT
H4 Unknown16 0.00 - 1.00 EXT
A5 Unknown17 4.00 2.28 0.00 0.0% 1.00 BLOQ
A5 Unknownl7 4.00 2.28 1.00 BLOQ
B5 Unknown18 4.00 2.28 0.00 0.0% 1.00 BLOQ
B5 Unknown18 4.00 2.28 1.00 BLOQ
C5 Unknown19 6.00 10.41 0.00 0.0% 1.00 BLOQ
C5 Unknown19 6.00 10.41 1.00 BLOQ
D5 Unknown20 7.00 14.90 0.00 0.0% 1.00 BLOQ
D5 Unknown20 7.00 14.90 1.00 BLOQ
E5 Unknown21 5.00 6.17 0.00 0.0% 1.00 BLOQ
E5 Unknown21 5.00 6.17 1.00 BLOQ
F5 Unknown22 7.00 14.90 0.00 0.0% 1.00 BLOQ
F5 Unknown22 7.00 14.90 1.00 BLOQ
G5 Unknown23 5.00 6.17 0.00 0.0% 1.00 BLOQ
G5 Unknown23 5.00 6.17 1.00 BLOQ
H5 Unknown24 0.50 - - - 1.00 EXT
H5 Unknown24 0.50 - 1.00 EXT
A6 Unknown25 4.00 2.28 0.00 0.0% 1.00 BLOQ
A6 Unknown25 4.00 2.28 1.00 BLOQ
B6 Unknown26 535.50 6878.22 0.00 0.0% 1.00

B6 Unknown26 535.50 6878.22 1.00

C6 Unknown27 28.00 131.28 0.00 0.0% 1.00

C6 Unknown27 28.00 131.28 1.00

D6 Unknown28 5.00 6.17 0.00 0.0% 1.00 BLOQ
D6 Unknown28 5.00 6.17 1.00 BLOQ
E6 Unknown29 2.00 - - - 1.00 EXT
E6 Unknown29 2.00 - 1.00 EXT
F6 Unknown30 NaN NaN 0.00 0.0% 1.00

F6 Unknown30 NaN NaN 1.00

G6 Unknown31 NaN NaN 0.00 0.0% 1.00

G6 Unknown31 NaN NaN 1.00

H6 Unknown32 34.00 168.96 0.00 0.0% 1.00

H6 Unknown32 34.00 168.96 1.00

A7 Unknown33 548.00 7162.00 0.00 0.0% 1.00

A7 Unknown33 548.00 7162.00 1.00

B7 Unknown34 215.00 1763.81 0.00 0.0% 1.00

B7 Unknown34 215.00 1763.81 1.00

C7 Unknown35 8.00 19.56 0.00 0.0% 1.00 BLOQ
Cc7 Unknown35 8.00 19.56 1.00 BLOQ
D7 Unknown36 124.00 862.59 0.00 0.0% 1.00

D7 Unknown36 124.00 862.59 1.00

E7 Unknown37 22.00 95.17 0.00 0.0% 1.00

E7 Unknown37 22.00 95.17 1.00

F7 Unknown38 104.00 690.62 0.00 0.0% 1.00

F7 Unknown38 104.00 690.62 1.00
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G7 Unknown39 6.00 10.41 0.00 0.0% 1.00 BLOQ
G7 Unknown39 6.00 10.41 1.00 BLOQ
H7 Unknown40 279.00 2519.85 0.00 0.0% 1.00
H7 Unknown40 279.00 2519.85 1.00
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Location Sample ID MFI Result (pg/mL) ResultSD | ResultCV | Unk. Dilution | Message
A8 Unknown41 2.00 - - - 1.00 EXT
A8 Unknown41 2.00 - 1.00 EXT
B8 Unknown4?2 4.00 2.28 0.00 0.0% 1.00 BLOQ
B8 Unknown42 4.00 2.28 1.00 BLOQ
C8 Unknown43 6.00 10.41 0.00 0.0% 1.00 BLOQ
C8 Unknown43 6.00 10.41 1.00 BLOQ
D8 Unknown44 18.00 72.13 0.00 0.0% 1.00
D8 Unknown44 18.00 72.13 1.00
E8 Unknown45 230.00 1931.53 0.00 0.0% 1.00
E8 Unknown45 230.00 1931.53 1.00
F8 Unknown46 366.00 3732.17 0.00 0.0% 1.00
F8 Unknown46 366.00 3732.17 1.00
G8 Unknown47 26.50 122.09 0.00 0.0% 1.00
G8 Unknown47 26.50 122.09 1.00
H8 Unknown48 11.00 34.37 0.00 0.0% 1.00 BLOQ
H8 Unknown48 11.00 34.37 1.00 BLOQ
A9 Unknown49 29.50 140.56 0.00 0.0% 1.00
A9 Unknown49 29.50 140.56 1.00
B9 Unknown50 245.50 2110.82 0.00 0.0% 1.00
B9 Unknown50 245.50 2110.82 1.00
C9 Unknown51 143.50 1039.29 0.00 0.0% 1.00
C9 Unknown51 143.50 1039.29 1.00
D9 Unknown52 NaN NaN 0.00 0.0% 1.00
D9 Unknown52 NaN NaN 1.00
E9 Unknown53 20.00 83.54 0.00 0.0% 1.00
E9 Unknown53 20.00 83.54 1.00
F9 Unknown54 198.00 1580.46 0.00 0.0% 1.00
F9 Unknown54 198.00 1580.46 1.00
G9 Unknown55 363.50 3694.05 0.00 0.0% 1.00
G9 Unknown55 363.50 3694.05 1.00
H9 Unknown56 542.00 7024.74 0.00 0.0% 1.00
H9 Unknown56 542.00 7024.74 1.00

Al10 Unknown57 424.00 4677.67 0.00 0.0% 1.00
A10 Unknown57 424.00 4677.67 1.00
B10 Unknown58 478.50 5683.81 0.00 0.0% 1.00
B10 Unknown58 478.50 5683.81 1.00
C10 Unknown59 342.50 3381.86 0.00 0.0% 1.00
C10 Unknown59 342.50 3381.86 1.00
D10 Unknown60 124.00 862.59 0.00 0.0% 1.00
D10 Unknown60 124.00 862.59 1.00
E10 Unknown61 9.00 24.38 0.00 0.0% 1.00 BLOQ
E10 Unknown61 9.00 24.38 1.00 BLOQ
F10 Unknown62 779.00 14385.86 0.00 0.0% 1.00
F10 Unknown62 779.00 14385.86 1.00
G10 Unknown63 206.00 1665.86 0.00 0.0% 1.00
G10 Unknown63 206.00 1665.86 1.00
H10 Unknown64 945.00 23533.01 0.00 0.0% 1.00
H10 Unknown64 945.00 23533.01 1.00
All Unknown65 688.00 11010.08 0.00 0.0% 1.00
All Unknown65 688.00 11010.08 1.00
B11 Unknown66 418.50 4582.75 0.00 0.0% 1.00
B11 Unknown66 418.50 4582.75 1.00
Cl1 Unknown67 21.50 92.25 0.00 0.0% 1.00
Cl1 Unknown67 21.50 92.25 1.00
D11 Unknown68 1016.50 29425.60 0.00 0.0% 1.00
D11 Unknown68 1016.50 29425.60 1.00
Ell Unknown69 24.00 107.02 0.00 0.0% 1.00
Ell Unknown69 24.00 107.02 1.00
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F11 Unknown70 726.00 12317.28 0.00 0.0% 1.00
F11 Unknown70 726.00 12317.28 1.00
Gl1 Unknown71 NaN NaN 0.00 0.0% 1.00
Gl1 Unknown71 NaN NaN 1.00
H11 Unknown72 495.00 6013.61 0.00 0.0% 1.00
H11 Unknown72 495.00 6013.61 1.00
Al2 Unknown73 5.00 6.17 0.00 0.0% 1.00 BLOQ
Al2 Unknown73 5.00 6.17 1.00 BLOQ
B12 Unknown74 743.00 12947.45 0.00 0.0% 1.00
B12 Unknown74 743.00 12947.45 1.00
C12 Unknown75 7.00 14.90 0.00 0.0% 1.00 BLOQ
c12 Unknown75 7.00 14.90 1.00 BLOQ

The following records were excluded from the analyzed results

Plate Location Sample ID Reason
Plate 1 Al Standardl
Plate 1 Bl Standard?2
Plate 1 B2 Standard?2
Plate 1 Cc2 Standard3
Plate 1 D2 Standard4
Plate 1 E2 Standard5
Plate 1 Gl Standard7
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S100B

Belysa® Software Experiment Report

Test Info

File Name: Untitled Test Results

Source File Name: C:/Users/dessaif/Desktop/Seke Magpix Runs/Run 1 S100B/Runl Seke S100B_Ixb/Runl
Seke S100B.csv

Executed By: admin

Executed On: Tue Oct 1 14:06:00 2024

Instrument: MAGPX18251721

File Last Modified: Tue Feb 11 16:33:07 2025 GMT+0200

File Last Modified By:  Dessaif Instrument SW Version: 4.2.1705.0 Analysis SW Version: Belysa 1.2.2
Printed By SW Version: 1.2.2

LLoQ Recovery Range  [80% 120%]

LLoQ CV Limit 20%

LoD Coefficient 2.5

MDD Coefficient 2.5

Experiment Name: Experiment 1

Experiment Description:

Experiment Created By: Dessaif

Experiment Created On: Tue Feb 11 16:23:11 2025 GMT+0200

Messages: ND = Response is below limit of detection (LoD); EXT = Using extrapolated values;
BLOQ = Response is below the lower limit of quantification (LLoQ); Defects = Well(s) have defects
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S100B

Original Name Current Name ID Units  Precision
S100B $100B 18 pg/mL 2
S100B
@ Standard Curve Group 1 (5PL) O Standard Curve Group 1 © Unknown Group 1
1000

100

MFI

Figure 2: S100B Curve Standard Curve Group 1 (5PL)

Table 2: S100B Luminex results

10

100

Concentration (pg/mL)

1000

Fit LLoQ LoD R o ]
SlopgWeighting Equation
MDD Squared
y = 6.00 + (207.73 - 6.00)/((1 +
5PL 1.84 0.00 | 0.19 1.00 [541| 1/y"2
(6.93/x)1.617822))*1.151909
Standards
Location| Sample ID %;gfﬁltigj MFI (Ege/snt:ll_t) Rgsglt Rés\ljlt Recovery [Message
Bl Standard2 1887.50 250.00 40.00 21% EXF
B2 Standard2 1887.50 249.00 39.82 21% EXF
E1E2 Standard5 29.49 187.50 29.49 0.00 0.0% | 100.0%
E2 Standard5 29.49 187.50 29.49 100.0%




F1F2 Standard6 7.37 102.00 7.37 0.00 0.0% 100.0%
F2 Standard6 7.37 102.00 7.37 100.0%
G1G2 Standard?7 1.84 21.00 1.84 0.00 0.0% 100.0%
G2 Standard7 1.84 21.00 1.84 100.0%

H1 H2 Background0 0.00 6.00 - - - - ND
H1 BackgroundO 0.00 6.00 - - ND
H2 BackgroundO 0.00 6.00 - - ND

Unknowns

. Result Result | Result Unk.

Location| Sample ID | MFI (py/mL) SD cvV Dilution Message
A3 Unknown1l 3.50 - - - 1.00 EXT
A3 Unknownl 3.50 - 1.00 EXT
B3 Unknown2 5.00 0.23 0.00 0.0% 1.00 EXT
B3 Unknown2 5.00 0.23 1.00 EXT
C3 Unknown3 5.00 0.23 0.00 0.0% 1.00 EXT
C3 Unknown3 5.00 0.23 1.00 EXT

Result Result Result Unk.
Location Sample ID MFI o Message,
(pg/mL) SD Ccv Dilution

D3 Unknown4 4.00 - - - 1.00 EXT
D3 Unknown4 4.00 - 1.00 EXT
E3 Unknown5 5.00 0.23 0.00 0.0% 1.00 EXT
E3 Unknown5 5.00 0.23 1.00 EXT
F3 Unknown6 4.00 - - - 1.00 EXT
F3 Unknown6 4.00 - 1.00 EXT
G3 Unknown7 5.00 0.23 0.00 0.0% 1.00 EXT
G3 Unknown? 5.00 0.23 1.00 EXT
H3 Unknown8 4.00 - - - 1.00 EXT
H3 Unknown8 4.00 - 1.00 EXT
A4 Unknown9 4.50 0.20 0.00 0.0% 1.00 EXT
Ad Unknown9 4.50 0.20 1.00 EXT
B4 Unknown10 4.00 - - - 1.00 EXT
B4 Unknown10 4.00 - 1.00 EXT
C4 Unknown1l 4.00 - - - 1.00 EXT
C4 Unknownl1l 4.00 - 1.00 EXT
D4 Unknown12 4.00 - - - 1.00 EXT
D4 Unknown12 4.00 - 1.00 EXT
E4 Unknown13 4.00 - - - 1.00 EXT
E4 Unknown13 4.00 - 1.00 EXT
F4 Unknown14 4.00 - - - 1.00 EXT
F4 Unknown14 4.00 - 1.00 EXT
G4 Unknown15 4.00 - - - 1.00 EXT
G4 Unknown15 4.00 - 1.00 EXT
H4 Unknown16 4.00 - - - 1.00 EXT
H4 Unknown16 4.00 - 1.00 EXT
A5 Unknown17 4.00 - - - 1.00 EXT
A5 Unknown17 4.00 - 1.00 EXT
B5 Unknown18 4.00 - - - 1.00 EXT
B5 Unknown18 4.00 - 1.00 EXT
C5 Unknown19 5.00 0.23 0.00 0.0% 1.00 EXT
C5 Unknown19 5.00 0.23 1.00 EXT
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D5 Unknown20 5.00 0.23 0.00 0.0% 1.00 EXT
D5 Unknown20 5.00 0.23 1.00 EXT
E5 Unknown21 5.00 0.23 0.00 0.0% 1.00 EXT
E5 Unknown21 5.00 0.23 1.00 EXT
F5 Unknown22 4.00 - - - 1.00 EXT
F5 Unknown22 4.00 - 1.00 EXT
G5 Unknown23 2.00 - - - 1.00 EXT
G5 Unknown23 2.00 - 1.00 EXT
H5 Unknown24 5.00 0.23 0.00 0.0% 1.00 EXT
H5 Unknown24 5.00 0.23 1.00 EXT
A6 Unknown25 4.50 0.20 0.00 0.0% 1.00 EXT
A6 Unknown25 450 0.20 1.00 EXT
B6 Unknown26 8.00 0.59 0.00 0.0% 1.00 BLOQ
B6 Unknown26 8.00 0.59 1.00 BLOQ
C6 Unknown27 6.00 - - - 1.00 ND
C6 Unknown27 6.00 - 1.00 ND
D6 Unknown28 5.00 0.23 0.00 0.0% 1.00 EXT
D6 Unknown28 5.00 0.23 1.00 EXT
E6 Unknown29 5.00 0.23 0.00 0.0% 1.00 EXT
E6 Unknown29 5.00 0.23 1.00 EXT
F6 Unknown30 5.00 0.23 0.00 0.0% 1.00 EXT
F6 Unknown30 5.00 0.23 1.00 EXT
G6 Unknown31 5.00 0.23 0.00 0.0% 1.00 EXT
G6 Unknown31 5.00 0.23 1.00 EXT
H6 Unknown32 5.00 0.23 0.00 0.0% 1.00 EXT
H6 Unknown32 5.00 0.23 1.00 EXT
A7 Unknown33 7.00 0.40 0.00 0.0% 1.00 BLOQ
A7 Unknown33 7.00 0.40 1.00 BLOQ
B7 Unknown34 7.00 0.40 0.00 0.0% 1.00 BLOQ
B7 Unknown34 7.00 0.40 1.00 BLOQ
c7 Unknown35 8.00 0.59 0.00 0.0% 1.00 BLOQ
Cc7 Unknown35 8.00 0.59 1.00 BLOQ
D7 Unknown36 4.00 - - - 1.00 EXT
D7 Unknown36 4.00 - 1.00 EXT
E7 Unknown37 10.00 0.86 0.00 0.0% 1.00 BLOQ
E7 Unknown37 10.00 0.86 1.00 BLOQ
F7 Unknown38 0.00 - - - 1.00 EXT
F7 Unknown38 0.00 - 1.00 EXT
G7 Unknown39 5.00 0.23 0.00 0.0% 1.00 EXT
G7 Unknown39 5.00 0.23 1.00 EXT
H7 Unknown40 4.00 - - - 1.00 EXT
H7 Unknown40 4.00 - 1.00 EXT
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Result Result Result Unk.
Location  Sample ID MFI Message
(pg/mL) SD Ccv Dilution
A8 Unknown41 5.00 0.23 0.00 0.0% 1.00 EXT
A8 Unknown41 5.00 0.23 1.00 EXT
B8 Unknown42 7.00 0.40 0.00 0.0% 1.00 BLOQ
B8 Unknown42 7.00 0.40 1.00 BLOQ
C8 Unknown43 5.00 0.23 0.00 0.0% 1.00 EXT
Cc8 Unknown43 5.00 0.23 1.00 EXT
D8 Unknown44 4.50 0.20 0.00 0.0% 1.00 EXT
D8 Unknown44 4,50 0.20 1.00 EXT
E8 Unknown45 20.00 1.77 0.00 0.0% 1.00 BLOQ
E8 Unknown45 20.00 177 1.00 BLOQ
F8 Unknown46 9.00 0.74 0.00 0.0% 1.00 BLOQ
F8 Unknown46 9.00 0.74 1.00 BLOQ
G8 Unknown47 5.00 0.23 0.00 0.0% 1.00 EXT
G8 Unknown47 5.00 0.23 1.00 EXT
H8 Unknown48 16.00 1.45 0.00 0.0% 1.00 BLOQ
H8 Unknown48 16.00 1.45 1.00 BLOQ
A9 Unknown49 7.00 0.40 0.00 0.0% 1.00 BLOQ
A9 Unknown49 7.00 0.40 1.00 BLOQ
B9 Unknown50 5.50 0.27 0.00 0.0% 1.00 EXT
B9 Unknown50 5.50 0.27 1.00 EXT
C9 Unknown51 5.00 0.23 0.00 0.0% 1.00 EXT
C9 Unknown51 5.00 0.23 1.00 EXT
D9 Unknown52 7.00 0.40 0.00 0.0% 1.00 BLOQ
D9 Unknown52 7.00 0.40 1.00 BLOQ
E9 Unknown53 7.00 0.40 0.00 0.0% 1.00 BLOQ
E9 Unknown53 7.00 0.40 1.00 BLOQ
F9 Unknown54 4.00 - - - 1.00 EXT
F9 Unknown54 4.00 - 1.00 EXT
G9 Unknown55 5.00 0.23 0.00 0.0% 1.00 EXT
G9 Unknown55 5.00 0.23 1.00 EXT
H9 Unknown56 7.00 0.40 0.00 0.0% 1.00 BLOQ
H9 Unknown56 7.00 0.40 1.00 BLOQ
A10 Unknown57 8.00 0.59 0.00 0.0% 1.00 BLOQ
Al10 Unknown57 8.00 0.59 1.00 BLOQ
B10 Unknown58 11.00 0.98 0.00 0.0% 1.00 BLOQ
B10 Unknown58 11.00 0.98 1.00 BLOQ
C10 Unknown59 6.50 0.28 0.00 0.0% 1.00 BLOQ
C10 Unknown59 6.50 0.28 1.00 BLOQ
D10 Unknown60 5.00 0.23 0.00 0.0% 1.00 EXT
D10 Unknown60 5.00 0.23 1.00 EXT
E10 Unknown61 5.00 0.23 0.00 0.0% 1.00 EXT
E10 Unknown61 5.00 0.23 1.00 EXT
F10 Unknown62 18.00 1.61 0.00 0.0% 1.00 BLOQ
F10 Unknown62 18.00 1.61 1.00 BLOQ
G10 Unknown63 1.00 - - - 1.00 EXT
G10 Unknown63 1.00 - 1.00 EXT
H10 Unknown64 10.50 0.92 0.00 0.0% 1.00 BLOQ
H10 Unknown64 10.50 0.92 1.00 BLOQ
All Unknown65 2.00 - - - 1.00 EXT
All Unknown65 2.00 - 1.00 EXT
B11 Unknown66 5.00 0.23 0.00 0.0% 1.00 EXT
B11 Unknown66 5.00 0.23 1.00 EXT
cu Unknown67 4.50 0.20 0.00 0.0% 1.00 EXT
Cl1 Unknown67 450 0.20 1.00 EXT
D11 Unknown68 2.00 - - - 1.00 EXT
D11 Unknown68 2.00 - 1.00 EXT
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Ell Unknown69 5.00 0.23 0.00 0.0% 1.00 EXT
Ell Unknown69 5.00 0.23 1.00 EXT
F11 Unknown70 10.50 0.92 0.00 0.0% 1.00 BLOQ
F11 Unknown70 10.50 0.92 1.00 BLOQ
Gl1 Unknown71 6.00 - - - 1.00 ND
Gl1 Unknown71 6.00 - 1.00 ND
Hi11l Unknown72 8.00 0.59 0.00 0.0% 1.00 BLOQ
H11 Unknown72 8.00 0.59 1.00 BLOQ
Al2 Unknown73 1.00 - - - 1.00 EXT
Al12 Unknown73 1.00 - 1.00 EXT
B12 Unknown74 22.00 1.91 0.00 0.0% 1.00

B12 Unknown74 22.00 1.91 1.00

C12 Unknown75 0.00 - - - 1.00 EXT
C12 Unknown75 0.00 - 1.00 EXT

The following records were excluded from the analyzed results

Plate Location Sample ID Reason
Plate 1 Al Standardl
Plate 1 A2 Standardl
Plate 1 B1 Standard2
Plate 1 B2 Standard2
Plate 1 C1 Standard3
Plate 1 C2 Standard3
Plate 1 D1 Standard4
Plate 1 D2 Standard4
Plate 1 E1l Standard5
Plate 1 F1 Standard6
Plate 1 Gl Standard?/
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NSE

Belysa® Software Experiment Report

Test Info

File Name: Untitled Test Results

Source File Name: C:/Users/dessaif/Desktop/2 plex Run 1 18Mar2025/2 plex Run2 Seke 18Mar25.csv
Executed By: admin

Executed On: Tue Mar 18 10:13:00 2025

Instrument:

File Last Modified:Tue Mar 18 13:28:18 2025 GMT+0200

File Last Modified By:  Dessaif Instrument SW Version: 4.2.1705.0 Analysis SW Version: Belysa1.2.2
Printed By SW Version: 1.2.2

LLoQ Recovery Range  [80% 120%]

LLoQ CV Limit 20%

LoD Coefficient 2.5

MDD Coefficient 2.5

Experiment Name: Experiment 1

Experiment Description:

Experiment Created By: Dessaif

Experiment Created On: Tue Mar 18 12:59:38 2025 GMT+0200

Messages: ND = Response is below limit of detection (LoD); EXT = Using extrapolated values;
BLOQ = Response is below the lower limit of quantification (LL0oQ); Defects = Well(s) have defects
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NSE

Original Name Current Name ID Units  Precision
NSE NSE 12 pgmL 2
NSE
m Standard Curve Group 1 (5PL) O Standard Curve Group 1 © Unknown Group 1
10000
1000
i
=
100
10 o

100 1000 10000 100000 1e+06 1e+07
Concentration (pg/mL)
Figure 3: Curve Standard Curve Group 1 (5PL)
Fit LLoQ | MDD LoD [Squared|Slope]Weighting Equation

y = 16.24 + (11669.48 - 16.24)/((1 +

7AN
5PL 42564.06/18496.59|N/A| 1.00 |0.00| 1/y"2 (1173841 51/ x)15.283679))0.106274
Standards
Location Sample ID Expected (pg/mL) MFI  Result (pg/mL) Result SD
Result CV  Recovery Message
AL A2  Standardl 2724100.00 11669.00 2648571.97 0.00  0.0% 97.2% EXT
Al Standard1 2724100.00 11669.00 2648571.97 97.2% EXT
B1B2  Standard2 681025.00 5276.00  719322.89 000  0.0% 105.6%
Bl Standard2 681025.00 5276.00 719322.89 105.6%
B2 Standard2 681025.00 181.00 8528576 12.5%
C1C2  Standard3 170256.25 49250 163891.32 734472  45% 96.3%
C1 Standard3 170256.25 468.00 158697.82 93.2%
C2 Standard3 170256.25 517.00 169084.82 99.3%
D1D2 Standard4 42564.06 7150  43526.05 1028.81  2.4% 102.3%
D1 Standard4 42564.06  73.00  44253.53 104.0%
D2 Standard4 42564.06  70.00  42798.57 100.6%
E1E2  Standards 10641.02 2400  13001.15 000  0.0% 122.2%
El Standard5 10641.02 2400  13001.15 122.2%
F1 Standards 2660.25 200 - - BT
R Standards 266025 1400 - - B&F
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G1G2  Standard? 665.06 13.00 EXT
G2 Standard? 665.06 13.00 - EXT
H1H2 BackgroundO 0.00 30.00 - - -
H Backgroundo 000 000 - BEXF
H2 BackgroundO 0.00 30.00 -
Table 3: NSE Luminex results
Unknowns
. Result Result Result Unk.
Location| Sample ID MFI (py/mL) SD cV Dilution Message
A3 Unknown1 1697.00 356343.59 0.00 0.0% 1.00
A3 Unknown1 1697.00 356343.59 1.00
B3 Unknown2 40.50 26223.48 0.00 0.0% 1.00 BLOQ
B3 Unknown?2 40.50 26223.48 1.00 BLOQ
C3 Unknown3 397.00 142841.33 0.00 0.0% 1.00
) Result Result | Result Unk.
Location  Sample ID MFI o Message
(pg/mL) SD CVv Dilution
C3 Unknown3 397.00 142841.33 1.00
D3 Unknown4 9.00 - - - 1.00 EXT
D3 Unknown4 9.00 - 1.00 EXT
E3 Unknown5 391.00 141451.31 0.00 0.0% 1.00
E3 Unknown5 391.00 141451.31 1.00
F3 Unknown6 381.00 139115.46 0.00 0.0% 1.00
F3 Unknown6 381.00 139115.46 1.00
G3 Unknown7 701.00 205011.86 0.00 0.0% 1.00
G3 Unknown? 701.00 205011.86 1.00
H3 Unknown8 286.00 115532.79 0.00 0.0% 1.00
H3 Unknown8 286.00 115532.79 1.00
A4 Unknown9 278.00 113411.20 0.00 0.0% 1.00
Ad Unknown9 278.00 113411.20 1.00
B4 Unknown10 205.00 92733.41 0.00 0.0% 1.00
B4 Unknown10 205.00 92733.41 1.00
C4 Unknown11 216.00 96024.17 0.00 0.0% 1.00
c4 Unknown11 216.00 96024.17 1.00
D4 Unknown12 1649.00 350043.32 0.00 0.0% 1.00
D4 Unknown12 1649.00 350043.32 1.00
E4 Unknown13 727.50 209860.79 0.00 0.0% 1.00
E4 Unknown13 727.50 209860.79 1.00
F4 Unknown14 466.00 158264.90 0.00 0.0% 1.00
F4 Unknown14 466.00 158264.90 1.00
G4 Unknown15 700.00 204827.48 0.00 0.0% 1.00
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G4 Unknown15 700.00 204827.48 1.00

H4 Unknown16 103.00 57464.16 0.00 0.0% 1.00

H4 Unknown16 103.00 57464.16 1.00

A5 Unknown17 51.00 32722.15 0.00 0.0% 1.00 BLOQ
A5 Unknown17 51.00 32722.15 1.00 BLOQ
B5 Unknown18 3102.00 517984.74 0.00 0.0% 1.00

B5 Unknown18 3102.00 517984.74 1.00

C5 Unknown19 616.50 189044.27 0.00 0.0% 1.00

C5 Unknown19 616.50 189044.27 1.00

D5 Unknown20 99.50 56025.70 0.00 0.0% 1.00

D5 Unknown20 99.50 56025.70 1.00

E5 Unknown21 280.50 114076.84 0.00 0.0% 1.00

E5 Unknown21 280.50 114076.84 1.00

F5 Unknown22 107.50 59281.24 0.00 0.0% 1.00

F5 Unknown22 107.50 59281.24 1.00

G5 Unknown23 113.00 61455.99 0.00 0.0% 1.00

G5 Unknown23 113.00 61455.99 1.00

H5 Unknown24 168.00 81077.61 0.00 0.0% 1.00

H5 Unknown24 168.00 81077.61 1.00

A6 Unknown25 289.00 116322.14 0.00 0.0% 1.00

A6 Unknown25 289.00 116322.14 1.00

B6 Unknown26 152.50 75874.36 0.00 0.0% 1.00

B6 Unknown26 152.50 75874.36 1.00

C6 Unknown27 7130.50 866834.35 0.00 0.0% 1.00

C6 Unknown27 7130.50 866834.35 1.00

D6 Unknown28 14464.00 3343829.88 0.00 0.0% 1.00 EXT
D6 Unknown28 14464.00 3343829.88 1.00 EXT
E6 Unknown29 2731.00 478703.77 0.00 0.0% 1.00

E6 Unknown29 2731.00 478703.77 1.00

F6 Unknown30 10731.00 2415243.91 0.00 0.0% 1.00 EXT
F6 Unknown30 10731.00 241524391 1.00 EXT
G6 Unknown31 11000.00 2482157.82 0.00 0.0% 1.00 EXT
G6 Unknown31 11000.00 2482157.82 1.00 EXT
H6 Unknown32 28.00 16792.11 0.00 0.0% 1.00 BLOQ
H6 Unknown32 28.00 16792.11 1.00 BLOQ
A7 Unknown33 7089.50 863726.22 0.00 0.0% 1.00

A7 Unknown33 7089.50 863726.22 1.00

B7 Unknown34 3188.00 526825.70 0.00 0.0% 1.00

B7 Unknown34 3188.00 526825.70 1.00

C7 Unknown35 1105.50 272830.65 0.00 0.0% 1.00

Cc7 Unknown35 1105.50 272830.65 1.00
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D7 Unknown36 14774.00 3420942.57 0.00 0.0% 1.00 EXT
D7 Unknown36 14774.00 3420942.57 1.00 EXT
E7 Unknown37 1257.00 295605.81 0.00 0.0% 1.00
E7 Unknown37 1257.00 295605.81 1.00
F7 Unknown38 861.00 233305.32 0.00 0.0% 1.00
F7 Unknown38 861.00 233305.32 1.00
G7 Unknown39 19539.50 4606363.53 0.00 0.0% 1.00 EXT
G7 Unknown39 19539.50 4606363.53 1.00 EXT
H7 Unknown40 15276.50 3545939.74 0.00 0.0% 1.00 EXT
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) Result Result Result Unk.
Location  Sample ID MFI Message
(pg/mL) SD CVv Dilution
H7 Unknown40 15276.50 3545939.74 1.00 EXT
A8 Unknown41 390.00 141218.82 0.00 0.0% 1.00
A8 Unknown41 390.00 141218.82 1.00
B8 Unknown42 9696.00 1060342.42 0.00 0.0% 1.00
B8 Unknown42 9696.00 1060342.42 1.00
C8 Unknown43 26.50 15439.39 0.00 0.0% 1.00 BLOQ
C8 Unknown43 26.50 15439.39 1.00 BLOQ
D8 Unknown44 6470.00 816051.69 0.00 0.0% 1.00
D8 Unknown44 6470.00 816051.69 1.00
E8 Unknown45 18703.00 4398283.66 0.00 0.0% 1.00 EXT
E8 Unknown45 18703.00 4398283.66 1.00 EXT
F8 Unknown46 11776.00 2675188.28 0.00 0.0% 1.00 EXT
F8 Unknown46 11776.00 2675188.28 1.00 EXT
G8 Unknown47 5825.00 764706.23 0.00 0.0% 1.00
G8 Unknown47 5825.00 764706.23 1.00
H8 Unknown48 13722.00 3159256.94 0.00 0.0% 1.00 EXT
H8 Unknown48 13722.00 3159256.94 1.00 EXT
A9 Unknown49 8505.00 969105.79 0.00 0.0% 1.00
A9 Unknown49 8505.00 969105.79 1.00
B9 Unknown50 1581.50 341061.73 0.00 0.0% 1.00
B9 Unknown50 1581.50 341061.73 1.00
C9 Unknown51 1591.00 342334.68 0.00 0.0% 1.00
C9 Unknown51 1591.00 342334.68 1.00
D9 Unknown52 10980.00 2477182.81 0.00 0.0% 1.00 EXT
D9 Unknown52 10980.00 2477182.81 1.00 EXT
E9 Unknown53 427.00 149669.02 0.00 0.0% 1.00
E9 Unknown53 427.00 149669.02 1.00
F9 Unknown54 4222.00 626780.23 0.00 0.0% 1.00
F9 Unknown54 4222.00 626780.23 1.00
G9 Unknown55 3991.50 605401.63 0.00 0.0% 1.00
G9 Unknown55 3991.50 605401.63 1.00
H9 Unknown56 476.00 160422.18 0.00 0.0% 1.00
H9 Unknown56 476.00 160422.18 1.00
Al0 Unknown57 656.00 196609.15 0.00 0.0% 1.00
Al10 Unknown57 656.00 196609.15 1.00

153




B10 Unknown58 4256.00 629895.21 0.00 0.0% 1.00
B10 Unknown58 4256.00 629895.21 1.00
C10 Unknown59 6386.00 809472.22 0.00 0.0% 1.00
C10 Unknown59 6386.00 809472.22 1.00
D10 Unknown60 1036.50 262056.82 0.00 0.0% 1.00
D10 Unknown60 1036.50 262056.82 1.00
E10 Unknown61 6511.00 819252.32 0.00 0.0% 1.00
E10 Unknown61 6511.00 819252.32 1.00
F10 Unknown62 3344.00 542631.17 0.00 0.0% 1.00
F10 Unknown62 3344.00 542631.17 1.00
G10 Unknown63 8509.00 969401.97 0.00 0.0% 1.00
G10 Unknown63 8509.00 969401.97 1.00
H10 Unknown64 6621.00 827805.44 0.00 0.0% 1.00
H10 Unknown64 6621.00 827805.44 1.00
All Unknown65 21300.00 5044288.96 0.00 0.0% 1.00 EXT
All Unknown65 21300.00 5044288.96 1.00 EXT
B11 Unknown66 4220.00 626596.70 0.00 0.0% 1.00
B11 Unknown66 4220.00 626596.70 1.00
C11 Unknown67 13308.00 3056274.19 0.00 0.0% 1.00 EXT
C11 Unknown67 13308.00 | 3056274.19 1.00 EXT
D11 Unknown68 1453.00 323540.59 0.00 0.0% 1.00
D11 Unknown68 1453.00 323540.59 1.00
E1l1 Unknown69 9023.00 1007777.85 0.00 0.0% 1.00
Ell Unknown69 9023.00 1007777.85 1.00
Fl11 Unknown70 7713.50 910543.76 0.00 0.0% 1.00
F11 Unknown70 7713.50 910543.76 1.00
G11 Unknown71 2911.00 498003.50 0.00 0.0% 1.00
G11 Unknown71 2911.00 498003.50 1.00
H11 Unknown72 9505.50 1045021.13 0.00 0.0% 1.00
H11 Unknown72 9505.50 1045021.13 1.00
Al12 Unknown73 2200.00 418668.10 0.00 0.0% 1.00
Al2 Unknown73 2200.00 418668.10 1.00
B12 Unknown74 285.00 115268.93 0.00 0.0% 1.00
B12 Unknown74 285.00 115268.93 1.00
C12 Unknown75 1609.00 344738.52 0.00 0.0% 1.00
C12 Unknown75 1609.00 344738.52 1.00
D12 Unknown76 13453.00 3092343.03 0.00 0.0% 1.00 EXT
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D12 Unknown76 13453.00 3092343.03 1.00 EXT
E12 Unknown77 3963.00 602725.62 0.00 0.0% 1.00
] Result Result | Result Unk. Dilution
Location Sample ID MFI
(pg/mL) SD Ccv Message

E12 Unknown77 3963.00 602725.62 1.00

F12 Unknown78 9448.50 1040519.82 0.00 0.0% 1.00

F12 Unknown78 9448.50 1040519.82 1.00

The following records were excluded from the analyzed results

Plate Location Sample ID Reason
Plate 1 A2 Standardl

Plate 1 B2 Standard?2

Plate 1 E2 Standard5

Plate 1 F1 Standard6

Plate 1 F2 Standard6

Plate 1 Gl Standard?

Plate 1 H1 Background 0
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SAA

Belysa® Software Experiment Report

Test Info

File Name: Untitled Test Results

Source File Name: C:/Users/dessaif/Desktop/Runl SAA Seke 11Apr2025/Runl SAA Seke.csv
Executed By: admin

Executed On: Fri Apr 11 09:57:00 2025

Instrument: MAGPX18251721

File Last Modified:Fri Apr 11 13:58:22 2025 GMT+0200

File Last Modified By:  Dessaif Instrument SW Version: 4.2.1705.0 Analysis SW Version: Belysa 1.2.2
Printed By SW Version: 1.2.2

LLoQ Recovery Range  [80% 120%]

LLoQ CV Limit 20%

LoD Coefficient 2.5

MDD Coefficient 2.5

Experiment Name: Experiment 1

Experiment Description:

Experiment Created By: Dessaif

Experiment Created On: Fri Apr 11 13:48:34 2025 GMT+0200

Messages: ND = Response is below limit of detection (LoD); EXT = Using extrapolated values;
BLOQ = Response is below the lower limit of quantification (LLoQ); Defects = Well(s) have defects

SAA
Original Name CurrentName ID Units  Precision
SAA SAA 26 pg/mL 2
SAA
m Standard Curve Group 1 (5PL) O Standard Curve Group 1 © Unknown Group 1
10000
= 1000
=
100
10

10 100 1000 10000 100000 1e+06
Concentration (pg/mL)

Figure 4: SAA Curve Standard Curve Group 1 (5PL)
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Table 4: SAA Luminex results

LoD R Weighting Equation
Fit LLoQ MDD Slope

Squared 1y~2 'y =27.32 + (20400.95 - 27.32)/((1 +
5PL 169.73 40.36 0.11

23.05 1.00 (16046.68/x)"1.343423))1.047263
Standards
. Expected Result |Result [Result

Location Sample ID (pg/mL) MFI (pg/mL) | SD cvV Recovery Message

A1 A2 | Standardl | 173800.00 [19999.00(163963.00 | 0.00 | 0.0% 94.3% EXT
Al Standardl | 173800.00 [19999.00|163963.00 94.3% EXT
A2 Standardl | 173800.00 16431.00[T09Z01.66 8Z8% BEX+

B1B2 | Standard2 | 43450.00 [15351.50] 38139.25 | 0.00 | 0.0% 87.8%

Bl Standard2 | 43450.00 198999V 53114 95 122.2%
B2 Standard2 | 43450.00 [15351.50| 38139.25 87.8%
C1C2 | Standard3 | 10862.50 | 7460.00 | 11212.41 [421.85 | 3.8% | 103.2%
C1 Standard3 | 10862.50 | 7288.00 | 10914.12 100.5%
C2 Standard3 | 10862.50 | 7632.00 | 11510.70 106.0%

D1 D2 | Standard4 | 2715.63 152450 | 2674.39 26153 | 9.8% 98.5%
D1 Standard4 | 2715.63 1391.00 | 2489.46 91.7%
D2 Standard4 | 2715.63 1658.00 | 2859.32 105.3%

E1E2 | Standard5 | 67891 279.25 | 71452 |6012 | 84% | 105.2%
E1 Standard5 | 678.91 258.50 | 672.00 99.0%
E2 Standard5 | 678.91 300.00 | 757.03 111.5%

FLF2 | Standard6é | 169.73 5500 | 147.33 0.00 | 0.0% 86.8%
F1 Standardé | 169.73 55.00 | 147.33 86.8%

G1G2 | Standard7 42.43 39.00 79.73 000 | 0.0% | 187.9%
G1 Standard7 | 42.43 39.00 79.73 187.9%

H1H2 |Backgroundo|  0.00 26.50 - - - - EXT,ND
H1 Background0 0.00 28.00 - - ND
H2 BackgroundO 0.00 25.00 - - EXT

Unknowns
. Result Result Result Unk.
Location| Sample ID MFI (pg/mL) ) cV Dilution Message
A3 Unknown1 1236.00 226983.46 0.00 0.0% 100.00
A3 Unknown1 1236.00 226983.46 100.00
B3 Unknown?2 1032.00 197320.74 0.00 0.0% 100.00
B3 Unknown? 1032.00 197320.74 100.00
C3 Unknown3 2211.00 360423.40 0.00 0.0% 100.00
C3 Unknown3 2211.00 360423.40 100.00
Result | Result Unk.
Location Sample ID MFI Result (pg/mL) Message|
SD CcVv Dilution
D3 Unknown4 7999.00 1217074.88 0.00 0.0% 100.00
D3 Unknowné 7999.00 1217074.88 100.00
E3 Unknown5 998.00 192273.85 0.00 0.0% 100.00
E3 Unknown5 998.00 192273.85 100.00
F3 Unknown6 12550 36348.36 0.00 0.0% 100.00
F3 Unknown6 125.50 36348.36 100.00
G3 Unknown? 5199.00 765459.78 0.00 0.0% 100.00
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G3 Unknown? 5199.00 765459.78 100.00
H3 Unknown8 6640.50 984289.72 0.00 0.0% 100.00
H3 Unknown8 6640.50 984289.72 100.00
Ad Unknown9 2651.00 418712.38 0.00 0.0% 100.00
A4 Unknown9 2651.00 418712.38 100.00
B4 Unknown10 2342.50 377893.99 0.00 0.0% 100.00
B4 Unknown10 2342.50 377893.99 100.00
Cc4 Unknown11 2600.00 411974.60 0.00 0.0% 100.00
Cc4 Unknown11l 2600.00 411974.60 100.00
D4 Unknown12 2380.00 382866.13 0.00 0.0% 100.00
D4 Unknown12 2380.00 382866.13 100.00
E4 Unknown13 10900.00 1857625.81 0.00 0.0% 100.00
E4 Unknown13 10900.00 1857625.81 100.00
F4 Unknown14 8381.00 1288611.89 0.00 0.0% 100.00
F4 Unknown14 8381.00 1288611.89 100.00
G4 Unknown15 4210.00 626871.21 0.00 0.0% 100.00
G4 Unknown15 4210.00 626871.21 100.00
H4 Unknown16 2173.00 355362.90 0.00 0.0% 100.00
H4 Unknown16 2173.00 355362.90 100.00
A5 Unknown17 4678.00 691535.38 0.00 0.0% 100.00
A5 Unknown17 4678.00 691535.38 100.00
B5 Unknown18 915.50 179881.18 0.00 0.0% 100.00
B5 Unknown18 915.50 179881.18 100.00
C5 Unknown19 8298.00 1272808.56 0.00 0.0% 100.00
C5 Unknown19 8298.00 1272808.56 100.00
D5 Unknown20 14701.00 3376943.26 0.00 0.0% 100.00
D5 Unknown20 14701.00 3376943.26 100.00
E5 Unknown21 6621.50 981239.82 0.00 0.0% 100.00
E5 Unknown21 6621.50 981239.82 100.00
F5 Unknown22 3036.00 469565.57 0.00 0.0% 100.00
F5 Unknown22 3036.00 469565.57 100.00
G5 Unknown23 2535.00 403383.02 0.00 0.0% 100.00
G5 Unknown23 2535.00 403383.02 100.00
H5 Unknown24 9942.00 1617719.37 0.00 0.0% 100.00
H5 Unknown24 9942.00 1617719.37 100.00
A6 Unknown25 6681.00 990807.68 0.00 0.0% 100.00
A6 Unknown25 6681.00 990807.68 100.00
B6 Unknown26 714.00 148544.81 0.00 0.0% 100.00
B6 Unknown26 714.00 148544.81 100.00
C6 Unknown27 15087.00 3625581.00 0.00 0.0% 100.00
C6 Unknown27 15087.00 3625581.00 100.00
D6 Unknown28 10524.00 1759316.42 0.00 0.0% 100.00
D6 Unknown28 10524.00 1759316.42 100.00
E6 Unknown29 12372.00 2308498.41 0.00 0.0% 100.00
E6 Unknown29 12372.00 2308498.41 100.00
F6 Unknown30 13012.50 2547603.54 0.00 0.0% 100.00
F6 Unknown30 13012.50 2547603.54 100.00
G6 Unknown31 7939.50 1206199.31 0.00 0.0% 100.00
G6 Unknown31 7939.50 1206199.31 100.00
H6 Unknown32 12492.50 2351127.44 0.00 0.0% 100.00
H6 Unknown32 12492.50 2351127.44 100.00
A7 Unknown33 7.00 - - - 100.00 EXT
A7 Unknown33 7.00 - 100.00 EXT
B7 Unknown34 7707.00 1164354.08 0.00 0.0% 100.00
B7 Unknown34 7707.00 1164354.08 100.00
C7 Unknown35 13455.50 2733291.98 0.00 0.0% 100.00
c7 Unknown35 13455.50 2733291.98 100.00
D7 Unknown36 9849.00 1596171.11 0.00 0.0% 100.00
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D7 Unknown36 9849.00 1596171.11 100.00
E7 Unknown37 12842.00 2480815.19 0.00 0.0% 100.00
E7 Unknown37 12842.00 2480815.19 100.00
F7 Unknown38 14584.00 3306983.32 0.00 0.0% 100.00
F7 Unknown38 14584.00 3306983.32 100.00
G7 Unknown39 13550.00 2775388.31 0.00 0.0% 100.00
G7 Unknown39 13550.00 2775388.31 100.00
H7 Unknown40 14723.50 3390668.53 0.00 0.0% 100.00
H7 Unknown40 14723.50 3390668.53 100.00
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Result | Result unk.
Location Sample ID MFI Result (pg/mL) Message
SD Ccv Dilution

A8 Unknown4l | 12080.00 2209257.42 0.00 0.0% 100.00
A8 Unknown41 | 12080.00 2209257.42 100.00
B8 Unknown42 | 6934.00 1032058.57 0.00 0.0% 100.00
B8 Unknown42 | 6934.00 1032058.57 100.00
C8 Unknown43 | 13779.00 2881406.15 0.00 0.0% 100.00
C8 Unknown43 | 13779.00 2881406.15 100.00
D8 Unknown44 | 14563.00 3294670.74 0.00 0.0% 100.00
D8 Unknown44 | 14563.00 3294670.74 100.00
E8 Unknown45 | 15443.00 3882942.79 0.00 0.0% 100.00
E8 Unknown45 | 15443.00 3882942.79 100.00
F8 Unknown46 | 8744.00 1359534.08 0.00 0.0% 100.00
F8 Unknown46 | 8744.00 1359534.08 100.00
G8 Unknown47 | 12277.00 2275595.78 0.00 0.0% 100.00
G8 Unknown47 | 12277.00 2275595.78 100.00
H8 Unknown48 | 4676.00 691255.80 0.00 0.0% 100.00
H8 Unknown48 | 4676.00 691255.80 100.00
A9 Unknown49 | 4580.00 677870.22 0.00 0.0% 100.00
A9 Unknown49 | 4580.00 677870.22 100.00
B9 Unknown50 | 12661.00 2412491.22 0.00 0.0% 100.00
B9 Unknown50 | 12661.00 2412491.22 100.00
C9 Unknown51 | 10451.00 1740881.30 0.00 0.0% 100.00
C9 Unknown51 | 10451.00 1740881.30 100.00
D9 Unknown52 | 5904.00 869514.98 0.00 0.0% 100.00
D9 Unknown52 | 5904.00 869514.98 100.00
E9 Unknown53 | 14937.50 3525844.52 0.00 0.0% 100.00
E9 Unknown53 | 14937.50 3525844.52 100.00
F9 Unknown54 | 12410.00 2321831.94 0.00 0.0% 100.00
F9 Unknown54 | 12410.00 2321831.94 100.00
G9 Unknown55 | 12595.00 2388205.52 0.00 0.0% 100.00
G9 Unknown55 | 12595.00 2388205.52 100.00
H9 Unknown56 | 7718.00 1166311.01 0.00 0.0% 100.00
H9 Unknown56 | 7718.00 1166311.01 100.00
A10 Unknown57 | 7346.00 1101328.73 0.00 0.0% 100.00
A10 Unknown57 | 7346.00 1101328.73 100.00
B10 Unknown58 | 10947.50 1870464.74 0.00 0.0% 100.00
B10 Unknown58 | 10947.50 1870464.74 100.00
C10 Unknown59 | 15503.50 3929752.00 0.00 0.0% 100.00
C10 Unknown59 | 15503.50 3929752.00 100.00
D10 Unknown60 | 7691.00 1161511.59 0.00 0.0% 100.00
D10 Unknown60 | 7691.00 1161511.59 100.00
E10 Unknown61 | 10450.50 1740755.73 0.00 0.0% 100.00
E10 Unknown61 | 10450.50 1740755.73 100.00
F10 Unknown62 | 7692.00 1161689.11 0.00 0.0% 100.00
F10 Unknown62 | 7692.00 1161689.11 100.00
G10 Unknown63 | 8815.00 1373765.20 0.00 0.0% 100.00
G10 Unknown63 | 8815.00 1373765.20 100.00
H10 Unknown64 | 9362.00 1487694.70 0.00 0.0% 100.00
H10 Unknown64 | 9362.00 1487694.70 100.00
All Unknown65 | 12036.00 2194776.47 0.00 0.0% 100.00
All Unknown65 | 12036.00 2194776.47 100.00
B11 Unknown66 | 3470.50 527202.78 0.00 0.0% 100.00
B11 Unknown66 | 3470.50 527202.78 100.00
C11 Unknown67 | 8239.50 1261758.54 0.00 0.0% 100.00
Cl1 Unknown67 | 8239.50 1261758.54 100.00
D11 Unknown68 | 12440.00 2332429.32 0.00 0.0% 100.00
D11 Unknown68 | 12440.00 2332429.32 100.00
E11 Unknown69 | 6381.00 943059.45 0.00 0.0% 100.00
E11 Unknown69 | 6381.00 943059.45 100.00
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F11 Unknown70 | 13226.00 2634795.75 0.00 0.0% 100.00
F11 Unknown70 | 13226.00 2634795.75 100.00
G11 Unknown71 1163.50 216552.31 0.00 0.0% 100.00
Gl1 Unknown71 1163.50 216552.31 100.00
H11 Unknown72 | 10914.00 1861399.76 0.00 0.0% 100.00
H11 Unknown72 | 10914.00 1861399.76 100.00
Al2 Unknown73 7558.00 1138062.94 0.00 0.0% 100.00
Al2 Unknown73 7558.00 1138062.94 100.00
B12 Unknown74 | 10196.50 1678160.00 0.00 0.0% 100.00
B12 Unknown74 | 10196.50 1678160.00 100.00
C12 Unknown75 | 12396.50 2317083.59 0.00 0.0% 100.00
C12 Unknown75 | 12396.50 2317083.59 100.00
D12 Unknown76 | 11464.00 2016740.77 0.00 0.0% 100.00
D12 Unknown76 | 11464.00 2016740.77 100.00
E12 Unknown77 4068.00 607523.82 0.00 0.0% 100.00
E12 Unknown77 4068.00 607523.82 100.00

Result Result | Result Unk. Dilution
Location| Sample ID MFI
(pg/mL) SD Ccv Message
F12 Unknown78 | 9024.00 1416377.64 0.00 0.0% 100.00
F12 Unknown78 | 9024.00 | 1416377.64 100.00
G12 Unknown79 418.00 98244.74 0.00 0.0% 100.00
G12 Unknown79 418.00 98244.74 100.00
H12 Unknown80 397.00 94376.68 0.00 0.0% 100.00
H12 Unknown80 397.00 94376.68 100.00

The following records were excluded from the analyzed results

Plate Location Sample ID Reason
Plate 1 A2 Standardl
Plate 1 B1 Standard2
Plate 1 F2 Standard6
Plate 1 G2 Standard?

Quiality assurance procedure for run acceptance
The following steps were observed to formally validate and accept data using the ProcartaPlex Analysis
App and Luminex software:
e Instrument system suitability was verified: the instrument (Luminex 200, FLEXMAP 3D,
INTELLIFLEX) passed its daily calibration and fluidic verification checks.
e Ensured the DD (Doublet Discriminator) gate was correctly set to 7,500 — 25,000 for standard
magnetic bead assays.
e Inspected the 7-Point Standard Curve: fit the standard data using a 4PL (4-Parameter Logistic) or

5PL curve algorithm. The curve must present a clear monotonic sigmoidal shape with an R2
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value close to 1.0.

Assess Standard Recovery: ensured individual standard concentrations back-calculate precisely

to their nominal values within the 80-120% tolerance window.

Checked Regional Bead Populations: Confirm that the instrument successfully counted > 50

beads per region inside every target well.

Confirmed Replicate Reproducibility: ensured the %CV across duplicate wells is strictly <15%.
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APPENDIX D: RAW DATA

Table 1: Raw data (control group)

Control
Demaographics Assay results Concentration
Study No Date Age Gender GFAP conc (pg/ml) S100B (pg/ml) NSE (ng/ml) | SAA (ng/ml)

1 5-May-24 23 1 1.79 0.19 356.344 226.983
2 5-May-24 22 2 2.6 0.23 26.223 197.321
3 5-May-24 22 2 1.79 0.23 142.841 360.423
4 5-May-24 21 2 1.79 0.19 75.874 1217.075
5 5-May-24 21 2 1.79 0.23 141.451 192.274
6 5-May-24 21 2 1.79 0.19 139.115 36.348
7 5-May-24 24 2 1.79 0.23 205.012 765.46
8 5-May-24 23 2 1.79 0.19 115.533 984.29
9 5-May-24 23 1 1.79 0.2 113.411 418.712
10 5-May-24 39 2 8.15 0.19 92.733 377.894
11 5-May-24 20 2 2.6 0.19 96.024 411.975
12 5-May-24 21 1 1.79 0.19 350.043 382.866
13 5-May-24 32 2 1.79 0.19 209.861 148.545
14 5-May-24 25 1 1.79 0.19 158.265 1288.612
15 5-May-24 18 1 1.79 0.19 204.827 626.871
16 5-May-24 22 1 1.79 0.19 57.464 355.363
17 5-May-24 23 1 1.79 0.19 32.722 691.535
18 5-May-24 21 1 1.79 0.19 517.984 179.881
19 5-May-24 22 2 2.6 0.23 189.044 1272.809
20 5-May-24 21 2 8.15 0.23 56.026 3376.943
21 5-May-24 22 2 1.79 0.23 114.077 981.24
22 5-May-24 20 1 8.15 0.19 59.281 469.566
23 5-May-24 24 1 1.79 0.19 61.456 403.383
24 5-May-24 22 2 1.79 0.23 81.078 1617.719
25 5-May-24 21 2 1.79 0.2 116.322 990.808
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Table 2: Raw data (moderate group)

TBI Moderate
. s Assay results
Demographics | Patients’ outcome Conc)e/ntration
GFAP

Study No| Admission Date Age | Sex (pg/ml) (?0292% (nNg/SnEI) (r? Qﬁl)
1 25-09-2023 41 1 2 6635.69 0.59 866.834 | 3625.581
2 19-10-2023 57 1 1 166.76 1.84 3343.83 | 1759.316
3 29-10-2023 33 1 1 36.72 0.23 478.704 | 2308.498
4 4-Nov-23 56 1 1 36.72 0.23 2415.244 | 2547.604
5 4-Nov-23 29 1 1 36.72 0.23 2482.158 |1206.199
6 5-Nov-23 26 1 1 36.72 0.23 16.792 | 2351.127
7 5-Nov-23 25 1 1 211.89 0.23 863.726 | 1164.354
8 7-Nov-23 20 1 2 6920.71 0.4 526.825 |2733.292
9 21-Nov-23 32 1 2 1742.18 0.4 272.831 |1596.171
10 12-Feb-24 47 1 1 14.77 0.59 [ 3420.943 | 2480.815
11 10-Feb-24 63 1 1 910.42 1.84 295.606 | 3306.983
12 3-Dec-23 29 1 1 121.28 0.86 233.305 |2775.388
13 3-Dec-23 18 1 1 747.37 1.84 | 4606.364 |3390.669
14 6-Dec-23 36 1 1 2.6 0.23 354594 | 2209.257
15 7-Dec-23 23 1 1 2437.33 1.84 141.219 |1032.059
16 7-Dec-23 24 1 1 36.72 0.23 | 1060.342 | 2881.406
17 7-Dec-23 43 1 1 36.72 0.4 15439 |3294.671
18 10-Dec-23 42 1 1 2.59 0.23 816.052 |3882.943
19 28-Dec-23 41 2 1 90.68 0.2 4398.284 |[1359.534
20 5-Feb-24 22 1 1 1895.98 1.77 | 2675.188 |2275.596
21 5-Feb-24 18 1 1 3569.65 0.74 764.706 | 691.256
22 15-Feb-24 57 1 2 155.43 0.23 3159.257 | 677.87
23 15-Feb-24 16 1 1 36.87 1.45 969.106 |2412.491
24 11-Feb-24 33 1 1 178.07 0.4 341.062 |1740.881
25 11-Feb-24 40 1 1 2060.58 0.27 342.335 | 869.515
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Table 3: Raw data (severe group)

TBI severe
Clinical Data Demographics OZ?E';?L C’Z‘;i%:f;ﬁ:}z
St,\‘l’gy Admission Date Ca‘:ﬁfg""s GCS Fgﬁ?;:er Tizfjrgf Age Sex GFAP (pg/ml)| S100B (pg/ml) | NSE (ng/ml)| SAA (ng/mi)
1 24-Oct-2023 3 7 Focal 2 52 1 2 10755 0.23 149.669 | 3525.845
2 5-Nov-23 1 8 Focal 1 33 1 2 36.72 0.4 626.78 2321.832
3 3-Dec-23 3 7 Focal 1 19 1 1 106.01 0.4 605.402 | 2388.206
4 10-Dec-23 4 7 Focal 2 30 1 1 1574.07 1.84 160422 | 1166311
5 3-Mar-24 1 5 Focal 2 30 1 1 3533.64 0.23 196.600 | 1101.329
6 16-Mar-24 2 7 Diffuse 2 25 1 1 6782.7 0.4 629.805 | 1870.465
7 3-Apr-24 1 8 Focal 1 26 1 1 4471.89 0.59 809.472 | 3929.752
8 4-Apr-24 1 7 Focal 3 29 1 1 5450.58 0.98 262.057 | 1161512
9 29-Dec-23 2 7 Focal 2 23 1 1 3239.73 0.28 819.252 | 1740.756
10 27-Dec-23 1 6 Diffuse 1 40 1 2 910.42 0.23 542631 | 1161.689
11 1-Jan-24 1 8 Focal 2 2 1 1 21.91 0.23 969.402 | 1373.765
12 2-Apr-24 1 4 Focal 1 34 1 1 14500.23 161 827.805 | 1487.695
13 7-Apr-24 2 4 Focal 2 30 1 1 1652.38 1.84 5044289 | 2194.776
14 11-Jul-24 4 8 Focal 2 51 1 1 24592.57 0.92 626507 | 1416.378
15 11-Jul-24 4 8 Diffuse 2 43 1 1 10895.38 1.84 3056274 | 1261.759
16 11-Jul-24 4 3 Focal 2 53 1 1 4380.54 0.23 323541 | 2332.429
17 29-Jul-24 1 3 Diffuse 2 19 1 1 117.46 0.2 1007.778 | 943.059
18 20-Jul-24 1 8 Focal 2 27 1 1 31144.48 1.84 9010544 | 2634.796
19 20-Jul-24 1 7 Focal 2 35 1 2 136.49 0.23 498.004 216.552
20 31-Jul-24 1 8 Focal 1 21 1 1 1228351 0.92 1045021 | 186134
21 13-Aug-24 2 3 Focal 2 21 1 1 36.72 1.84 104052 | 1138.063
22 8-Sep-24 3 7 Focal 2 21 1 1 5775.38 0.59 115.269 1678.16
23 8-Nov-2024 3 8 Focal 1 59 1 1 36.72 1.84 344739 | 2317.084
24 27-Jul-24 2 8 Diffuse 1 66 2 1 12958.09 191 3002343 | 2016.741
25 16-May-24 4 8 Focal 2 82 2 1 8.15 1.84 602.726 607.524
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Keys:

Interpersonal violence Assault (1) Focal (1) Extradural hematoma (1) Male (1) Discharged (1)
MVA Accident (2) Diffuse (2) Subdural hematoma (2) Female (2) Passed away (2)
Fall (3) Subarachnoid hemorrhage (3)

Other causes (4)
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APPENDIX E: SCANS

A

Manufactu

Clinical: GCS score: 11

Clinical: GCS score: 10

Clinical: GCS score: 12

Biomarker: S100B concentration: 1.84 pg/mL
GFAP concentration: 166.76 pg/mL
NSE concentration: 478.7 ng/mL

SAA concentration: 1759.32 ng/mL

Biomarker: S100B concentration: 0.23 pg/mL
GFAP concentration: 211.89 pg/mL
NSE concentration: 863.72 ng/mL

SAA concentration: 1164.35 ng/mL

Biomarker: S100B concentration: 0.86 pg/mL
GFAP concentration: 121.28 pg/mL
NSE concentration: 233.30 ng/mL

SAA concentration: 2775.38 ng/mL

Figure 1: Additional TBI Classification System with biomarkers incorporated (moderate TBI case)
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Nanufacturer'

In

B ™, Manufacturer's M

Clinical: GCS score: 10

Clinical: GCS score: 11

Clinical: GCS score: 11

Biomarker: S100B concentration: 0.23 pg/mL
GFAP concentration: 36.72 pg/mL
NSE concentration: 1060.34 ng/mL

SAA concentration: 2881.40 ng/mL

Biomarker: S100B concentration: 0.2 pg/mL
GFAP concentration: 90.68 pg/mL
NSE concentration: 4398.28 ng/mL

SAA concentration: 1359.53 ng/mL

Biomarker: S100B concentration: 1.45 pg/mL
GFAP concentration: 36.87 pg/mL
NSE concentration: 969.1 ng/mL

SAA concentration: 2412.49 ng/mL

Figure 2: Additional TBI Classification System with biomarkers incorporated (moderate TBI case)
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Clinical: GCS score: 4

Clinical: GCS score: 8

Clinical: GCS score: 5

Biomarker: S100B concentration: 0.59 pg/mL
GFAP concentration: 4471.89 pg/mL
NSE concentration: 809.47 ng/mL

SAA concentration: 3929.75 ng/mL

Biomarker: S100B concentration: 1.61 pg/mL
GFAP concentration: 14509.23 pg/mL
NSE concentration: 827.80 ng/mL

SAA concentration: 1487.69 ng/mL

Biomarker: S100B concentration: 1.84 pg/mL
GFAP concentration: 1652.38 pg/mL
NSE concentration: 5044.28 ng/mL

SAA concentration: 2194 ng/mL

Figure 3: Additional TBI Classification System with biomarkers incorporated (severe TBI case)
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Clinical: GCS score: 8

Clinical: GCS score: 7

Clinical: GCS score: 8

Biomarker: S100B concentration: 1.91 pg/mL Biomarker: S100B concentration: 0.59 pg/mL
GFAP concentration: 12958.09 pg/mL GFAP concentration: 4471.89 pg/mL
NSE concentration: 3092.34 ng/mL NSE concentration: 115.269 ng/mL
SAA concentration: 2016.74 ng/mL SAA concentration: 1678.16 ng/mL

Biomarker: S100B concentration: 0.92 pg/mL
GFAP concentration: 12283.51 pg/mL
NSE concentration: 1045.02 ng/mL

SAA concentration: 1861.34 ng/mL

Figure 4: Additional TBI Classification System with biomarkers incorporated (severe TBI case)
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