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1 Introduction

The interconnection between traumatic brain injury (TBI) and neuropsychiatric dis-
eases finds its roots back in 1848 with the case of Phineas Gage, a railroad construc-
tion foreman who survived a severe TBI when an iron rod pierced his skull and
brain [1]. The remarkable changes in Gage’s personality and behavior following the
injury overshadowed his survival, providing an impetus for future explorations into
the relationship between TBI and behavioral alterations [2].

Biomarkers serve as measurable indicators of biological processes and may pro-
vide instrumental tools to clarify the pathophysiology of a wide range of clinical
symptoms and signs—including post-TBI neuropsychiatric symptoms. Such bio-
markers potentially identify at-risk individuals, enhance diagnostic precision, and
monitor disease progression and treatment response [3]. The field has seen excep-
tional advancements in recent years in identifying and validating biomarkers for
post-TBI neuropsychiatric conditions, paving the path toward more personalized
and targeted treatment approaches.

This chapter explores the present understanding of biomarkers for neuropsychi-
atric symptoms related to TBI. It discusses the primary sources of potential bio-
markers, including blood and cerebral spinal fluid (CSF) (Fig. 1), and examines the

J. L. V. M. de Barros - A. S. de Miranda (<)
Laboratério de Neurobiologia, Departamento de Morfologia, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Minas Gerais (UFMG), Belo Horizonte, MG, Brasil

Laboratério Interdisciplinar de Investigacdo Médica (LIIM), Faculdade de Medicina,
Universidade Federal de Minas Gerais (UFMG), Belo Horizonte, MG, Brasil
e-mail: mirandaas @icb.ufmg.br

L. F. dos Santos - J. de Lima Carvalho - S. L. de Oliveira Miranda dos Santos
Laboratério de Neurobiologia, Departamento de Morfologia, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Minas Gerais (UFMG), Belo Horizonte, MG, Brasil

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 329
A. L. Teixeira et al. (eds.), Biomarkers in Neuropsychiatry,
https://doi.org/10.1007/978-3-031-43356-6_19


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-43356-6_19&domain=pdf
https://doi.org/10.1007/978-3-031-43356-6_19#DOI
mailto:mirandaas@icb.ufmg.br

330 J. L. V. M. de Barros et al.

Traumatic Brain

Inju
General Jury Veterans/ ]
Population Military
sCD40L -
Cathif_?iin-b p-TAU
Y Neuropilin-1 GFAP R
. IFN-a2 Sprigd .
\ Copeptin o \
N -“-.-2- e TNF-a
IL-10 | l s
__________________ L Symptoms
CSF
IMPULSIVITY =P i ANXIETY
sVCAM-1
> COGNITIVE
e DEFICITS
iy DEPRESSION
IL-8 PTSD

Fig. 1 Potential blood and cerebrospinal fluid (CSF) biomarkers of traumatic brain injury (TBI)-
associated neuropsychiatric disorders. Growing evidence has pointed out an association between
blood levels of Neurofilament light chain (NFL), phos tau (p-tau), Glial Fibrillary Acidic Protein
(GFAP), Ubiquitin C-Terminal Hydrolase L1 (UCHL-1), Interleukin-6 (IL-6), Tumor Necrosis
Factor Alpha (TNF-a) and Brain-derived neurotrophic factor (BDNF) and TBI-related neuropsy-
chiatric symptoms like anxiety, depression, post-traumatic stress disorder (PTSD) and cognitive
deficits in the military population. In the general population, blood concentrations of soluble
CD40L (sCD40L), Cathepsin-D, Interleukin-4 (IL-4), Neuropilin-1, Interferon alpha-2 (IFNa2)
and Copeptin have been associated with impulsivity following mild TBI while the Interleukins
IL-2 and IL-10 have been associated with depressive symptoms after a brain injury. Moreover,
CSF levels of interleukins IL-7 and IL-8, soluble vascular cell adhesion molecule-1 (sVCAM-1),
soluble intercellular adhesion molecule-1 (SICAM-1) as well as of the soluble form of Fas (sFas),
an apoptosis-signaling receptor molecule, have been reported as potential biomarkers of depres-
sion secondary to TBI. (Created with biorender.com)

challenges and opportunities with their clinical implementation. It also probes into
the implications of biomarker-guided approaches for the management of post-TBI
neuropsychiatric sequelae, as well as future research prospects in this field.
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2 Neuropsychiatric and Cognitive Symptoms Associated
with TBI

Clinically, a diverse landscape of neuropsychiatric syndromes and disorders —
depression, anxiety, bipolar disorder, impulsivity, cognitive deficits, apathy, anhe-
donia, and aggressive behaviors — may manifest after TBI. Neuropsychiatric
symptoms stemming from TBI can display persistent characteristics from months to
years subsequent to the inciting injury. An intricate interplay of factors contributes
to the severity and duration of these symptoms, key among them being the magni-
tude of the injury, the topographical location of the lesion, and any psychiatric his-
tory predating the injury. An enriched comprehension of the neurobiological
apparatus that underscores these symptoms holds the potential to navigate the for-
mulation of precisely targeted interventions, thereby amplifying the life quality of
those affected with TBI [4].

2.1 Depression

Among the psychiatric disorders ensuing from TBI, depression is the most com-
mon, with incidence rates oscillating between 25% and 50% within the initial year
post injury [5, 6]. The onset of depression is often insidious, materializing several
months after the primary injury [7]. While the pathophysiological mechanisms
underlying TBI-induced depression remain to be fully discerned, researchers have
postulated the involvement of monoamine neurotransmitter alterations, neuroin-
flammation, and injury to frontal and limbic structures [8].

2.2 Anxiety Disorders

TBI patient often grapple with anxiety disorders, a spectrum that includes general-
ized anxiety disorder, panic disorder, and phobias. The prevalence rates for post-
TBI anxiety disorders oscillate between 11% and 37% [9]. It has been reported that
a previous history of psychiatric conditions may increase the risk for the develop-
ment of anxiety disorders following a TBI [7]. While the neurobiological basis of
post-TBI-associated anxiety disorders remains to be fully clarified, a potential
involvement of amygdala and prefrontal cortex damage has been proposed [10].
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2.3 Posttraumatic Stress Disorder

PTSD is a mental health condition characterized by reexperiencing symptoms,
avoidance, and alterations in arousal, cognition, and mood, triggered by a terrifying
situation — either experiencing it or witnessing it. The increasing interest in inves-
tigating PTSD following TBI relies on the fact that the events that cause TBI can be
often emotionally traumatic. Moreover, there is evidence that the physical brain
damage resulting from a TBI might be an important risk factor for PTSD. Although
the mechanisms underlying TBI-associated PTSD remain unclear, the physical
impairment of neural circuits may hamper the regulation of fear responses, coping
skills, and use of adaptive cognitive strategies contributing to PTSD [11, 12]. Higher
rates of PTSD have been reported following TBI in military personnel varying from
27.3% to 43.9%. This might be explained, at least in part, by the fact that soldiers,
apart from the physical trauma of TBI, often experience repeated psychological
trauma through combat exposures [12]. Among civilians affected by TBI, the PTSD
rates vary from 2.6% to 36% [13].

2.4 Bipolar Disorder and Mania

The incidence of bipolar disorder and mania among TBI patients is relatively mod-
est, presenting prevalence rates spanning 1.7-9% [14]. The likelihood of post-TBI
mania development increases with the presence of risk factors such as a familial
history of bipolar disorder and lesions localized in the right hemisphere, particularly
the orbitofrontal and basotemporal regions [14]. The post-TBI mania pathophysiol-
ogy has been associated with dysregulated monoamine neurotransmitter systems,
with dopamine playing a notable role [14].

2.5 Cognitive Impairment

TBI frequently causes cognitive impairments, a prevalent neuropsychiatric outcome
that disrupts various cognitive domains spanning from attention and memory to
executive function and processing speed. Tsai et al. (2021) demonstrated that mild
TBI initially triggered memory and attention deficits in 31% and 20% of cases,
respectively. This incidence slightly decreased in the subacute phase to 26% and
18%, respectively. Moderate-to-severe TBI exhibited a more pronounced subacute
impact, with 49% experiencing memory deficits and 54% attention deficits. In the
chronic phase, however, memory deficits reduced to 21%, while attention deficits
remained high at 50% [15].

The intensity and duration of such cognitive impairment generally correlate with
the severity of the trauma. This can result in a spectrum of effects: Mild TBI
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frequently triggers mild cognitive disturbances, whereas injuries of a higher magni-
tude often lead to enduring cognitive dysfunction [16]. The inflicted structural harm
to the frontal and temporal lobes, coupled with widespread axonal injury, serves as
a contributing factor to the cognitive deficits that ensue post TBI [16]. Associated
with these structural changes, neuroinflammatory mechanisms, disruptions of neu-
rotransmitter systems, such as the cholinergic and glutamatergic systems, also con-
tribute to post-TBI cognitive impairment [4].

2.6 Apathy and Anhedonia

TBI regularly precipitates apathy, a state often delineated by diminished motivation,
emotional numbness, and a reduction in goal-oriented behaviors. Prevalence esti-
mates for this neuropsychiatric outcome ranges from 10.84% (without depression)
to 60% (with depression) [17]. Moreover, TBI patients frequently exhibit anhedo-
nia, a condition marked by the loss of capacity to derive satisfaction from activities
traditionally deemed pleasurable. Both apathy and anhedonia are related to lesions
of the frontal-subcortical circuits, with particular emphasis on the prefrontal and
anterior cingulate regions and parieto-subcortical circuits [18].

2.7 Aggression

TBI is frequently associated with aggression, with its prevalence estimated to be in
the range of 37-71% [19, 20]. The manifestation of this post-TBI syndrome often
encompasses both verbal and physical aggression, coupled with a decrease in frus-
tration tolerance and an increase in irritability. Post-TBI aggression is linked to
cortical thinning of the orbitofrontal regions [21]. Beyond structural brain changes,
researchers discern alterations in neurotransmitter systems as potential contributors
to these behavioral transformations. Notably, they emphasize changes in the func-
tioning of glutamate and cholinergic systems [22].

2.8 Impulsivity

Impulsivity is a multifaceted concept that is defined as a tendency to react rapidly
without forethought of future negative consequences for oneself or others. It is a
common complication following moderate to severe TBI [23]. There is evidence
that approximately 35-38% of patients will present motor impulsivity, also known
as response disinhibition, during acute recovering post TBI [24]. Impulsive behav-
iors map to dysfunctions in the frontal lobe, a cerebral area pivotal to the orchestra-
tion of decision-making and impulse control [25]. Hence, unraveling the intricacies
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of post-TBI impulsivity stands as a vital imperative for sculpting effective and tai-
lored rehabilitation strategies.

3 TBI-Related Biomarkers for Neurobehavioral Symptoms
and Disorders

3.1 Blood Biomarkers

Researchers are currently exploring the viability of blood biomarkers as tools of
detection and progress monitoring to understand TBI’s subsequent behavioral and
cognitive repercussions. In particular, molecular variations in TBI patients’ blood
samples — cytokines, chemokines, and other biological markers could act as reveal-
ing signposts of TBI-related psychiatric disorders (Fig. 1).

Peltz et al. (2020) assessed neurofilament light chain (NFL), total tau, glial fibril-
lary acidic protein (GFAP), a-synuclein, f-amyloid 42 (Ap42), phosphorylated tau
(p-tau), along with cytokines like tumor necrosis factor—a (TNF-a) and interleukin-
6 (IL-6) in serum and plasma of older veterans with a TBI history [26]. They
observed discernable patterns of these markers when mapped against different post-
TBI cognitive groups. These cognitive groups were defined by a set of assessment
tools, including the Mini-Mental State Examination [MMSE], Auditory Verbal
Learning Test [AVLT] Learning Trials, AVLT Delayed Recall, and Wechsler Adult
Intelligence Scale [WAIS] Digit Symbol tests [26]. When comparing the TBI group
with cognitive deficits and controls or the TBI group without cognitive impairment,
p-tau, NFL, GFAP, IL-6, and TNF-a were increased. The cumulative integration of
these markers wielded the power to differentiate the post-TBI cognitive groups with
remarkable accuracy, boasting an area under the curve [AUC] score of 0.85 [26].

Lange et al. (2021) examined the correlation between serum biomarkers and
neurobehavioral changes post-military-related TBI across a spectrum of injury
severities and non-injured controls [27]. They identified tau, neurofilament light
chain (NFL), glial fibrillary acidic protein (GFAP), and ubiquitin carboxy-terminal
hydrolase L1 (UCHL-1) as crucial biomarkers. Intriguingly, increasing tau, NFL,
and GFAP levels signaled worsening symptoms like anxiety, PTSD, and depression,
among others [27]. UCHL-1 predicted an escalation in anxiety, somatic, and neuro-
logical symptoms [27]. In noninjured controls, however, these biomarkers did not
correlate with symptom deterioration. This suggests that elevated levels of tau,
NFL, GFAP, and UCHL-1 within the first year post injury might predict a persistent
decline in neurobehavioral symptoms [27].

Vedantam et al. (2021) gathered data from patients diagnosed with mild trau-
matic brain injury (mTBI) and controls exhibiting orthopedic injuries (OI) across
three trauma centers. The team drew blood samples from the patients within 24 h
following the injury and then again 6 months later, providing them with measure-
ments of plasma inflammatory cytokines. Neuropsychological tests took place at
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various intervals after the injury [28]. The study, involving mainly male participants
associated with vehicle accidents, included 53 mTBI patients and 24 OI controls
[28]. An early surge in plasma IL-2 levels showed a link with an escalation in post-
concussive symptoms a week later. Moreover, 6 months after the injury, a spike in
plasma IL-10 levels corresponded with more severe depression and PTSD symp-
toms [28]. These results underscore how inflammation and cytokine levels can
influence the severity of post-concussive symptoms, PTSD, and depression follow-
ing a mTBI [28].

Cardoso et al. (2023) employed machine learning—based modeling to unearth
potential biomarkers related to impulsivity following mTBI. They evaluated 21
mTBI patients within a month post injury and compared these findings to data from
19 healthy controls, using measures of impulsivity, executive functioning, episodic
memory, self-reported cognitive failures, and blood biomarkers indicative of inflam-
mation, vascular damage, and neuronal deterioration [23]. mTBI patients mani-
fested significantly higher impulsivity than controls, both in terms of the overall
Barratt Impulsiveness Scale (BIS) score and its subscales. Intriguingly, specific bio-
markers, including sCD40L, Cathepsin D, IL-4, Neuropilin-1, IFN-a2, and
Copeptin, showed associations with increased impulsivity in mTBI patients [22].
Hence, Cardoso et al. (2023) both validate the link between mTBI and elevated
impulsivity in non-military populations and reveal novel pathophysiological path-
ways potentially implicated in mTBI-related impulsivity [23].

In the cross-sectional cohort study by Pattinson et al. (2020), researchers estab-
lished a positive association between tau concentrations and symptom severity in
military personnel and veterans, regardless of their TBI history. More specifically,
significant correlations emerged between tau and specific subscales of the
Neurobehavioral Symptom Inventory (NSI) for post-concussive symptoms, the
PTSD Checklist self-report measure (PCL), and the patient health questionnaire
(PHQ-9) for depressive symptoms [29]. Pattinson et al. (2020) also noted elevated
NFL levels in individuals subjected to repetitive TBI. These findings suggest blood
levels of tau and NFL as potential markers of persistent neurological and behavioral
symptoms following TBI. These observations underscore the critical role of chronic
biomarker measurements and indicate the need for future longitudinal studies fol-
lowing TBI [29].

Drestch et al. (2016) noted that the BDNF Val66 Met genotype significantly
linked to the risk of sustaining mTBI and screening positive for traumatic stress.
Predeployment traumatic stress, combat exposure, mTBI during deployment, and
the BDNF Met/Met genotype collectively explained 22% of the variance in postde-
ployment PTSD scores [30]. However, predeployment traumatic stress alone
accounted for 17% of the scores. These findings indicate that predeployment trau-
matic stress, genetics, and environmental factors play distinct roles in the develop-
ment of combat-related traumatic stress among military service members [30].

Table 1 summarizes the association between blood biomarkers and behavioral/
cognitive changes post-TBI across different studies.

Blood biomarkers carry immense promise in pinpointing individuals susceptible
to neuropsychiatric and behavioral shifts following a TBI. The reviewed studies
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Table 1 Blood biomarkers for neuropsychiatric alterations post TBI
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Study Methods Results Conclusion
Peltz et al. | Evaluated relevance of Significant differences | Integration of these
2020 blood-based exosomal observed in p-tau, biomarkers can differentiate
[26] protein markers and NFL, GFAP, IL-6, and | post-TBI cognitive groups
cytokines (NfL, total tau, TNF-a levels between | with high accuracy.
GFAP, a-synuclein, Ap42, different cognitive
p-tau, TNF-a, IL-6) in TBI | groups post TBI.
patients vs. controls
Lange Examined correlation Tau, NFL, GFAP, and | Elevated tau, NFL, GFAP,
etal. 2021 | between serum biomarkers | UCHL-1 increased and UCHL-1 levels within
[27] (tau, NFL, GFAP, UCHL-1) | levels associated with | the first year post injury
and neurobehavioral changes | worsening might indicate persistent
post TBI across varying neuropsychiatric neurobehavioral symptom
severities and noninjured symptoms, including decline.
controls anxiety, depression,
PTSD, and cognitive
deficits.
Vedantam | Collected data from mTBI Early rise in plasma Inflammation and cytokine
et al. 2021 | and OI patients from three IL-2 levels linked with | levels significantly
[28] trauma centers; conducted increased post- influence post-concussive
neuropsychological tests at | concussive symptoms a | symptoms, PTSD, and
various intervals after injury | week later; 6 months depression following an
post injury, elevated mTBI.
plasma IL-10 levels
correlated with severe
depression and PTSD
symptoms.
Cardoso | Employed machine mTBI patients showed | Evidenced the link between
et al. 2023 | learning—based modeling to | higher impulsivity; mTBI and increased
[23] identify potential mTBI- biomarkers sSCD40L, impulsivity in non-military
related impulsivity Cathepsin D, 1L-4, populations and suggested
biomarkers, comparing Neuropilin-1, IFN-a2, | novel pathophysiological
mTBI patients and healthy | and Copeptin were pathways implicated in
controls associated with mTBI-related impulsivity.
increased impulsivity
in mTBI patients.
Pattinson | Tau and NFL concentrations | Tau concentrations The findings underscore the
et al. 2020 | were measured, with showed a positive importance of consistent
[29] symptom severity assessed | association with biomarker measurement in

through the NSI, PCL, and
PHQ-9

symptom severity,
regardless of TBI
history. Significant
correlations were found
between tau and specific
subscales of the NSI,
PCL and PHQ-9.
Elevated levels of NFL.
were observed in
participants with a
history of repetitive TBI.

patients with TBI and
highlight the need for
longitudinal studies to
further elucidate the
relationship between tau
concentrations and
behavioral or cognitive
modifications.

(continued)
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Table 1 (continued)

Study Methods Results Conclusion

Drestch | Examined how various BDNF Val66 Met Pre-deployment traumatic

et al. factors, such as genetic genotype significantly | stress, geneics, and

(2016) predisposition, early-life linked to risk of mild environmental factors

[30] experiences, previous traumatic brain injury | uniquely contribute to
traumatic events, (mTBI) and positive combat-related traumatic
psychological and cognitive | traumatic stress stress in military service
factors, as well as screening. members.

deployment-related
experiences, influence the
development of traumatic
stress after returning from
deployment

underscore the correlation of certain biomarkers, such as GFAP, with post-TBI cog-
nitive impairment and PTSD. Despite these advancements, the role of blood bio-
markers in tracking and predicting neuropsychiatric changes post TBI remains
partially understood. The mechanisms that form these associations demand further
investigation.

3.2 Cerebral Spinal Fluid Biomarkers

The CSF of people with TBI hosts an array of molecules, such as neurotransmitters,
cytokines, and chemokines, among others, that can inform about clinical outcomes
[31]. Fluctuations in the concentrations of these molecular components could serve
as an informative gauge, potentially pinpointing individuals prone to post-TBI psy-
chiatric disorders (Fig. 1) [31]. The notion of employing such markers not only for
identification but also for progress monitoring, poses an avenue for future research.

Juengst et al. (2015) investigated the capacity of acute inflammation profiles as
predictive factors for posttraumatic depression (PTD) risk within 6—12 months post
traumatic brain injury [32]. Drawing from a prospective cohort design, they studied
adults with moderate to severe traumatic brain injury from a university-associated
level 1 trauma center, concentrating on participants with available acute serum and
CSF levels [32]. By using the Patient Health Questionnaire-9 (PHQ-9) and an array
of inflammatory biomarkers — including IL-1p, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10,
IL-12, TNF-a, sVCAM-1, sSICAM-1, and sFAS — they found that elevated levels of
CSF cytokine surface markers (sVCAM-1, sICAM-1, and sFAS) significantly
increased PTD risk [32]. Notably, exceeding the 75th percentile in SICAM-1,
sVCAM-1, or sFAS values elevated the likelihood of PTD risk at 6 months to
85.7%. Beyond this, the investigators discerned a potential link between inflamma-
tory biomarkers IL-7 and IL-8 and PTD risk at the 12-month mark [32].
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While CSF biomarkers can potentially indicate long-term behavioral alterations
due to TBI, their practical usage is limited [32]. The cost, invasive nature, and lack
of availability in certain medical settings curtail the clinical feasibility of CSF
sampling.

3.3 Neuroimaging Biomarkers

Different techniques, namely, magnetic resonance imaging (MRI), its functional
variant (fMRI), positron emission tomography (PET), and magnetoencephalogra-
phy (MEG), have emerged as invaluable investigative tools in TBI. Their coordi-
nated application provides critical insights by identifying, delineating, and
quantifying both structural and functional changes underlying brain dysfunction
and, therefore, psychiatric manifestations.

Medeiros et al. (2022) reviewed potential neuroimaging biomarkers for post
TBI. Combing through four databases, they curated 38 articles from 2035 citations,
representing a diverse pool of 1793 subjects [33]. Predominantly, these studies used
structural MRI and unveiled an intriguing correlation: Post-TBI depression links
with reduced gray matter and increased white matter damage [33]. Consistencies
emerged in gray matter reductions in specific regions like the rostral anterior cingu-
late cortex, pre-frontal cortex, and hippocampus, along with damage in five crucial
white matter tracts including cingulum, internal capsule, superior longitudinal fas-
ciculi, and anterior and posterior corona radiata [33]. This investigation, though not
pinpointing a definitive neuroimaging biomarker for post-TBI depression, spot-
lights potential research paths, thus contributing significantly to the understanding
of post-TBI depression.

Using fMRI, Raji et al. (2015) showed that TBI repercussions entailed dimin-
ished default mode network (DMN) connectivity as opposed to a healthy control
group, whereas PTSD exhibited an opposite trend with enhanced DMN connectiv-
ity compared to both the control group and TBI cohort [34]. Another fMRI study by
Misic¢ et al. (2016) revealed a marked reduction in neural activity variability, imply-
ing a potential constraining effect of PTSD on the brain dynamic range of neural
activity after TBI [35].

A study by Todd et al. 2015, which employed MEG to probe the neural receptiv-
ity to combat-related cues in military personnel diagnosed with PTSD, observed an
amplified neural response in these individuals when confronted with such stimuli,
contrasting with their unaffected peers [36]. This implies a potential hypersensitiv-
ity within the PTSD-associated neural network to trauma-related instigators [36].
Nathan et al. confirmed persistent hyperconnectivity in emotion regulation in PTSD
patients post TBI. Their research, informed by the application of FDG-PET, revealed
that increased severity of PTSD symptoms was associated with heightened connec-
tivity in the middle frontal, parahippocampal, and precuneus regions in military
patients with TBI [37]. The heightened connectivity among these regions can be
seen as a potential PTSD biomarker during post-TBI convalescence.
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Essentially, exploiting neuroimaging techniques has allowed researchers to delve
into the realms of structural and functional anomalies embedded within the brain,
mapping critical connections between TBI and ensuing psychiatric disorders like
PTSD. Pioneering studies have not only unveiled the stark differences in DMN con-
nectivity between PTSD, TBI, and healthy individuals but have also exposed the
potentially restricting influence of PTSD on neural activity variability. MEG, with
its increasing prominence, has uncovered the hyperreactivity of PTSD-afflicted
neural networks to combat-related cues, and the persistent emotional hyperconnec-
tivity in PTSD patients post TBI, indicating a potential PTSD biomarker. While
structural MRI studies have linked post-TBI depression to gray matter reductions
and white matter damage, they haven’t identified a definitive neuroimaging bio-
marker. Nonetheless, they offer valuable leads for future research pathways.

4 Conclusion

The investigation and understanding of biomarkers, including CSF, blood biomark-
ers, and neuroimaging biomarkers, for psychiatric disorders following TBI are criti-
cal in advancing diagnosis, prognosis, and treatment.

The field of post-TBI psychiatric disorders has made significant advancements,
but gaps and challenges persist. Longitudinal studies on a large scale are crucial to
determine the reliability and specificity of CSF and blood biomarkers, such as
BDNF and GFAP, for psychiatric conditions, particularly PTSD. These studies
should consider factors like age, gender, ethnicity, and TBI severity to establish
biomarkers’ generalizability and external validity in real-world settings.
Understanding the underlying molecular and cellular mechanisms, exploring bio-
marker interactions, and standardizing measurement methods are essential.
Integrating fluid-based biomarkers with neuroimaging findings can provide a com-
prehensive understanding, enhance diagnostics, and aid in developing targeted
interventions. Longitudinal neuroimaging studies are also essential to track struc-
tural and functional changes. Additionally, Gotshall et al. (2021) discovered signifi-
cant associations between sleep quality and chronic inflammation in chronic mTBI
patients, indicating that sleep-focused interventions could potentially regulate
inflammatory processes and impact neuropsychological outcomes [38]. Further
research is needed to explore the bidirectional relationship between sleep and
inflammation following mTBI and determine the therapeutic implications of
addressing sleep disorders in these patients [38]. In sum, future perspectives should
consider refining already identified biomarkers, discovering new ones, and person-
alized treatments for psychiatric disorders after TBI.

Studying biomarkers for post-TBI psychiatric disorders, including CSF, blood,
and neuroimaging biomarkers, poses significant potential for improving the quality
of life for affected individuals. Future research will contribute to a more compre-
hensive understanding of TBI-related psychiatric disorders and ultimately pave the
way for better diagnosis, prognosis, and treatment options.
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