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Abstract

Traumatic brain injury (TBI) is a major global health concern and a leading cause of mor-
tality and disability. Head computed tomography (CT) remains indispensable for the
detection of intracranial hemorrhage; however, its indiscriminate use in mild trauma in-
creases radiation exposure, cumulative oncogenic risk, and healthcare costs. Consequently,
there is growing interest in tools capable of improving sensitivity in mild or early-stage
TBI. Protein-based biomarkers are promising complements to conventional assessment.
Molecules such as glial fibrillary acidic protein (GFAP), ubiquitin C-terminal hydrolase
L1 (UCH-L1), S100 calcium-binding protein B (S100B), and neurofilament light chain (NfL)
reflect astroglial activation, neuronal injury, and axonal damage, enabling objective evalua-
tion of neurotrauma. Beyond protein biomarkers, metabolomic and lipidomic approaches
capture alterations associated with early metabolic distress, oxidative stress, mitochondrial
dysfunction, and membrane disruption following TBI. High-resolution mass spectrometry
studies have identified reproducible metabolite and lipid signatures correlating with injury
severity and functional outcomes. Longitudinal profiling further reveals dynamic metabolic
trajectories that distinguish secondary injury progression from stabilization, supporting
predictive modeling and risk stratification. Together, these advances pave the way toward
precision medicine in neurotrauma. Nevertheless, variability in assay performance and
sampling timing continues to limit widespread clinical adoption. Future research should
prioritize methodological standardization, analytical validation, and the integration of
multi-omic data with machine learning–based predictive models.

Keywords: traumatic brain injury clinical features; traumatic brain injury pathophysiology;
TBI and dementia; traumatic brain injury biomarkers; mTBI biomarkers; GFAP and TBI;
UCH-L and traumatic brain injury; prognostic biomarkers in TBI; TBI and inflammation

1. Introduction
Traumatic brain injury (TBI) represents a major global public health challenge, af-

fecting approximately 50 million individuals each year and ranking among the leading
causes of mortality and long-term disability across all age groups. The associated economic
burden is considerable, with global costs estimated to exceed USD 400 billion annually,
encompassing both direct healthcare expenditures and indirect losses related to reduced
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productivity and long-term disability [1]. TBI most frequently arises from external mechani-
cal forces, including road traffic accidents, falls, sports-related injuries, and blast exposures,
resulting in a wide and heterogeneous spectrum of neurological impairments. Falls are
particularly prevalent among the elderly and very young, whereas road traffic accidents
constitute the predominant cause in younger adult populations. In military and conflict
settings, blast-related injuries represent a major etiological factor, as blast waves generate a
combination of primary overpressure effects and rapid acceleration–deceleration forces,
leading to TBI that may range from mild concussion to severe and disabling neurological
damage [2,3]. TBI is an intrinsically heterogeneous disorder, traditionally classified accord-
ing to injury severity (mild, moderate, or severe), underlying mechanism (focal versus
diffuse injury), and clinical presentation. This marked heterogeneity poses significant chal-
lenges to accurate diagnosis, prognostication, and the development of individualized treat-
ment strategies. In addition, TBI is frequently associated with multisystem consequences
that extend beyond the central nervous system, thereby requiring a structured, multidis-
ciplinary approach to clinical management. Among the most common post-traumatic
complications, headache represents a major source of morbidity, often manifesting with
migraine-like or tension-type features that substantially impair quality of life [4,5]. Notably,
even mild TBI can disrupt migraine-related neurobiological pathways, leading to increased
frequency and severity of headache attacks [6]. Visual disturbances are also frequently
reported, including oculomotor dysfunction, accommodative deficits, and impairments
in higher-order visual processing [7]. Taken together, these manifestations underscore the
complex cascade of neurophysiological and sensory alterations triggered by TBI, which
extend well beyond the initial mechanical insult and exert a sustained impact on cognitive,
sensory, and psychosocial functioning. While moderate to severe TBI is often characterized
by evident structural abnormalities on neuroimaging, the nature and extent of intracranial
lesions are closely associated with the need for neurointensive interventions and represent
key predictors of clinical outcomes [8]. In contrast, mild TBI (mTBI) frequently presents a
diagnostic challenge, as conventional neuroimaging may appear normal despite the persis-
tence of cognitive, emotional, or behavioral symptoms [9]. To address these limitations, the
recently proposed National Institute of Health–National Institute of Neurological Disorders
and Stroke (NIH–NINDS) classification of acute TBI introduces a standardized framework
that integrates measurable biological, clinical, and imaging parameters, moving beyond
traditional severity-based scoring systems. This novel approach is designed to capture the
full spectrum of injury mechanisms and patient phenotypes, thereby enabling more precise
diagnosis, improving comparability across research studies, and supporting the develop-
ment of personalized therapeutic strategies in diverse clinical settings [10]. In patients with
moderate to severe TBI, updated prognostic criteria further provide intensive care clinicians
with a more robust, evidence-based framework for clinical decision-making, enhancing the
prediction of neurological outcomes and the tailoring of therapeutic interventions [11].

Pathophysiological Mechanisms

Conventional diagnostic tools, including the Glasgow Coma Scale (GCS) and neu-
roimaging, remain fundamental in the acute management of TBI; however, their sensitivity
is limited, particularly in mild or early-stage injuries and in elderly patients [12]. These
limitations underscore the need for more sensitive and objective approaches capable of
monitoring disease evolution and identifying potential therapeutic targets. As a result,
there has been growing interest in the application of biomarkers [13]—objective and quan-
tifiable biological indicators that can complement traditional clinical assessments and offer
mechanistic insights into neuronal and axonal injury, astroglial activation, and neuroin-
flammatory processes. TBI is characterized by a biphasic injury process consisting of an
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initial primary insult, which occurs at the moment of impact, and a secondary injury
phase that evolves over minutes to days—or even longer—through a complex cascade of
cellular and molecular events [14]. The primary injury is driven by mechanical forces such
as direct impact, rapid acceleration–deceleration, blast exposure, or penetrating trauma,
leading to focal lesions (including contusions and hematomas), diffuse axonal injury, and
vascular disruption [15]. Diffuse axonal injury is particularly prevalent in moderate to
severe TBI and results from shearing and stretching of axons within white matter tracts.
Although frequently undetectable on conventional neuroimaging during the acute phase,
diffuse axonal injury is strongly associated with persistent cognitive, behavioral, and motor
impairments [16]. In the aftermath of the primary insult, a multifaceted cascade of sec-
ondary pathophysiological mechanisms is initiated, encompassing glutamate-mediated
excitotoxicity, intracellular calcium overload, mitochondrial dysfunction, oxidative stress,
neuroinflammation, and apoptosis [15,17]. Activation of microglia and reactive astrocy-
tosis exert context-dependent effects that may be either neuroprotective or neurotoxic,
depending on the timing, magnitude, and duration of the response [18]. Concurrently,
disruption of the blood–brain barrier facilitates the extravasation of plasma proteins, pro-
motes cerebral edema, and allows for infiltration of peripheral immune cells, thereby
amplifying local tissue damage [19]. Proinflammatory cytokines, including IL-1β, tumor
necrosis factor- α (TNF-α) and interleukin-6 (IL-6), play central roles in modulating neu-
ronal survival and glial activation. When sustained, this inflammatory milieu may drive
progressive neurodegeneration, providing a mechanistic link between TBI and the later de-
velopment of neurodegenerative conditions such as Alzheimer’s disease, chronic traumatic
encephalopathy, and Parkinsonian syndromes [20,21]. These metabolic and inflammatory
consequences not only mediate secondary brain injury but also promote the release of
brain-derived molecules into the bloodstream or cerebrospinal fluid, thereby providing
the biological foundation for biomarker detection. Recent studies have identified several
promising protein-based biomarkers, including glial fibrillary acidic protein (GFAP), ubiq-
uitin carboxy-terminal hydrolase L1 (UCH-L1), S100 calcium-binding protein B (S100B),
tau, neurofilament light chain (NfL), and neuron-specific enolase (NSE). These molecules,
measurable in blood or cerebrospinal fluid, exhibit substantial potential not only for diag-
nostic purposes but also for prognostic assessment, therapeutic monitoring, and patient
risk stratification [22–27]. The interpretation of circulating biomarkers in TBI is profoundly
influenced by the marked etiological heterogeneity of the condition, as well as by several
additional confounding factors that require careful consideration. Age represents a key
determinant of baseline biomarker concentrations and post-injury kinetics, particularly
for proteins associated with neurodegeneration and axonal injury [4]. Likewise, both the
mechanism and the magnitude of the traumatic insult—such as blast versus blunt trauma,
or rotational versus predominantly linear acceleration—critically modulate the pattern
and extent of neuronal, axonal, and glial damage, thereby generating distinct biomarker
release profiles. In addition, extracranial injuries, especially those involving skeletal muscle,
bone, or peripheral nerves, may substantially contribute to circulating biomarker levels,
ultimately reducing their specificity for central nervous system (CNS) injury. Finally, the
profound pathophysiological complexity of TBI—including the coexistence of focal and
diffuse lesions, the interaction between primary and secondary injury cascades, and the
dynamic temporal evolution of tissue damage—poses a significant challenge to biomarker
standardization and limits their immediate translation into routine clinical practice [4].
This review aims to provide a comprehensive overview of the role of biomarkers in TBI,
emphasizing their biological significance, clinical utility, existing limitations, and future
directions for research and clinical implementation.
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2. Classification of Biomarkers in TBI
Biomarkers in TBI have become a cornerstone of contemporary neurotrauma research,

providing objective and quantifiable indicators of neuronal and glial injury. Their clinical
and scientific relevance encompasses the entire continuum of TBI management—from early
diagnosis and prognostication [28] to longitudinal monitoring and evaluation of therapeu-
tic efficacy [29,30]. By complementing conventional clinical assessment and neuroimaging,
biomarkers introduce a vital dimension of biological specificity, enabling more accurate
risk stratification, supporting personalized therapeutic strategies, and deepening the over-
all understanding of TBI pathophysiology [31]. Among the most extensively validated
protein biomarkers are GFAP and UCH-L1 [32]. GFAP, an intermediate filament protein
localized within astrocytes, is released into the bloodstream following astroglial injury
and disruption of the blood–brain barrier [33]. UCH-L1, a neuronal enzyme involved
in ubiquitin-dependent protein turnover and synaptic maintenance, serves as a sensi-
tive marker of neuronal cell body injury [34]. The combined measurement of GFAP and
UCH-L1 provides complementary insights into glial and neuronal damage and forms the
basis of the Banyan Brain Trauma Indicator™, the first FDA-approved in vitro diagnostic
test for TBI. This biomarker panel has demonstrated high diagnostic accuracy (AUC > 0.93)
in detecting CT-positive intracranial lesions in mild TBI, outperforming earlier candidates
such as S100B [35]. By minimizing unnecessary neuroimaging and identifying patients
at risk for clinically significant lesions, these assays mark a pivotal advance toward the
integration of molecular diagnostics into the acute evaluation of head injury.

2.1. Diagnostic Role

In the acute phase of TBI, diagnostic biomarkers offer rapid and objective
indicators of structural and cellular injury. Their principal clinical value lies in
enabling early diagnosis, optimizing triage decisions, and minimizing unnecessary
neuroimaging—particularly in mild cases, where conventional imaging often fails to detect
overt structural abnormalities [29,36]. Both GFAP and UCH-L1 exhibit distinct temporal
release profiles: UCH-L1 levels rise sharply within the first six hours after injury and
return to baseline within approximately 24 h, whereas GFAP concentrations increase more
gradually and remain elevated for up to 72 h [37]. Elevated levels of either marker are
strongly associated with the presence of intracranial lesions on CT, while low concentra-
tions reliably predict their absence. Consequently, the combined assessment of GFAP and
UCH-L1 enables clinicians to safely identify patients unlikely to benefit from head CT,
thereby reducing unnecessary imaging in the evaluation of mild TBI [38]. Large multicentre
studies, including TRACK-TBI and CENTER-TBI, have demonstrated that the combined
measurement of GFAP and UCH-L1 achieves sensitivities exceeding 97% and specificities
approaching 99% for detecting CT-positive lesions within the first 12 h post-injury [35].
These findings support the use of serum biomarkers as an effective adjunct to conven-
tional diagnostic protocols, particularly in emergency and prehospital settings. Additional
complementary biomarkers—such as S100B, NfL, and tau protein—reflect astrocytic and
axonal injury and may further enhance diagnostic precision when incorporated into multi-
marker algorithms. This biochemical CT-equivalent triage strategy represents a promising
approach to optimize resource utilization, minimize radiation exposure, and reduce health-
care costs while maintaining diagnostic safety and accuracy in the acute management of
TBI [39]. The diagnostic accuracy of these biomarkers is summarized in Tables 1–6.

2.2. Prognostic Role

Beyond their diagnostic utility, biomarkers have also demonstrated substantial prog-
nostic value in predicting clinical outcomes and recovery trajectories following TBI [27,40].
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Both GFAP and UCH-L1 show strong correlations with mortality and functional out-
comes at six months, as consistently reported in the TRACK-TBI and CENTER-TBI co-
horts. Elevated concentrations of these biomarkers within the first 24 h post-injury are
predictive of death and unfavourable neurological outcomes in patients with moderate-
to-severe TBI (GCS 3–12) [41]. Incorporating these molecular indicators into established
prognostic models significantly improves predictive accuracy for mortality and severe
disability, highlighting the potential of early biomarker profiling to refine and complement
traditional clinical prognostication. Among other well-established prognostic markers,
S100B has been shown to display a robust association between serum concentrations ex-
ceeding 0.1 µg/L at admission and poor neurological outcomes or increased mortality,
particularly in severe TBI. Similarly, NSE, a marker of neuronal necrosis, correlates with
prolonged coma duration and the development of vegetative states [42,43]. More recently,
systemic and metabolic indices—such as the aspartate aminotransferase-to-platelet ratio
index (APRI) and serum sirtuin 6 (SIRT6)—have emerged as novel prognostic factors,
reflecting the interplay among neuroinflammation, oxidative stress, and systemic physio-
logical responses to TBI. Integrative multivariate models combining GFAP, S100B, and NfL
have demonstrated superior predictive performance for long-term outcomes, including the
Glasgow Outcome Scale (GOS) and extended measures of neurocognitive recovery [44].
In a multicohort cross-sectional study, Edwards et al. reported that higher serum concen-
trations of GFAP, NfL, and tau were consistently associated with poorer neurobehavioral
performance across the spectrum of mild, moderate, and severe TBI [45]. Collectively, these
findings underscore the potential of circulating biomarkers as objective indicators of injury
severity, neurobehavioral impairment, and long-term functional prognosis, reinforcing
their role as essential components of precision neurotrauma care.

2.3. Monitoring Role

Monitoring biomarkers provide dynamic, longitudinal insights into the evolution
of secondary injury and the response to therapeutic interventions. They are particularly
valuable in intensive care settings, where continuous or serial evaluation of ongoing neu-
rodegenerative processes can guide timely therapeutic decisions. Among these, GFAP and
NfL have emerged as the most informative monitoring biomarkers: persistent elevations
or secondary increases in NfL indicate progressive axonal degeneration, whereas declin-
ing GFAP concentrations are typically associated with stabilization or early neurological
recovery [26,46]. In parallel, inflammatory cytokines such as IL-6, TNF-α, and interleukin-
1β (IL-1β) serve as surrogate indicators of neuroinflammatory activity and secondary injury
cascades [18]. Serial biomarker measurement can complement conventional physiologi-
cal parameters, such as intracranial pressure (ICP) monitoring, providing a less invasive
yet biologically sensitive approach to tracking disease dynamics over time. Emerging
biosensor technologies and microfluidic platforms are poised to transform this field by
enabling real-time, point-of-care biomarker detection. Such innovations hold the potential
to redefine bedside neurocritical care, allowing for continuous molecular surveillance of
TBI and personalized therapeutic modulation throughout the acute and subacute phases
of TBI [47].

2.4. Therapeutic Role

Therapeutic biomarkers capture the biological response to specific interventions and
constitute a fundamental element of personalized medicine approaches in TBI. They pro-
vide critical feedback on target engagement, dose optimization, and treatment efficacy,
thereby enabling evidence-based therapeutic adjustment. For instance, SIRT6—a regulator
of chromatin remodeling and DNA repair—has shown promise as both a prognostic and
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therapeutic biomarker: increased expression appears to promote neuronal survival and
attenuate post-traumatic inflammation [44]. Likewise, inflammatory mediators such as
IL-6 and TNF-α tend to decline in patients responding favorably to corticosteroid or
neuroprotective therapies, reflecting modulation of the underlying inflammatory cas-
cade. Metabolic and oxidative stress biomarkers, including the lactate/pyruvate ratio
and F2-isoprostanes, are also being explored as indicators of mitochondrial-targeted
interventions [48]. As novel therapeutic strategies—such as stem cell therapy, therapeutic
hypothermia, and SIRT activators—advance through clinical trials, therapeutic biomarkers
are poised to play an increasingly central role within adaptive and precision-based study
designs. These molecular indicators will support individualized treatment selection and
provide objective evaluation of neuroprotective efficacy, ultimately accelerating the person-
alization of care and improving outcomes for patients with TBI. The principal biomarkers
currently employed in TBI are summarized in Tables 1–6.

Table 1. Astroglial injury biomarkers (GFAP, S100B).

Biomarker Key Studies Type of TBI Clinical Role Sensitivity/
Specificity/AUC Notes

GFAP

Jalali et al. 2025 [32];
Bazarian et al. 2018
(ALERT-TBI) [38];
Papa et al. 2016 [49];
Korley et al. 2022 [41]
(TRACK-TBI);
Kaaber et al. 2024 [35];
Oris et al. 2024 [29]

Mild–severe
Rule-out CT injury;
severity assessment;
prognosis

Sens. 83–100%; Spec.
29–36%; AUC 0.73–0.94

Best performer for mild TBI;
FDA-cleared (with UCH-L1)
for CT rule-out

S100B
Oris et al. 2023 [39];
Park et al. 2018 [43] Mild; Pediatric Rule-out CT;

early detection Variable; high NPV
Widely used in Europe;
extracranial release may
reduce specificity

Table 2. Axonal injury biomarkers (Uch-L1, NfL, Tau).

Biomarker Key Studies Type of TBI Clinical Role Sensitivity/
Specificity/AUC Notes

UCH-L1

Jalali et al. 2025 [32];
Bazarian et al. 2018 [38];
Papa et al. 2016 [49];
Oris et al. 2024 [29];
Bishop et al. 2016 [34]

Mild–moderate
Diagnosis; CT
rule-out when
combined with GFAP

Sens. up to 97.6%
(combined test);
AUC 0.30–0.67

FDA-cleared only
in combination with GFAP

NfL
Kaaber 2024 [35];
Edwards 2023 [45] Mild–severe Prognosis; persistent

symptoms
AUC ~0.88
(TRACK-TBI)

Best long-term marker of
axonal injury

Tau
Kaaber et al. 2024 [35];
Edwards et al. 2023 [45] Mild–severe Prognosis Limited for diagnosis

Useful in repetitive
TBI/chronic pathology

Table 3. Neuronal injury biomarkers (NSE).

Biomarker Key Studies Type of TBI Clinical Role Sensitivity/
Specificity/AUC Notes

NSE Park et al. 2018 [43];
Haque et al. 2016 [50]

Mild–severe;
Spinal cord Early neuronal injury Variable Strongly affected

by hemolysis

Table 4. Inflammatory biomarkers (IL-6, SIRT6, panels).

Biomarker Key Studies Type of TBI Clinical Role Sensitivity/
Specificity/AUC Notes

IL-6 Park et al. 2018 [43] Pediatric Early inflammation NR Elevation correlates with
injury severity

SIRT6 Deping et al. 2025 [44] Early TBI Early prognosis NR
Emerging predictive
biomarker

Inflammatory
panels Clarke et al. 2024 [51] Mild (persistent

symptoms)
Symptom persistence
profiling NR

Combined CNS injury and
inflammatory markers
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Table 5. Genetic/risk biomarkers.

Biomarker Key Studies Type of TBI Clinical Role Notes

ApoE ε4 genotype Merritt et al. 2018 [52] Mild–moderate (veterans) Risk of persistent symptoms;
outcome prediction

Associated with
poorer recovery

Table 6. Reviews providing synthetic evidence.

Study Biomarkers Covered Scope

Slavoaca et al. 2020 [30] GFAP, UCH-L1, S100B, NSE, NfL Comprehensive review

Najem et al. 2018 [31] Classification, models, biomarkers Mechanistic & methodological review

Abdelhak et al. 2022 [33] GFAP Biomarker-specific review

Bishop et al. 2016 [34] UCH-L1 Structural and functional review

Hossain et al. 2024 [27] Multiple biomarkers Broad review

Hier et al. 2021 [42] Mild TBI biomarkers Clinical review

Oris et al. 2024 [29] GFAP, UCH-L1, S100B Mild TBI-focused review

Ghaith et al. 2022 [26] Multiple biomarkers Translational review

3. Types of Biomarkers
Biomarkers in TBI comprise a diverse array of molecular and physiological indicators

that reflect distinct aspects of neuronal and glial pathology. They can be categorized into
protein-based, genomic and transcriptomic, metabolomic and lipidomic, and imaging
biomarkers, each offering complementary insights into brain injury mechanisms, disease
progression, and therapeutic response [16].

3.1. Protein-Based Biomarkers

Protein biomarkers represent the most extensively investigated and clinically validated
category in TBI research. They are measurable in blood, CSF, or other body fluids and
reflect acute structural and metabolic disruptions of brain cells. Among these, GFAP and
UCH-L1 are the leading candidates. GFAP, an astrocytic intermediate filament protein, is
released following glial injury and blood–brain barrier (BBB) disruption, whereas UCH-L1
is a neuronal enzyme associated with axonal degeneration and synaptic dysfunction [49].
Their combined assessment improves diagnostic accuracy in mild TBI, achieving AUC
values exceeding 0.93 for the detection of CT-positive lesions [35]. These biomarkers were
the first to receive FDA approval for clinical application in 2018 as part of the Banyan
Brain Trauma Indicator™ [53]. S100B, a calcium-binding protein secreted by astrocytes,
is another well-established marker routinely used in European emergency departments.
When measured within six hours of injury, S100B levels below 0.10 µg/L can reliably
exclude the presence of intracranial pathology [42]. Additional protein biomarkers of
note include NSE, which reflects neuronal necrosis, and tau and NfL, both indicative of
axonal injury [45,50]. Although protein biomarkers have achieved the highest degree
of clinical translation, several challenges remain. Many are influenced by extracranial
injuries, renal clearance, and sampling timing. Consequently, integrating multiple protein
markers with demographic and imaging data may enhance their clinical reliability and
translational robustness [39].

3.2. Genomic and Transcriptomic Biomarkers

Genomic and transcriptomic biomarkers explore individual genetic susceptibility
to TBI and the molecular responses triggered by injury. Advances in high-throughput
sequencing have enabled the identification of single nucleotide polymorphisms (SNPs),
gene expression profiles, and regulatory RNA molecules associated with injury severity
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and recovery outcomes [54]. Specific SNPs in genes encoding inflammatory cytokines
(e.g., IL1B, TNF, APOE, BDNF) have been linked to prolonged symptoms and post-
concussive syndrome [51]. For example, the APOE ε4 allele is associated with poorer cogni-
tive recovery and an increased risk of chronic traumatic encephalopathy [52]. Equally rele-
vant are microRNAs (miRNAs), small non-coding RNAs that regulate post-transcriptional
gene expression. Altered expression of miR-21, miR-92a, and miR-425 has been observed
within hours after injury, reflecting neuronal apoptosis and neuroinflammation [14,55].
Circulating miRNA panels are emerging as minimally invasive biomarkers for early di-
agnosis and prognosis, with some studies reporting AUC values exceeding 0.90 in dif-
ferentiating TBI patients from healthy controls [56]. Moreover, transcriptomic analyses
have revealed dynamic changes in the expression of genes involved in oxidative stress,
synaptic repair, and neuroinflammation, highlighting potential targets for neuroprotective
therapies [57]. Genomic and transcriptomic biomarkers thus hold substantial promise
for precision medicine, enabling the identification of patients most likely to benefit from
tailored therapeutic interventions.

3.3. Metabolomic and Lipidomic Biomarkers

Metabolomics and lipidomics represent emerging, systems-level approaches that pro-
file small-molecule metabolites and lipid species altered after TBI. Because metabolism
rapidly reflects changes in cellular homeostasis, these biomarkers capture early pertur-
bations in energy metabolism, oxidative stress, and mitochondrial dysfunction [48,58].
Following TBI, characteristic alterations are observed in metabolites such as lactate, pyru-
vate, glutamate, succinate, and N-acetylaspartate (NAA), reflecting impaired oxidative
phosphorylation and excitotoxicity. Lipidomic studies have identified changes in phos-
phatidylcholine and sphingomyelin species associated with membrane degradation and
neuroinflammation [59]. Recent metabolomic analyses using mass spectrometry have
demonstrated that serum profiles of specific amino acids and lipids can discriminate mild
TBI from controls, and several metabolomic markers correlate with cognitive recovery
and neuropsychological performance at 6–12 months post-injury [60]. Although still in
an early translational phase, metabolomic and lipidomic biomarkers offer dynamic snap-
shot of metabolic distress and may effectively complement protein assays by supporting
personalized therapeutic strategies and monitoring neuroprotective efficacy [61].

Consistent with these findings, large-scale clinical studies confirm that acute TBI in-
duces reproducible alterations in both polar metabolites and complex lipid species, and
that metabolite panels correlate with injury severity, neuroimaging features, and functional
outcomes. A multicenter serum metabolomics study involving several hundred patients
identified metabolite clusters and lipid signatures associated with TBI severity and progno-
sis, underscoring the translational potential of metabolomic biomarkers for early patient
stratification [60]. High-resolution mass spectrometry (HRMS) platforms—including un-
targeted LC-MS workflows and targeted multiple-reaction-monitoring assays—have been
central to the discovery and verification of small-molecule and lipid biomarkers. These
techniques provide extensive coverage of glycerophospholipids, sphingolipids, fatty acids,
and oxidized lipid species that reflect membrane breakdown and neuroinflammation. Sev-
eral preclinical and translational studies have demonstrated that acute serum lipidome
changes track with brain tissue alterations and with diffusion MRI markers of axonal
injury, supporting the concept that circulating lipids may serve as peripheral surrogates of
CNS pathology [61]. Longitudinal metabolomic profiling further reveals dynamic shifts
in energy metabolites (e.g., lactate/pyruvate ratios and TCA cycle intermediates), amino
acids, and lipid-remodeling pathways over days after injury. These temporal signatures
help distinguish progressive secondary injury from early stabilization and have enabled
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the development of predictive outcome models when integrated with clinical variables.
Notably, multiple studies applying machine-learning algorithms and pathway-enrichment
analyses to metabolomic datasets have derived compact biomarker panels that outperform
single-analyte approaches for severity classification and outcome prediction [62]. From a
translational perspective, mass spectrometry discovery workflows are increasingly being
complemented by targeted assay development (e.g., LC-MS/MS panels and immunoas-
says) designed to deliver reproducible and clinically actionable readouts. Methodological
reviews emphasize best practices for sample handling, quality control, and study design,
all of which are essential for progressing metabolomic and lipidomic candidates from
discovery to validation and eventual clinical application. Furthermore, integrative multi-
omics strategies—combining lipidomics, proteomics, and transcriptomics—have demon-
strated superior diagnostic and prognostic performance compared with single-modality
approaches, supporting the future development of multimodal molecular biomarker panels
in TBI care [63]. Recent high-impact studies have provided compelling clinical evidence
supporting the diagnostic and prognostic utility of metabolomic profiling in severe TBI.
Banoei et al. [62] demonstrated that circulating metabolomic signatures can accurately
stratify injury severity and distinguish primary injury patterns from evolving secondary
injury processes in severe TBI. Using advanced multivariate and machine-learning–based
analyses, these studies identified metabolite panels related to energy metabolism, oxida-
tive stress, amino acid turnover, and lipid remodeling that were strongly associated with
intracranial pathology, clinical severity scores, and patient outcomes [64]. More recently, an
expanded longitudinal cohort confirmed that dynamic metabolomic trajectories across the
acute and subacute phases predict neurological outcome and mortality, further supporting
the translational potential of metabolomics as a tool for severity assessment and real-time
monitoring of secondary injury [65].

3.4. Imaging Biomarkers

Imaging biomarkers provide non-invasive, spatially resolved assessments of struc-
tural and functional brain damage. Although not biochemical, they play a pivotal role
in validating molecular findings and informing prognosis. MRI-based techniques such
as diffusion tensor imaging (DTI), susceptibility-weighted imaging (SWI), and functional
MRI (fMRI) enable the detection of diffuse axonal injury and microstructural white mat-
ter abnormalities that are not visible on conventional CT [66] 59. Quantitative metrics
such as fractional anisotropy (FA) and mean diffusivity (MD) correlate with NfL lev-
els and cognitive outcomes [67]. PET imaging provides functional biomarkers of neu-
roinflammation and metabolism, using tracers such as [18F]-FDG for glucose utilization
and [11C]-PK11195 for microglial activation. Hybrid PET/MRI systems are increasingly
employed in longitudinal TBI studies to map neurodegenerative changes. Emerging
connectome-based and AI-driven imaging biomarkers integrate large-scale MRI datasets
with machine learning algorithms to predict clinical outcomes and identify latent injury
patterns [68]. These digital biomarkers complement molecular assays, bridging the struc-
tural, metabolic, and biochemical dimensions of TBI. The integration of biochemical and
imaging biomarkers within multimodal predictive frameworks represents the future of
precision diagnostics and personalized rehabilitation in TBI care.

3.5. Alternative Biomarker

In addition to well-established proteins such as GFAP, UCH-L1, and NfL, emerging
biomarkers may enhance the assessment of brain damage after trauma by providing
insights into axonal injury, demyelination, neuroinflammation, and BBB integrity.
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• Spectrin breakdown products (SBDP-145/150)/α-II spectrin α-II spectrin is a compo-
nent of the neuronal and axonal cytoskeleton. Following TBI, it undergoes proteolytic
degradation, generating fragments known as spectrin breakdown products (SBDPs),
particularly at 145 and 150 kDa. These fragments have been proposed as markers of
acute axonal and cytoskeletal damage. Studies in animal models have shown that
both α-II spectrin and its breakdown products increase after TBI [69].

• Matrix metalloproteinases (MMPs) regulate extracellular matrix remodeling BBB
permeability. Following trauma, increased MMP-9 levels can disrupt tight junctions
and the vascular basement membrane, promoting leakage of brain proteins into
the bloodstream and exacerbating cerebral edema. MMP-9 is therefore considered a
potential marker of BBB disruption and post-traumatic vascular instability, with similar
findings reported in studies of neuroinflammation and vascular damage [70,71].

• Endothelial adhesion molecules—VCAM-1/ICAM-1 VCAM-1 and ICAM-1 are ex-
pressed on endothelial cells in response to inflammation or vascular stress. Elevated
levels of these molecules may indicate endothelial activation, neurovascular inflamma-
tion, and potential compromise of the blood–brain barrier, all of which are relevant to
brain trauma, long-term outcomes, and secondary neurodegenerative processes [72].
After head trauma, ICAM-1 expression on brain endothelium increases rapidly and
remains elevated for an extended period. This upregulation contributes to neuroin-
flammation, leukocyte migration, and BBB impairment. In mouse models, genetic
deletion of ICAM-1 (ICAM-1−/−) protects the brain from trauma, reducing leukocyte
adhesion, preserving the BBB, and improving functional recovery [73]. Conversely,
ICAM-1 activation after TBI is associated with cell death and behavioral deficits [72].
In controlled cortical impact models (CCI-TBI), treatment with anti-ICAM-1 agents
reduces oxidative stress and neuropathology [74].

• GFAP breakdown products (GFAP-BDP) In addition to measuring intact GFAP, as-
sessing its degradation fragments can provide additional information on the extent
of astrocytic damage and glial remodeling after injury. GFAP-BDP may enhance
sensitivity for detecting mild or diffuse astrocytic lesions that are not apparent on con-
ventional imaging. Animal studies have shown that, after penetrating TBI, both total
GFAP and GFAP-BDP levels remain elevated in brain tissue for up to three months.
Furthermore, SBDP-145/150 levels increase in CSF and brain tissue from 24 h to seven
days post-injury, suggesting that SBDP-145/150 may serve as a potential marker for
the acute to subacute phase of TBI [75].

• The combined use of these biomarkers, even as a multimarker panel, could improve
the sensitivity and specificity of diagnosing various forms of brain damage, including
axonal injury, demyelination, vascular damage, and neuroinflammation. Integrating
MBP, SBDP, MMPs, adhesion molecules, and GFAP-BDP with established markers
(GFAP, UCH-L1, NfL) appears particularly promising in complex scenarios such
as repeated trauma, diffuse injuries, and long-term follow-up. However, several
limitations remain. Currently, many of these molecules lack validated clinical cut-offs,
and much of the available evidence comes from preclinical models or small-scale
studies. Variability in analytical methods, sampling timing, clearance rates, and
protein degradation complicates standardization for routine clinical application.

4. Clinical Utility and Limitations
The translation of TBI biomarkers from experimental discovery to clinical implemen-

tation represents a significant milestone in neurotrauma research. Biomarkers such as
GFAP, UCH-L1, S100B, and NfL have demonstrated robust diagnostic and prognostic
performance, complementing traditional neuroimaging and clinical scoring systems [16].
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Nevertheless, challenges related to assay variability, sampling timing, and methodological
standardization continue to limit their widespread adoption in routine practice. Biomarkers
offer clear advantages over subjective neurological assessments in the acute phase of injury.
In the multicentre TRACK-TBI and CENTER-TBI cohorts, the combined measurement
of GFAP and UCH-L1 achieved a sensitivity of 97.6% and a specificity of 99.6% for de-
tecting CT-positive lesions within 12 h of injury. In contrast, S100B shows a sensitivity
of approximately 90–95% but lower specificity (40–60%), particularly in polytrauma pa-
tients, due to its extracranial expression in muscle and adipose tissue [42]. NfL, an axonal
structural protein, is strongly associated with diffuse axonal injury (DAI) and long-term
neurocognitive outcomes. Serum NfL levels correlate closely with diffusion tensor imag-
ing (DTI) abnormalities and with the severity of TBI. Both NfL and GFAP are predictive
of intracranial abnormalities; however, only GFAP has been consistently linked to poor
outcomes at six months post-injury [76]. The temporal dynamics of biomarker release after
injury are highly variable and biomarker-specific. In a large cohort of trauma patients,
GFAP became detectable within one hour of injury and peaked around 20 h, whereas
UCH-L1 peaked much earlier—around 8 h post-injury—and declined rapidly over the
next 48 h [49]. This variability implies that the timing of blood sampling relative to the
moment of trauma substantially influences measured concentrations and diagnostic yield.
A recent review emphasized optimal sampling windows: S100B within 0–4 h, UCH-L1
(and tau) within 4–12 h, GFAP between 12–36 h, and NfL potentially only after several
days [42]. While no single biomarker achieves perfect diagnostic accuracy, multimarker
panels—such as GFAP + UCH-L1 + NfL—significantly enhance predictive performance,
particularly when integrated with clinical and imaging data. These approaches repre-
sent a paradigm shift toward integrated, multimodal assessment rather than reliance on
isolated markers. Neuroimaging and neurological scores remain the gold standards for
TBI evaluation, yet they have intrinsic limitations. Computed tomography enables rapid
detection of hemorrhage and mass effect but lacks sensitivity for microstructural and
metabolic injury. Magnetic resonance imaging and diffusion tensor imaging (DTI) improve
detection of diffuse axonal injury but are costly, time-consuming, and often impractical in
emergency settings [66]. The Glasgow Coma Scale (GCS), a cornerstone of neurological
assessment, provides valuable functional information but is inherently subjective and can
be confounded by sedation, intoxication, or systemic factors [77]. In contrast, biomarkers
offer objective, quantifiable, and reproducible data unaffected by these confounders. For
mild TBI, combining biomarkers with imaging substantially improves sensitivity. Studies
have shown that GFAP levels above 286 pg/mL can detect CT-positive lesions even in
patients with normal GCS scores [49]. In moderate-to-severe cases, integrating S100B and
NfL with MRI or GCS data enhances prognostic accuracy for long-term cognitive and
functional recovery [27]. Thus, biomarker-based assessment does not replace imaging or
clinical evaluation but augments diagnostic precision and enables effective risk stratifica-
tion, particularly in resource-limited or prehospital settings. Despite substantial progress,
several limitations continue to hinder the full clinical integration of TBI biomarkers.
A first set of challenges relates to biological and preanalytical variability. Biomarker
levels may vary with age, sex, comorbidities, extracranial injuries, and renal function. For
example, S100B levels can increase after bone fractures or soft tissue trauma, leading to
false-positive results [21]. Similarly, preanalytical variables—such as sample handling,
centrifugation time, and storage conditions—can substantially influence measured concen-
trations. Different analytical platforms (ELISA, Simoa, ECLIA) and reagent batches may
also produce variable results, limiting inter-laboratory comparability [66]. Moreover, many
biomarkers—particularly S100B and NSE—are not brain-specific, and cross-reactivity with
peripheral tissues can reduce specificity, especially in polytrauma or systemic inflammatory
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conditions. These sources of variability underscore the need for CNS-specific isoforms
or post-translational modifications to enhance biomarker selectivity [18]. A second major
limitation concerns the temporal dynamics of biomarker release. Each marker exhibits
a distinct kinetic profile: UCH-L1 peaks within six hours and declines rapidly, whereas
GFAP and NfL remain elevated for days to weeks [37,78]. This heterogeneity complicates
result interpretation when sampling is not synchronized with the underlying biological
time-course, contributing to between-study discrepancies and uncertainties in defining
reliable clinical thresholds. Real-world sampling considerations extend well beyond the
biological time-course. Factors such as patient transport speed, laboratory availability,
sample handling conditions, and sampling frequency can substantially influence measure-
ment reliability. In acute trauma or prehospital settings, ensuring optimal sampling is
often challenging, which may limit diagnostic sensitivity and specificity and reduce the
clinical utility of biomarker panels. Integration with imaging techniques (CT, MRI/DTI)
and clinical scores (GCS) remains essential. Biomarkers provide insights into biological
and molecular aspects of brain injury—such as astrocytic activation, axonal damage, and
microstructural disruption—that may not immediately correspond to CT findings or visible
neurological changes. However, the diagnostic and prognostic value of this multimodal
approach depends critically on appropriate temporal alignment: collecting samples too
early or too late can weaken correlations with radiological abnormalities or clinical out-
comes. For example, in chronic or subacute TBI, NfL may remain significantly elevated
even 30 days post-injury, reflecting ongoing axonal degeneration. This suggests that NfL is
valuable for longitudinal monitoring and prognostication but should not replace imaging or
comprehensive clinical assessment [79]. Thus, temporal, sampling, and multimodal factors
collectively influence not only acute diagnosis but also long-term monitoring and prognosis.
International initiatives such as the BIOSIGNAL and CENTER-TBI biomarker consortia are
working to harmonize protocols and establish standardized reference ranges. Although the
FDA has approved GFAP and UCH-L1 for clinical use, most biomarkers remain confined
to research settings. Regulatory approval requires multicentre validation, cost-effectiveness
analyses, and demonstration of measurable clinical impact—processes that are both time-
and resource-intensive [44]. Without standardized protocols defining when, how, and
how often samples should be collected—and how biomarker data should be integrated
with imaging and clinical information—clinical translation will remain incomplete. Future
research must therefore establish clear operational procedures, optimal temporal windows,
and integrated multimodal strategies to enable effective real-world implementation.

5. Influence of BBB Integrity, Injury Mechanism, and Confounders on
Biomarker Utility

Beyond technical and analytical limitations, the clinical performance of TBI biomarkers
is also shaped by pathophysiological and contextual factors that determine their diagnos-
tic and prognostic utility. BBB integrity plays a central role: biomarkers such as GFAP,
UCH-L1, and S100B enter the circulation primarily following BBB disruption. Limited BBB
permeability—as often occurs in mild or diffuse injuries—can delay or attenuate measur-
able concentrations [80]. Conversely, extensive BBB damage in moderate-to-severe TBI or
hemorrhagic lesions results in rapid biomarker release and higher early diagnostic yield.
The mechanism of injury also influences biomarker patterns: GFAP is typically elevated in
focal injuries involving astroglial disruption, whereas NfL is more strongly associated with
diffuse axonal injury, blast exposure, and rotational acceleration forces [81,82]. This differen-
tiation supports their complementary value within multimarker diagnostic panels. Several
confounders—including extracranial trauma (affecting S100B), renal dysfunction (affecting
biomarker clearance), age-related baseline variability, and systemic inflammation—can



Int. J. Mol. Sci. 2025, 26, 12158 13 of 21

alter biomarker levels and must be considered when interpreting results [4,83]. Understand-
ing how BBB integrity, injury mechanism, timing, and confounders modulate biomarker
profiles is therefore essential to maximizing their real-world clinical utility and ensuring
accurate interpretation across heterogeneous TBI populations.

6. Materials and Methods
We conducted a comprehensive literature search and review of studies published in

the last 10 years to identify clinical, pathophysiological, and biomarker studies on TBI.
PubMed was the primary database searched using the following keyword clusters and syn-
onyms, combined with Boolean operators: (“traumatic brain injury” OR “TBI” OR “mTBI”
OR “mild traumatic brain injury”) AND (“clinical features” OR “clinical presentation”
OR “symptoms”) OR (“pathophysiology” OR “mechanism*” OR “biomechanics*”) OR
(“dementia” OR “neurodegeneration”) OR (“biomarker*” OR “GFAP” OR “glial fibrillary
acidic protein” OR “UCH-L1” OR “UCHL1” OR “prognostic biomarker*” OR “prognosis”)
OR (“inflamm*” OR “neuroinflammation” OR “blood-brain barrier”). Search terms were
adapted to PubMed syntax where appropriate, with filters applied to restrict results to
human studies and English-language publications. Reference lists of included articles
and recent reviews were also screened to identify additional relevant publications. All
retrieved records were imported into Mendeley for deduplication and initial organization.
Following deduplication, titles and abstracts were independently screened by two review-
ers against pre-specified inclusion and exclusion criteria. Inclusion criteria comprised:
original research articles, systematic reviews or meta-analyses, and clinical or translational
studies addressing TBI clinical features, pathophysiology, neuroinflammation, blood–brain
barrier disruption, TBI-related dementia risk, or biomarkers (including GFAP and UCH-L1),
published within the specified 10-year timeframe. Exclusion criteria included: non-English
publications, animal-only studies (unless providing translational biomarker or pathophysi-
ology data explicitly discussed in a clinical context), conference abstracts without full text,
case reports with fewer than three patients, and articles older than 10 years.

7. State of the Art and Future Direction
This review highlights that biomarkers represent one of the most promising frontiers

for improving TBI diagnosis, prognosis, and clinical management [84]. Despite remark-
able technological and methodological advances over the past two decades, the biological
and clinical complexity of TBI continues to challenge precision medicine approaches [85].
The integration of molecular, clinical, and neuroimaging parameters is now widely rec-
ognized as the most effective strategy to overcome limitations of traditional assessment
tools—such as the GCS and CT—which, while essential, often fail to capture the microstruc-
tural and dynamic nature of brain injury. Protein biomarkers, particularly GFAP and
UCH-L1, have achieved sufficient clinical validation to enable routine use in acute care
settings, as evidenced by FDA approval of the Banyan Brain Trauma Indicator™ [86]. Their
high sensitivity and specificity for detecting clinically significant intracranial lesions repre-
sent a major advance, especially in mild TBI where diagnosis is often hindered by absent
radiological findings [87]. However, interindividual variability, differences in release and
clearance kinetics, and concerns regarding tissue specificity remain significant limitations.
Emerging biomarkers such as NfL, S100B, tau, and NSE provide valuable insights into
axonal injury and post-traumatic neurodegeneration, supporting a pathophysiological con-
tinuum between acute TBI and chronic neurodegenerative disorders, including Alzheimer’s
disease and chronic traumatic encephalopathy (CTE). This connection underscores TBI
not merely as an isolated event but as a potential trigger for long-lasting neuropatho-
logical processes driven by chronic inflammation, oxidative stress, and mitochondrial
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dysfunction [88]. Beyond protein markers, genomic, transcriptomic, and metabolomic ap-
proaches are reshaping our systemic understanding of TBI. Altered circulating microRNA
profiles and metabolic signatures offer dynamic snapshots of early cellular responses and
recovery trajectories, paving the way for precision medicine based on individualized molec-
ular profiles [89]. Nevertheless, clinical translation of these omics-based strategies remains
nascent, hindered by high costs, methodological heterogeneity, and the need for large-
scale multicentre validation. A critical barrier across studies is the lack of standardization
in sampling protocols, sample handling, analytical platforms, and data interpretation,
which impedes result comparability and establishment of universal diagnostic thresholds.
The most promising clinical direction involves multimodal assessment strategies combin-
ing biochemical markers, advanced neuroimaging (e.g., DTI, fMRI, PET), and artificial
intelligence–based predictive models to stratify risk, monitor injury progression, and tailor
therapeutic interventions. Emerging miniaturized biosensors and microfluidic platforms
may soon enable real-time molecular monitoring, potentially transforming TBI manage-
ment in emergency and critical care settings. Despite these advances, several challenges
persist, and this review has intrinsic limitations. To date, no biomarker demonstrates
complete brain-tissue specificity, leaving unresolved the challenge of correlating circulating
concentrations with precise injury location and extent. It is essential to distinguish between
absolute tissue specificity and practical diagnostic utility when interpreting circulating TBI
biomarkers. While no currently available biomarker is exclusively expressed in brain tissue,
several—including GFAP, UCH-L1, and NfL—exhibit marked CNS enrichment and have
demonstrated robust diagnostic and prognostic performance in large clinical validation
studies. Thus, despite limited extracranial expression under specific conditions, these
biomarkers retain high practical specificity for brain injury in most clinical contexts. This
distinction is particularly relevant in polytrauma settings, where extracranial contributions
may modestly influence circulating levels but do not negate their overall diagnostic value
in TBI. The clinical relevance of this concept is underscored by regulatory validation: GFAP
and UCH-L1 are components of the FDA-cleared Banyan Brain Trauma Indicator™ for
evaluating mild TBI in adults. This supports the principle that, despite lacking absolute
tissue exclusivity, these biomarkers possess enough practical diagnostic specificity to guide
clinical decision-making in real-world TBI settings [90]. A major unresolved challenge in
metabolomic biomarker research for TBI is distinguishing CNS-specific metabolic signals
from systemic metabolic responses to trauma. Many metabolites detected in peripheral
blood after injury reflect global physiological stress responses—including hypoxia, mi-
tochondrial dysfunction, systemic inflammation, catecholamine surge, and multi-organ
injury—rather than brain-derived pathology per se. Consequently, metabolomic signatures
may capture systemic trauma severity as much as, or more than, CNS damage. Several
methodological strategies are therefore required to enhance CNS specificity: inclusion of ex-
tracranial trauma control cohorts, parallel cerebrospinal fluid–plasma profiling, multimodal
correlation with neuroimaging and validated protein biomarkers, and longitudinal within-
subject analyses to differentiate primary brain injury from secondary systemic effects.
Failure to address these confounders risks overestimating the brain specificity and clinical
interpretability of circulating metabolomic biomarkers in TBI. Moreover, the limited num-
ber of large-scale longitudinal studies restricts our understanding of long-term outcomes.
Ethical and regulatory considerations surrounding large-scale omics-derived data use also
warrant careful attention, particularly regarding data security, patient consent, and clini-
cal decision-making. Future research should prioritize multicentre studies to harmonize
sampling and analytical procedures. Additionally, developing and validating composite
clinical scores that integrate symptoms, neuroimaging findings, and biomarker profiles
would represent a decisive step toward truly multimodal TBI management. Biomarkers
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are reshaping the TBI care paradigm, enabling a transition from reactive to predictive,
personalized intervention models. Although full clinical integration remains ongoing,
the growing evidence base and rapid technological advances suggest a future where TBI
diagnosis and treatment will be guided not only by clinical and radiological parameters
but also by deeper insights into underlying molecular mechanisms. A major barrier to
clinical translation of both protein and metabolite biomarkers in TBI is the need for rigorous
analytical and clinical validation. Reliable implementation requires replication across large,
independent, demographically diverse cohorts, together with strict standardization of
pre-analytical variables—including sample collection, processing, storage conditions, and
timing relative to injury. Analytical reproducibility across platforms and laboratories is also
essential, particularly for metabolomics where inter-platform variability and batch effects
can substantially influence results. Beyond analytical robustness, biomarker performance
must be evaluated within integrated clinical models incorporating injury mechanism,
neuroimaging, physiological variables, and longitudinal outcome measures. Without har-
monized analytical pipelines and multi-cohort validation, biomarker signatures—especially
complex metabolomic profiles—remain susceptible to cohort-specific bias and limited gen-
eralizability, constraining their translation into routine clinical practice. In conclusion, this
review distinguishes itself from previous publications on TBI biomarkers through its com-
prehensive, up-to-date synthesis that systematically integrates proteomics, metabolomics,
lipidomics, genomics, advanced neuroimaging, and emerging diagnostic technologies.
Unlike most existing literature, which primarily focuses on traditional protein biomarkers,
this work expands the scope to include metabolic and lipidomic signatures, as well as
genomic and transcriptomic markers such as microRNAs and SNPs associated with injury
vulnerability. It also addresses emerging indicators of cytoskeletal damage, vascular dys-
function, and neuroinflammation—including SBDP-145/150, GFAP-BDP, MMP-9, ICAM-1,
and VCAM-1. Furthermore, this review provides an updated discussion of new analytical
platforms and detection methods—such as high-resolution mass spectrometry, targeted
LC-MS/MS, microfluidics, and point-of-care biosensors—emphasizing their potential to
enhance sensitivity, specificity, and diagnostic speed. An innovative contribution is the
exploration of novel clinical applications, including individualized risk stratification, per-
sonalized prognostication, longitudinal monitoring of secondary injury, and integration
with advanced neuroimaging (MRI, DTI, PET) and machine learning within multimodal
predictive models. In parallel, this article offers a thorough critical analysis of persistent
challenges hindering clinical translation, including confounding variables, pre-analytical
variations, lack of validated cut-off values for emerging biomarkers, and absence of stan-
dardized protocols for sample collection and analysis. Collectively, these elements position
this work as a significant contribution to the field, providing a comprehensive synthesis that
not only summarizes current knowledge but also delineates the most promising directions
for advancing molecular and multimodal diagnostics in TBI.

8. Conclusions
Biomarkers are emerging as essential tools for enhancing TBI diagnosis, prognosis, and

longitudinal monitoring. However, no single marker has achieved sufficient specificity or
standardization to supplant existing clinical and radiological methods. The most promising
direction involves multimodal platforms integrating biochemical biomarkers, advanced
neuroimaging, and machine learning–based predictive models to comprehensively capture
TBI heterogeneity and enable individualized patient management.
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IL-1β Interleukin-1 beta
IL-6 Interleukin-6
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miRNA MicroRNA
MD Mean Diffusivity
MRI Magnetic Resonance Imaging
mTBI Mild Traumatic Brain Injury
NAA N-Acetylaspartate
NF-L/NfL Neurofilament Light Chain
NIH National Institutes of Health
NINDS National Institute of Neurological Disorders and Stroke
NSE Neuron-Specific Enolase
PET Positron Emission Tomography
SNP Single Nucleotide Polymorphism
S100B (Already abbreviation—calcium-binding astrocytic protein)
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SWI Susceptibility-Weighted Imaging
TBI Traumatic Brain Injury
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UCH-L1 Ubiquitin Carboxy-Terminal Hydrolase L1
USD United States Dollar
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receptor and COX-2 protein in the mouse brain after imipramine and NS398, searching for mechanisms of regulation. Neurochem.
Int. 2021, 150, 105193. [CrossRef]

49. Papa, L.; Brophy, G.M.; Welch, R.D.; Lewis, L.M.; Braga, C.F.; Tan, C.N.; Ameli, N.J.; Lopez, M.A.; Haeussler, C.A.; Mendez
Giordano, D.I.; et al. Time Course and Diagnostic Accuracy of Glial and Neuronal Blood Biomarkers GFAP and UCH-L1 in a
Large Cohort of Trauma Patients with and without Mild Traumatic Brain Injury. JAMA Neurol. 2016, 73, 551–560. [CrossRef]

50. Haque, A.; Ray, S.K.; Cox, A.; Banik, N.L. Neuron specific enolase: A promising therapeutic target in acute spinal cord injury.
Metab. Brain Dis. 2016, 31, 487–495. [CrossRef]

51. Clarke, G.J.B.; Skandsen, T.; Zetterberg, H.; Follestad, T.; Einarsen, C.E.; Vik, A.; Mollnes, T.E.; Pischke, S.E.; Blennow, K.; Håberg,
A.K. Longitudinal Associations Between Persistent Post-Concussion Symptoms and Blood Biomarkers of Inflammation and
CNS-Injury After Mild Traumatic Brain Injury. J. Neurotrauma 2024, 41, 862–878. [CrossRef]

52. Merritt, V.C.; Clark, A.L.; Sorg, S.F.; Evangelista, N.D.; Werhane, M.; Bondi, M.W.; Schiehser, D.M.; Delano-Wood, L. Apolipopro-
tein e ϵ4 Genotype Is Associated with Elevated Psychiatric Distress in Veterans with a History of Mild to Moderate Traumatic
Brain Injury. J. Neurotrauma 2018, 35, 2272–2282. [CrossRef]

53. Gao, L.L.; Yu, J.Q.; Liu, Q.; Gao, H.X.; Dai, Y.L.; Zhang, J.J.; Wang, Y.L.; Zhang, T.T.; Yang, J.J.; Li, Y.X. Analgesic Effect of Nitrous
Oxide/Oxygen Mixture for Traumatic Pain in the Emergency Department: A Randomized, Double-Blind Study. J. Emerg. Med.
2019, 57, 444–452. [CrossRef]

54. Piccolo, K.A.; McNeil, B.; Crouse, J.; Lim, S.J.; Bickers, S.C.; Hopkins, W.S.; Dieckmann, T. Ligand specificity and affinity in the
sulforhodamine B binding RNA aptamer. Biochem. Biophys. Res. Commun. 2020, 529, 666–671. [CrossRef]

55. Martinez, B.; Peplow, P.V. MicroRNAs as diagnostic markers and therapeutic targets for traumatic brain injury. Neural Regen. Res.
2017, 12, 1749–1761. [CrossRef]

56. Zhou, Q.; Yin, J.; Wang, Y.; Zhuang, X.; He, Z.; Chen, Z.; Yang, X. MicroRNAs as potential biomarkers for the diagnosis of
Traumatic Brain Injury: A systematic review and meta-analysis. Int. J. Med. Sci. 2021, 18, 128–136. [CrossRef] [PubMed]

57. Kocagoncu, E.; Klimovich-Gray, A.; Hughes, L.E.; Rowe, J.B. Evidence and implications of abnormal predictive coding in
dementia. Brain 2021, 144, 3311–3321. [CrossRef]

58. Hiebert, J.B.; Shen, Q.; Thimmesch, A.R.; Pierce, J.D. Traumatic brain injury and mitochondrial dysfunction. Am. J. Med. Sci. 2015,
350, 132–138. [CrossRef]

59. Zhou, T.C.; Duan, W.H.; Fu, X.L.; Zhu, Q.; Guo, L.Y.; Zhou, Y.; Hua, Z.J.; Li, X.J.; Yang, D.M.; Zhang, J.Y.; et al. Identification of a
novel CHN1 p.(Phe213Val) variant in a large Han Chinese family with congenital Duane retraction syndrome. Sci. Rep. 2020,
10, 16225. [CrossRef] [PubMed]

60. Thomas, I.; Dickens, A.M.; Posti, J.P.; Czeiter, E.; Duberg, D.; Sinioja, T.; Kråkström, M.; Retel Helmrich, I.R.A.; Wang, K.K.W.;
Maas, A.I.R.; et al. Serum metabolome associated with severity of acute traumatic brain injury. Nat. Commun. 2022, 13, 2545.
[CrossRef] [PubMed]

61. Hogan, S.R.; Phan, J.H.; Alvarado-Velez, M.; Wang, M.D.; Bellamkonda, R.V.; Fernández, F.M.; LaPlaca, M.C. Discovery of
Lipidome Alterations Following Traumatic Brain Injury via High-Resolution Metabolomics. J. Proteome Res. 2018, 17, 2131–2143.
[CrossRef]

62. Banoei, M.M.; Lee, C.H.; Hutchison, J.; Panenka, W.; Wellington, C.; Wishart, D.S.; Winston, B.W. Using metabolomics to predict
severe traumatic brain injury outcome (GOSE) at 3 and 12 months. Crit. Care 2023, 27, 295. [CrossRef] [PubMed]

63. Creech, M.; Carvalho, L.; McCoy, H.; Jacobs, J.; Hinson, H.E. Mass Spectrometry-Based Approaches for Clinical Biomarker
Discovery in Traumatic Brain Injury. Curr. Treat. Options Neurol. 2022, 24, 605–618. [CrossRef]

64. Fedoruk, R.P.; Lee, C.H.; Banoei, M.M.; Winston, B.W. Metabolomics in severe traumatic brain injury: A scoping review. BMC
Neurosci. 2023, 24, 54. [CrossRef]

65. Banoei, M.M.; Hutchison, J.; Panenka, W.; Wong, A.; Wishart, D.S.; Winston, B.W. Metabolomic in severe traumatic brain injury:
Exploring primary, secondary injuries, diagnosis, and severity. Crit. Care 2025, 29, 26. [CrossRef] [PubMed]

66. Paulin, T.; Roquet, D.; Kenett, Y.N.; Savage, G.; Irish, M. The effect of semantic memory degeneration on creative thinking:
A voxel-based morphometry analysis. Neuroimage 2020, 220, 117073. [CrossRef] [PubMed]

https://doi.org/10.22514/sv.2025.099
https://doi.org/10.3389/fneur.2023.1223960
https://doi.org/10.4103/NRR.NRR-D-24-00286
https://www.ncbi.nlm.nih.gov/pubmed/39314138
https://doi.org/10.1097/aco.0000000000001468
https://doi.org/10.1016/j.neuint.2021.105193
https://doi.org/10.1001/jamaneurol.2016.0039
https://doi.org/10.1007/s11011-016-9801-6
https://doi.org/10.1089/neu.2023.0419
https://doi.org/10.1089/neu.2017.5372
https://doi.org/10.1016/j.jemermed.2019.06.026
https://doi.org/10.1016/j.bbrc.2020.06.056
https://doi.org/10.4103/1673-5374.219025
https://doi.org/10.7150/ijms.48214
https://www.ncbi.nlm.nih.gov/pubmed/33390781
https://doi.org/10.1093/brain/awab254
https://doi.org/10.1097/MAJ.0000000000000506
https://doi.org/10.1038/s41598-020-73190-1
https://www.ncbi.nlm.nih.gov/pubmed/33004823
https://doi.org/10.1038/s41467-022-30227-5
https://www.ncbi.nlm.nih.gov/pubmed/35538079
https://doi.org/10.1021/acs.jproteome.8b00068
https://doi.org/10.1186/s13054-023-04573-9
https://www.ncbi.nlm.nih.gov/pubmed/37481590
https://doi.org/10.1007/s11940-022-00742-3
https://doi.org/10.1186/s12868-023-00824-1
https://doi.org/10.1186/s13054-025-05258-1
https://www.ncbi.nlm.nih.gov/pubmed/39815318
https://doi.org/10.1016/j.neuroimage.2020.117073
https://www.ncbi.nlm.nih.gov/pubmed/32574802


Int. J. Mol. Sci. 2025, 26, 12158 20 of 21

67. Imamura, K.; Yada, Y.; Izumi, Y.; Morita, M.; Kawata, A.; Arisato, T.; Nagahashi, A.; Enami, T.; Tsukita, K.; Kawakami, H.; et al.
Prediction Model of Amyotrophic Lateral Sclerosis by Deep Learning with Patient Induced Pluripotent Stem Cells. Ann. Neurol.
2021, 89, 1226–1233. [CrossRef]

68. Czolbe, S.; Pegios, P.; Krause, O.; Feragen, A. Semantic similarity metrics for image registration. Med. Image Anal. 2023, 87, 102830.
[CrossRef]

69. Liu, Y.; Yao, X.; Lv, X.; Qian, J. The role of spectrin breakdown products in patients with traumatic brain injury: A systematic
review and meta-analysis. Neurol. Sci. 2023, 44, 1171–1183. [CrossRef]

70. Shigemori, Y.; Katayama, Y.; Mori, T.; Maeda, T.; Kawamata, T. Matrix metalloproteinase-9 is associated with blood-brain barrier
opening and brain edema formation after cortical contusion in rats. Acta Neurochir. Suppl. 2006, 96, 130–133. [CrossRef]

71. Sunny, A.; James, R.R.; Menon, S.R.; Rayaroth, S.; Daniel, A.; Thompson, N.A.; Tharakan, B. Matrix Metalloproteinase-9 inhibitors
as therapeutic drugs for traumatic brain injury. Neurochem. Int. 2024, 172, 105642. [CrossRef]

72. Bhowmick, S.; Malat, A.; Caruso, D.; Ponery, N.; D’Mello, V.; Finn, C.; Muneer, P.M.A. Intercellular Adhesion Molecule-1-Induced
Posttraumatic Brain Injury Neuropathology in the Prefrontal Cortex and Hippocampus Leads to Sensorimotor Function Deficits
and Psychological Stress. eNeuro 2021, 8, ENEURO.0242-21.2021. [CrossRef]

73. Saikia, B.B.; Bhowmick, S.; Malat, A.; Preetha Rani, M.R.; Thaha, A.; Muneer, P.M.A. ICAM-1 Deletion Using CRISPR/Cas9
Protects the Brain from Traumatic Brain Injury-Induced Inflammatory Leukocyte Adhesion and Transmigration Cascades by
Attenuating the Paxillin/FAK-Dependent Rho GTPase Pathway. J. Neurosci. 2024, 44, e1742232024. [CrossRef]

74. Lutton, E.M.; Razmpour, R.; Andrews, A.M.; Cannella, L.A.; Son, Y.J.; Shuvaev, V.V.; Muzykantov, V.R.; Ramirez, S.H. Acute
administration of catalase targeted to ICAM-1 attenuates neuropathology in experimental traumatic brain injury. Sci. Rep. 2017,
7, 3846. [CrossRef]

75. DeDominicis, K.E.; Hwang, H.; Cartagena, C.M.; Shear, D.A.; Boutté, A.M. Cerebrospinal Fluid Biomarkers Are Associated with
Glial Fibrillary Acidic Protein and αII-spectrin Breakdown Products in Brain Tissues Following Penetrating Ballistic-Like Brain
Injury in Rats. Front. Neurol. 2018, 9, 490. [CrossRef]

76. Buh, F.C.; Taiwe, G.S.; Kobeissy, F.H.; Wang, K.W.; Maas, A.I.R.; Motah, M.; Meh, B.K.; Youm, E.; Hutchinson, P.J.A.; Sumbele,
I.U.N. Serum Biomarker Concentrations upon Admission in Acute Traumatic Brain Injury: Associations with TBI Severity,
Toxoplasma gondii Infection, and Outcome in a Referral Hospital Setting in Cameroon. NeuroSci 2023, 4, 164–177. [CrossRef]
[PubMed]

77. Dewan, M.C.; Rattani, A.; Gupta, S.; Baticulon, R.E.; Hung, Y.-C.; Punchak, M.; Agrawal, A.; Adeleye, A.O.; Shrime, M.G.;
Rubiano, A.M.; et al. Estimating the global incidence of traumatic brain injury. J. Neurosurg. 2019, 130, 1080–1097. [CrossRef]
[PubMed]

78. Lisi, I.; Moro, F.; Mazzone, E.; Marklund, N.; Pischiutta, F.; Kobeissy, F.; Mao, X.; Corrigan, F.; Helmy, A.; Nasrallah, F.; et al.
Exploiting blood-based biomarkers to align preclinical models with human traumatic brain injury. Brain 2025, 148, 1062–1080.
[CrossRef]

79. Shahim, P.; Politis, A.; van der Merwe, A.; Moore, B.; Ekanayake, V.; Lippa, S.M.; Chou, Y.Y.; Pham, D.L.; Butman, J.A.;
Diaz-Arrastia, R.; et al. Time course and diagnostic utility of NfL, tau, GFAP, and UCH-L1 in subacute and chronic TBI. Neurology
2020, 95, e623–e636. Erratum in Neurology 2021, 96, 593. https://doi.org/10.1212/WNL.0000000000011717. [CrossRef]

80. Dunn, C.; Sturdivant, N.; Venier, S.; Ali, S.; Wolchok, J.; Balachandran, K. Blood-Brain Barrier Breakdown and Astrocyte Reactivity
Evident in the Absence of Behavioral Changes after Repeated Traumatic Brain Injury. Neurotrauma Rep. 2021, 2, 399–410.
[CrossRef]

81. Boutté, A.M.; Thangavelu, B.; LaValle, C.R.; Nemes, J.; Gilsdorf, J.; Shear, D.A.; Kamimori, G.H. Brain-related proteins as
serum biomarkers of acute, subconcussive blast overpressure exposure: A cohort study of military personnel. PLoS ONE 2019,
14, e0221036. [CrossRef]

82. Zetterberg, H.; Blennow, K. Fluid biomarkers for mild traumatic brain injury and related conditions. Nat. Rev. Neurol. 2016,
12, 563–574. [CrossRef]

83. Thelin, E.P.; Nelson, D.W.; Bellander, B.M. A review of the clinical utility of serum S100B protein levels in the assessment of
traumatic brain injury. Acta Neurochir. 2017, 159, 209–225. [CrossRef]

84. Maas, A.I.R.; Lingsma, H.F. ALERT-TBI study on biomarkers for TBI: Has science suffered? Lancet Neurol. 2018, 17, 737–738.
[CrossRef] [PubMed]

85. Huie, J.R.; Mondello, S.; Lindsell, C.J.; Antiga, L.; Yuh, E.L.; Zanier, E.R.; Masson, S.; Rosario, B.L.; Ferguson, A.R. Biomarkers for
Traumatic Brain Injury: Data Standards and Statistical Considerations. J. Neurotrauma 2021, 38, 2514–2529. [CrossRef]

86. Su, Y.R.S.; Schuster, J.M.; Smith, D.H.; Stein, S.C. Cost-Effectiveness of Biomarker Screening for Traumatic Brain Injury.
J. Neurotrauma 2019, 36, 2083–2091. [CrossRef] [PubMed]

87. Amoo, M.; Henry, J.; O’Halloran, P.J.; Brennan, P.; Ben Husien, M.; Campbell, M.; Caird, J.; Javadpour, M.; Curley, G.F. S100B,
GFAP, UCH-L1 and NSE as predictors of abnormalities on CT imaging following mild traumatic brain injury: A systematic
review and meta-analysis of diagnostic test accuracy. Neurosurg. Rev. 2022, 45, 1171–1193. [CrossRef]

https://doi.org/10.1002/ana.26047
https://doi.org/10.1016/j.media.2023.102830
https://doi.org/10.1007/s10072-022-06558-y
https://doi.org/10.1007/3-211-30714-1_29
https://doi.org/10.1016/j.neuint.2023.105642
https://doi.org/10.1523/ENEURO.0242-21.2021
https://doi.org/10.1523/JNEUROSCI.1742-23.2024
https://doi.org/10.1038/s41598-017-03309-4
https://doi.org/10.3389/fneur.2018.00490
https://doi.org/10.3390/neurosci4030015
https://www.ncbi.nlm.nih.gov/pubmed/39483201
https://doi.org/10.3171/2017.10.JNS17352
https://www.ncbi.nlm.nih.gov/pubmed/29701556
https://doi.org/10.1093/brain/awae350
https://doi.org/10.1212/WNL.0000000000011717
https://doi.org/10.1212/WNL.0000000000009985
https://doi.org/10.1089/neur.2021.0017
https://doi.org/10.1371/journal.pone.0221036
https://doi.org/10.1038/nrneurol.2016.127
https://doi.org/10.1007/s00701-016-3046-3
https://doi.org/10.1016/S1474-4422(18)30275-8
https://www.ncbi.nlm.nih.gov/pubmed/30054150
https://doi.org/10.1089/neu.2019.6762
https://doi.org/10.1089/neu.2018.6020
https://www.ncbi.nlm.nih.gov/pubmed/30547708
https://doi.org/10.1007/s10143-021-01678-z


Int. J. Mol. Sci. 2025, 26, 12158 21 of 21

88. Wilson, L.; Stewart, W.; Dams-O’Connor, K.; Diaz-Arrastia, R.; Horton, L.; Menon, D.K.; Polinder, S. The chronic and evolving
neurological consequences of traumatic brain injury. Lancet Neurol. 2017, 16, 813–825. [CrossRef]

89. Toffolo, K.; Osei, J.; Kelly, W.; Poulsen, A.; Donahue, K.; Wang, J.; Hunter, M.; Bard, J.; Wang, J.; Poulsen, D. Circulating microRNAs
as biomarkers in traumatic brain injury. Neuropharmacology 2019, 145, 199–208. [CrossRef] [PubMed]

90. Kobeissy, F.; Arja, R.D.; Munoz, J.C.; Shear, D.A.; Gilsdorf, J.; Zhu, J.; Yadikar, H.; Haskins, W.; Tyndall, J.A.; Wang, K.K. The game
changer: UCH-L1 and GFAP-based blood test as the first marketed in vitro diagnostic test for mild traumatic brain injury. Expert
Rev. Mol. Diagn. 2024, 24, 67–77. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S1474-4422(17)30279-X
https://doi.org/10.1016/j.neuropharm.2018.08.028
https://www.ncbi.nlm.nih.gov/pubmed/30195586
https://doi.org/10.1080/14737159.2024.2306876

	Introduction 
	Classification of Biomarkers in TBI 
	Diagnostic Role 
	Prognostic Role 
	Monitoring Role 
	Therapeutic Role 

	Types of Biomarkers 
	Protein-Based Biomarkers 
	Genomic and Transcriptomic Biomarkers 
	Metabolomic and Lipidomic Biomarkers 
	Imaging Biomarkers 
	Alternative Biomarker 

	Clinical Utility and Limitations 
	Influence of BBB Integrity, Injury Mechanism, and Confounders on Biomarker Utility 
	Materials and Methods 
	State of the Art and Future Direction 
	Conclusions 
	References

