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Abstract

Traumatic brain injury (TBI), chronic traumatic encephalopathy (CTE), and Alzheimer’s disease (AD)
share several neuropathophysiological mechanisms, including axonal injury, neuroinflammation,
and abnormal protein aggregation, which may contribute to overlapping clinical manifestations. This
review compares the clinical phenotypes of TBI, CTE, and AD across somatic and sensory, motor,
cognitive, and neuropsychiatric domains to identify shared and distinguishing characteristics.
Common manifestations include memory and attention deficits, executive dysfunction, slowed
information processing, gait and balance impairment, depression, anxiety, irritability, apathy, and
personality changes. Despite these similarities, important differences were identified. TBI presents
acutely following injury and is associated with headache, vestibular disturbances, loss of
consciousness, and post-traumatic amnesia. CTE typically develops years after repetitive head
trauma and initially manifests with mood and behavioural disturbances, followed by progressive
cognitive decline and dementia in advanced stages. AD is characterized by progressive episodic
memory impairment, followed by language, visuospatial, executive, and functional decline. The
overlap in clinical presentation, particularly between CTE and AD, may complicate differential
diagnosis. Careful assessment of symptom onset, disease progression, injury history,
neuropsychological findings, neuroimaging, and biomarkers is essential for accurate diagnosis and
may improve early recognition and clinical management.

Keywords: traumatic brain injury (TBI); chronic traumatic encephalopathy (CTE); Alzheimer’s
disease (AD); neurodegeneration; phenotypic overlap; disease progression; differential diagnosis

1. Introduction

1.1. Traumatic Brain Injury (TBI): Definition, Epidemiology, Etiology, Pathophysiology/Pathology,
Classification

Traumatic brain injury (TBI) is an injury to the head or body caused by an external force or
penetrating injury that disrupts the normal brain function [1], possibly resulting in temporary or
permanent physical, cognitive and psychological impairment [2]. It is a global public health concern
and a major contributor to death and disability [3], as TBIs account for 30-40% of all injuries globally
[4]. Annually 50-60 million people worldwide experience a TBI with projections suggesting it will
remain one of the top three causes of trauma related death and disability by 2030 [5]. Certain
populations are at a higher risk of sustaining TBIs. Young children (0-4 years), adolescents (15-24
years) and older adults (>75 years) exhibit the highest incidence of TBIs per 100’000 individuals [1],
with a greater occurrence among men than women [3]. Additionally, military personnel and athletes
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participating in contact sports, are particularly vulnerable to mild traumatic brain injuries (mTBIs)
and repetitive mild traumatic brain injuries (r-mTBIs) [1].

The most common causes of TBI are accidental falls, assaults, motor vehicle-, construction-, and
sports-related accidents [3]. These incidents can damage the brain through mechanisms including
blunt trauma, penetrating injury, acceleration-deceleration forces, and blast injuries, disrupting the
normal brain function and initiating a cascade of pathophysiological processes [3]. The
pathophysiology of TBI consists of two phases: primary and secondary brain injury [6]. The primary
injury occurs at the moment of impact and results in immediate cellular damage including cell lysis,
axonal disconnection and the release of intracellular ions, neurotransmitters, and proteins [7]. Diffuse
axonal injury (DAI) is a common form of primary traumatic brain injury characterized by widespread
axonal damage resulting from shearing forces during rapid acceleration and deceleration forces of
the brain within the skull [6,8]. It is associated with cytoskeletal disruption, calcium influx, impaired
axonal transport, and the accumulation of amyloid precursor protein (APP) and amyloid-beta (Af3)
in injured axons within hours after the trauma [7,9]. The secondary brain injury is a progressive
process that develops after the initial trauma and can persist for hours to years, contributing
significantly to long-term neurological deficits [6]. Key mechanisms include oxidative stress,
excitotoxicity, mitochondrial dysfunction, apoptosis, and neuroinflammation, all of which contribute
to progressive neuronal and synaptic loss [7].

TBI can be classified according to injury severity [1], anatomical distribution of brain damage
[3], and temporal progression [10]. Depending on the severity, TBIs can be classified as mild,
moderate, and severe using the Glasgow Coma Scale (GCS), which tests eye, verbal, and motor
stimuli and is useful in the initial assessment of TBI [11]. The GCS assigns a score on the 15-point
scale and classifies a TBI as mild (13-15), moderate (9-12) and severe (<8) [11,12]. In addition to the
GCS, TBI severity classification also considers the duration of loss of consciousness (LOC), alteration
of consciousness (AOC), post-traumatic amnesia (PTA), and structural neuroimaging findings (Table
1) [1,13]. The term mild traumatic brain injury (mTBI) is often used interchangeably with concussion;
although concussions technically are a subset of mTBIs [14].

Table 1. Classification of traumatic brain injury severity into mild TBI (mTBI), moderate TBI,
and severe TBI according to duration of loss of consciousness (LOC), alteration of consciousness
(AOCQ), post-traumatic amnesia (PTA), Glasgow Coma Scale (GCS) score, and structural imaging
findings. Adapted from reviewed literature [1,13].

Table 1. Classification of Traumatic Brain Injury Severity Based Clinical Indicators.

Loss Of Alterations Of . Glasgow
. . . Post-Traumatic .
Severity Consciousness Consciousness Amnesia (PTA) Coma Scale  Structural Imaging
(LOC) (AOQ) (GCS)
Mild TBInTBD) ~ <30min %% i“z(f}‘lents © 0-1day 13-15 Generally normal
Moderate TBI  >30 minand <24 h >24h 1-7 days 9-12 Normal or abnormal
Severe TBI >24h >24h >7 days <9 Frequently abnormal

TBI can also be classified according to the extent and distribution of brain tissue involvement as
a focal or diffuse injury. Focal injuries are localized lesions due to direct impact to the head, resulting
in contusions, haemorrhages, and tissue damage at the site of injury (coup) or opposite side
(contrecoup). Diffuse injuries involve widespread brain damage and are commonly caused by
acceleration-deceleration and rotational forces that stretch and disrupt axons, leading to cerebral
oedema, and widespread neurological impairment [6]. Linear forces are more commonly associated
with focal injuries, whereas rotational forces are more frequently linked to diffuse injuries,
particularly DAI Both injury patterns may coexist following a traumatic event [3].

Based on temporal progression, TBI can be classified as acute or chronic [10]. Acute TBI refers to
the immediate injury and its early sensory, motor, neurocognitive and psychological manifestations,
which may persist up to months in some individuals [15]. Chronic TBI refers to the long-term
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neurological, cognitive, behavioural, and functional consequences that develop or persist months to
years after injury. Chronic manifestations of TBI encompass a spectrum of disorders including
chronic traumatic encephalopathy [10].

1.2. Chronic Traumatic Encephalopathy (CTE): Definition, Epidemiology, Etiology, Pathophysiology/
Pathology, Classification

Chronic traumatic encephalopathy (CTE) formerly known as “punch-drunk” or “dementia
pugilistica,” is a progressive neurodegenerative tauopathy that results from repetitive brain trauma
[16,17]. It presents years to decades after repetitive brain trauma, leading to progressive cognitive
decline, motor deficits, psychological symptoms, and eventually dementia, resembling Alzheimer’s
disease (AD) [18]. CTE has been linked to contact sports such as boxing, American football, wrestling,
and soccer. Given the millions of athletes participating in contact sports, CTE represents a major
public health issue [18]. In recent years, post-mortem findings, especially in American football
players, have significantly increased the public and scientific awareness of CTE [19]. Although
predominantly reported in contact sports, CTE has also been reported in non-athlete population such
as military veterans, individuals exposed to repetitive physical violence, epilepsy patients, those with
self-injury behaviours, and alcoholics with repeated falls [17,19,20]. Nonetheless, the epidemiology
of CTE remains unclear, with its incidence and prevalence among retired athletes, military personnel,
and the general population unknown [11,17].

The pathophysiology of CTE following repetitive TBI remains incompletely understood [4]. Key
mechanisms include the accumulation of hyperphosphorylated tau (p-tau) in neurons and glial cells,
driven by calcium influx and glutamate-mediated excitotoxicity, resulting in tau aggregation and
neurofibrillary tangles (NFTs) formation, leading to neuronal toxicity and disruption of neural
circuits [4,21]. Neuroinflammation, microglial dysfunction, impaired reparative mechanisms, and
disruption of the glymphatic system further contribute to progressive neurodegeneration, toxic
protein accumulation and worsening of the brain injury [4].

The hallmark neuropathological feature of CTE is the accumulation of p-tau NFTs in a
perivascular distribution at the depths of the cortical sulci, a pattern considered pathognomonic for
the disease [22]. Additional microscopic findings include neuronal loss, gliosis, axonal degeneration,
and TAR DNA-binding protein 43 (TDP-43) accumulation, and less commonly AP deposits [21,22].
Macroscopic changes in early CTE include mild enlargement of the lateral ventricles and/or third
ventricle and/ or mild septal abnormalities. Advanced CTE is characterized by enlargement of the
lateral and third ventricles, cavum septum pellucidum, septal perforations, and pallor of the
substantia nigra and locus coeruleus. In severe cases, marked medial temporal lobe atrophy and
profound global cerebral atrophy may also be present [22].

CTE classification comprises two complementary approaches: the neuropathological staging
system proposed by McKee et al. and the symptom-based Traumatic Encephalopathy Syndrome
(TES) clinical criteria [23]. McKee et al. (2013) classified CTE into four progressive neuropathological
stages (I-IV) based on the extent and distribution of p-tau pathology [10,16,24]. In Stage I, p-tau
pathology is confined to isolated perivascular foci at the depths of the cortical sulci, primarily within
the frontal cortex. Stage Il is characterized by multiple p-tau lesions with limited spread into adjacent
superficial cortical layers, while the medial temporal lobe remains spared. In Stage III, p-tau
pathology becomes widespread, involving the frontal, temporal, insular, and parietal cortices, as well
as medial temporal structures including the amygdala, hippocampus, and entorhinal cortex. Stage
IV represents the most advanced stage, with severe and extensive p-tau deposition throughout most
cortical and medial temporal regions, sparing the calcarine cortex except in the most severe cases [16].

In contrast, the Traumatic Encephalopathy Syndrome (TES) consensus criteria provide a
symptom-based clinical framework for identifying individuals with suspected CTE during life
[23,25]. Classification is based on a history of repetitive head impacts, persistent and progressive
cognitive impairment, and the exclusion of alternative neurological disorders, with supportive
behavioural, mood, or motor symptoms strengthening the diagnosis [26]. Based on these criteria,
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individuals are classified as probable TES, possible TES, or unlikely TES, while a definitive CTE
classification is only possible through postmortem neuropathological confirmation [27].

1.3. Alzheimer’s Disease: Definition, Epidemiology, Etiology, Pathophysiology/Pathology, Classification

Alzheimer’s disease (AD) is a neurodegenerative disorder associated with progressive neuronal
loss, cognitive impairment including memory decline, impaired thinking and changes in behaviour
[28,29]. AD is the most common form of dementia and accounts for approximately 60-80% of all
dementia cases [29]. It poses a major health challenge, with an estimated 55 million cases worldwide
in 2019 and projections indicating a rise to nearly 139 million cases by 2050 [30]. AD predominantly
affects individuals over 65 years, with a prevalence of 10-30% in this age group and an incidence that
doubles every 10 years after the age of 60. It is more common in women, particularly in those over
the age of 80 [31].

The pathophysiology of AD is complex and multifactorial, involving genetic, environmental,
and age-related factors [29,32]. According to the amyloid beta hypothesis, proposed by John Hardy
and David Allsop, A accumulation is an early event that triggers downstream processes including
tau pathology, cell death, vascular damage and ultimately dementia. In parallel, tau proteins become
hyperphosphorylated and aggregate into NFTs, disrupting microtubule stability and axonal
transport [29]. Mutations in the APP, presenilin 1 (PSEN1), and presenilin 2 (PSEN2) genes were
identified to increase A3 aggregation, while comorbidities such as cardiovascular diseases, obesity
and diabetes further elevate the risk of AD [29]. In addition to amyloid and tau pathology, several
other mechanisms contribute to AD progression, including mitochondrial dysfunction, oxidative
stress, insulin resistance, and neuroinflammation [29,32].

The neuropathological hallmarks of AD are the accumulation of extracellular AP plaques and
intracellular NFTs composed of p-tau, which define the disease at autopsy [29,32-34]. These
pathological changes primarily affect memory-related regions, such as the hippocampus. However,
they are not restricted to these regions, as their spatiotemporal progression extends to other
anatomical structures, including the cerebellum, basal ganglia, and motor cortex [35]. Additional
microscopic characteristics include cerebral amyloid angiopathy (CAA), resulting from Af
deposition within the walls of cerebral blood vessels, progressive neuronal and synaptic loss, and
reactive gliosis [29,32-34]. Macroscopically, AD is characterized by symmetrical cortical atrophy,
predominantly involving the medial temporal lobes, with relative preservation of the primary motor,
sensory, and visual cortices. The resulting loss of brain parenchyma leads to secondary enlargement
of the lateral ventricles (ex vacuo hydrocephalus) [34].

AD can be classified according to its neuropathological characteristics, etiology, age of onset,
and disease progression. To standardize neuropathological assessment, the 2012 National Institute
on Aging—Alzheimer’s Association (NIA-AA) guidelines introduced the ABC score, which integrates
the Thal AP phase (A), Braak neurofibrillary tangle stage (B), and CERAD neuritic plaque score (C)
to classify AD neuropathological change as not, low, intermediate, or high [36].

The Thal classification (Thal A3 phase) stages the progressive neuroanatomical spread of A
pathology throughout the brain. AB deposition begins in the neocortex (phase 1), extends to the
hippocampus and cingulate gyrus (phase 2), progresses to the striatum and basal forebrain (phase 3),
then to the midbrain central gray matter and brainstem (phase 4), and finally reaches the cerebellum
(phase 5) [37,38].

The Braak staging system describes the progression of tau pathology. NFTs initially appear in
the transentorhinal and entorhinal cortices (stages I-II), spread to limbic structures including the
hippocampal formation, amygdala, thalamus, and claustrum (stages III-IV), and ultimately involve
the associative neocortex, followed by the primary sensory, motor, and visual cortices (stages V-VI)
[34].

The CERAD (Consortium to Establish a Registry for Alzheimer’s Disease) neuropathological
classification is based on a semiquantitative assessment of neuritic plaques, diffuse plaques, NFTs,
and other pathological changes. An age-related neuritic plaque score combined with the clinical
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history determines the diagnostic certainty of AD (definite, probable, possible, or no evidence of AD)
[39].

Based on etiology, AD is classified as familial (fAD) or sporadic (sAD). Familial AD accounts for
fewer than 5% of cases and is caused by mutations in APP, PSEN1, or PSEN2, whereas sporadic AD
results from a multifactorial combination of aging, genetic susceptibility such as Apolipoprotein E ¢4
(APOE e€4), and environmental factors [28,40]. AD is further categorized by age of onset: late-onset
AD (LO-AD) develops after 65 years, while early-onset AD (EO-AD), accounting for approximately
5.5% of cases, occurs before 65 years [41].

Clinically, AD progresses through five stages: preclinical AD, mild cognitive impairment (MCI),
mild dementia, moderate dementia, and severe dementia, characterized by progressive cognitive and
functional decline [40].

1.4. Rationale, Objectives, and Scope of the Review

Traumatic brain injury (TBI), chronic traumatic encephalopathy (CTE), and Alzheimer’s disease
(AD) share several pathophysiological mechanisms, including axonal injury, neuroinflammation,
and abnormal protein aggregation [7,28,40]. Increasing evidence suggests that TBI contributes to
long-term neurodegenerative processes. Epidemiological studies report a 58-82% higher risk for
developing AD, particularly following moderate-to-severe injuries and among APOE &4 carriers
[7,42-46]. Although the mechanisms linking TBI to AD remain incompletely understood, both
conditions share several pathophysiological features, including axonal injury, neuroinflammation,
and abnormal A{3 and p-tau accumulation [3,7,47] . Experimental and postmortem studies further
demonstrate that TBI can induce AD-like A3 and tau pathology, which may persist long after the
initial injury [3,7,47,48]. Additionally, CTE is a latent consequence of TBI and individuals with one or
two copies of the APOe4 allele have a higher risk for developing CTE [49]. Both CTE and AD exhibit
neuropathological features that overlap with those observed following brain injury, including
persistent tau and A{3 pathology [16,50,51].

Similar pathophysiological mechanisms in TBI, CTE, and AD, raise the question of whether these
conditions also share clinical features and how this overlap may complicate clinical recognition,
differential diagnosis, and disease classification. Recognizing and distinguishing these conditions
may be challenging, as all three can present with sensory, cognitive, motor and neuropsychiatric and
behavioural symptoms [25,52-55].

The aim of this review is to compare the clinical phenotypes of TBIL, CTE, and AD by examining
their shared and distinguishing clinical manifestations, as well as differences in symptom onset,
progression, and clinical course. For the purposes of this review, clinical manifestations are organized
into four domains: sensory and somatic, motor, cognitive, and neuropsychiatric and behavioural.
Pathophysiology and diagnostics are discussed where they provide context for the clinical
presentation, whereas therapeutic interventions are beyond the scope of this review.

2. Traumatic Brain Injury vs. Chronic Traumatic Encephalopathy vs. Alzheimer’s
Disease

2.1. Traumatic Brain Injury (TBI)

Acute traumatic brain injury (TBI) occurs immediately at the time of the traumatic event and is
followed by a spectrum of clinical signs and symptoms [10]. The severity and presentation of
symptoms depend on whether the injury is classified as mild, moderate, or severe and what part of
the brain the injury affects. While signs and symptoms often appear immediately after the injury,
they may also manifest hours to days later [12,56]. In the acute phase, patients may experience a
period of LOC, PTA, or AOC [13,57].

2.1.1. Somatic and Sensory Manifestations
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The clinical presentation of TBI includes a wide range of symptoms such as headache, dizziness,
vertigo, nausea and vomiting [1,56,58]. Headache is the most common reported symptom after TBI,
which may begin immediately after injury and can last for months after the injury event [3]. Post-TBI
headache is categorized as acute or chronic, with the acute type resolving within 2 months and the
chronic type persisting for longer [56]. Headache usually coexists with dizziness, which is reported
in ~24% to 74% of TBI patients [3]. Sensory changes are especially common in moderate to severe TBI
patients and can involve hypersensitivity to a stimulus or a diminished/loss of function [59]. These
changes include blurry vision, hypersensitivity to light (photophobia), hypersensitivity to sound
(hyperacusis), tinnitus, and a subjective sense of feeling dazed or stunned [1,56,58]. Patients with
moderate to severe TBI may also experience a loss of vision/ hearing in one or both eyes/ ears,
mydriasis in one or both eyes and numbness or tingling of arms and legs [1]. While some changes
like hearing loss can be objectively measured, others, such as noise hypersensitivity, are inherently
subjective and depend on self-report [59].

2.1.2. Motor Manifestations

Acutely, TBI causes neuromotor deficits that vary according to injury severity. mTBI is
commonly associated with balance and coordination impairments, whereas severe TBI can result in
spastic paralysis, postural instability, gait abnormalities, and reduced fine motor control [53]. An
injury to the basal ganglia (or dorsolateral frontal region) can lead to tremor, bradykinesia and
cogwheeling [56]. Other motor manifestations include weakness slurred speech (dysarthria), and
convulsions or seizures [1]. Motor impairments are rather common, with nearly 78% of moderate to
severe TBI patients reporting some degree of gross neuromotor impairment during rehabilitation.
Motor impairments may persist beyond the acute phase reducing mobility and potentially
contributing to poorer quality of life following TBI [53].

2.1.3. Cognitive Manifestations

TBI-related cognitive manifestations vary according to injury location and severity [60].
Common cognitive consequences include deficits in attention, memory, and executive functioning
[61]. Patients may also experience difficulties with concentration, reduced information processing
speed, and impaired learning capacity [60,61].

Attention impairments may arise from damage to the neural network responsible for attention
processes. It includes the reticular formation, thalamus, hippocampal and entorhinal areas, as well as
the frontal and right parietal lobes and their axonal connections [61].

Memory impairment is also frequently observed and may affect studying, planning, recalling
information, and navigating daily life [62]. Acutely after a TBI, patients may experience anterograde
amnesia and retrograde amnesia together with disorientation, attentional deficits and agitation as
part of PTA or post-TBI syndrome [63]. Additionally, delirium is a common consequence of TBI. It
constitutes an acute alteration in mental status characterized by confusion, inattention and fluctuating
levels of arousal [64].

Executive dysfunction, often associated with frontal lobe injury [61], may result in difficulties
with problem-solving, planning, reasoning, multitasking and judgement [47]. Patients may also
experience difficulties with organizing and sequencing of tasks, making it more difficult to perform
preinjury jobs or follow instructions that would ordinarily be routine. As a result, patients may
become irritable, anxious, apathic or depressed [56].

2.1.4. Neuropsychiatric and Behavioural Manifestations

TBI is associated with a wide range of psychiatric manifestations that contribute significantly to
disability and reduced quality of life in chronic TBI. The development of these manifestations is
influenced by both the location of brain damage and acute alterations in neurotransmitter systems,
including acetylcholine, norepinephrine, dopamine, and serotonin [65,66]. Damage to specific frontal
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and fronto-subcortical networks can result in distinct neuropsychiatric syndromes. Orbitofrontal
lesions are associated with disinhibition, dorsolateral frontal lesions with executive dysfunction,
anterior cingulate lesions with apathy, and broader frontal circuit disruption may lead to emotional,
behavioural, and personality changes [65].

Common psychiatric manifestations following TBI include depression, anxiety, post-traumatic
stress disorder (PTSD), suicidality, aggression, impulsivity, irritability, emotional lability, apathy,
and personality changes [56,65,66].

Depression is the most frequently reported psychiatric disorder, affecting approximately 25—
50% of individuals within the first year after injury and up to 64% during their lifetime [65]. Anxiety
disorders and PTSD are also highly prevalent, while bipolar disorder, psychosis, and substance-use
disorders may occur less frequently but remain important clinical sequelae [66]. Furthermore,
behavioural dyscontrol, characterized by aggression, agitation, disinhibition, withdrawal, and poor
impulse control, is common after TBI and is often associated with frontal lobe damage and poorer
social and rehabilitation outcomes [67]. The severity and presentation of psychiatric symptoms are
further influenced by injury characteristics, premorbid psychiatric history, social support, substance
use, and other individual risk factors [66].

2.1.5. Sleep Disturbances and Fatigue

Sleep disturbances are common after a TBI, affecting 30-70% of individuals [68]. Insomnia,
fatigue and sleepiness are the most frequent post-TBI sleep complaints. Narcolepsy (with or without
cataplexy), sleep apnea (obstructive and/or central), periodic limb movement disorder, and
parasomnias occur less commonly [68]. Other post-TBI sleep complaints include maintaining sleep,
hypersomnia and day-time somnolence [3,66].

Although often associated with sleep disturbances, fatigue represents a distinct and highly
prevalent symptom following TBI. Precise estimates of post-TBI fatigue vary greatly between 21-73%
but are consistently exceeding the prevalence of fatigue in the general population of 10-20% [69].
Post-TBI fatigue can become persistent and debilitating. It is associated with poor social activity and
isolation affecting the patient’s quality of life [3].

2.1.6. Traumatic Brain Injury Diagnosis and Biomarkers

TBI diagnosis is clinical and relies on patient history, GCS scoring, and symptom assessment
tools, neuroimaging and fluid biomarkers. No single definitive diagnostic test exists, particularly for
mTBI [1,70-73]. Assessment should include a detailed patient history, mental status examination,
neurological examination, and evaluation of neuropsychiatric symptoms using standardized
instruments (e.g., Neurobehavioural Rating Scale, Neuropsychiatric Inventory) [74].
Neuropsychological testing can identify cognitive impairments that may not be evident in routine
clinical examination, particularly valuable for concussion [75]. In acute sport-related concussions,
neuropsychological assessment can be conducted using the Sport Concussion Assessment Tool, 6th
Edition (SCAT®6), a standardized multidomain tool designed to assist clinicians in the evaluation of
concussion [76].

Computed Tomography (CT) and Structural Magnetic Resonance Imaging (MRI) are used to
rule out acute haemorrhagic events or severe structural injuries requiring immediate neurosurgical
intervention [12,70]. In an uncomplicated mTBI without structural brain injury such as intracranial
hematomas or cranial haemorrhages, a conventional CT and MRI are normal, and a diagnosis is based
on clinical presentation [18,70,71].

Advanced MRI techniques, including diffusion tensor imaging (DTI), functional MRI (fMRI),
and magnetic resonance spectroscopy (MRS), can detect subtle white matter and metabolic
abnormalities not visible on conventional imaging and have shown potential to support diagnosis
and prognosis after brain injury [12,70,77,78]. fMRI and DTI are useful tools for identifying
ultrastructural and functional brain alterations associated with concussions [75].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202609.1045.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 September 2026 d0i:10.20944/preprints202609.1045.v1

8 of 27

Although inconsistently integrated into clinical practice, blood (serum or plasma) and
cerebrospinal fluid (CSF) biomarkers can support TBI assessment, management, and prognosis while
reducing unnecessary interventions [1]. Key biomarkers include glial fibrillary acidic protein (GFAP),
ubiquitin C-terminal hydrolase-L1 (UCH-L1), S100 calcium-binding protein B (5S100B), neurofilament
light chain (NFL) and total tau (t-tau) [1,79].

2.1.7. Progression and Prognosis

The outcome following TBI ranges from complete recovery to permanent disability and death
[2]. Consequences may include neurological deficits, cognitive impairment, reduced quality of life,
and persistent post-traumatic symptoms [80]. mTBI is generally considered a self-limiting condition,
with most individuals recovering within 1-2 weeks and symptoms returning to pre-injury levels
within 7-14 days [1,58]. However, a subset of patients experiences persistent post-concussive
symptoms, and approximately 10-20% develop post-concussion syndrome (PCS), with symptoms
lasting months or years after the injury [81-83]. Although post-concussive symptoms are widely
recognized as common during the first month after injury, and may persist longer following
moderate-to-severe TBI, the prevalence and duration of symptoms beyond three months in mTBI
remain debated [80,84]. Studies indicate that symptoms following mTBI may persist for up to one
year in a substantial proportion of patients [85,86]. It has been observed that across mild, moderate,
and severe TBI, cognitive symptoms, particularly memory difficulties, slowed thinking, and
concentration problems, are among the most commonly reported long-term complaints, while
emotional symptoms such as irritability and frustration may also persist [80]. Long-term deficits have
been documented following severe TBI, with impairments in memory, attention, language, and
functional independence persisting for up to seven years after injury [87].

Several factors have been associated with poorer outcomes following TBI, including older age,
lower Glasgow Coma Scale (GCS) scores, absent pupillary reactivity, major extracranial injuries, and
more severe CT abnormalities. Greater injury severity has been associated with an increased risk of
mortality and severe disability [88]. Long-term complications may include chronic traumatic
encephalopathy (CTE), dementia, depression, post-traumatic stress disorder (PTSD), endocrine
dysfunction, and other long-term complications that contribute to increased morbidity and mortality
[89].

2.2. Chronic Traumatic Encephalopathy (CTE)

Chronic traumatic encephalopathy (CTE) follows an insidious course, with a mean latent
interval of 8 years between the last trauma and the development of symptoms. Initial symptoms have
been documented to first appear between the ages 35 to 45, but range in onset between ages 24 to 65
[46,70]. CTE progresses through several stages, with symptoms becoming progressively more severe
over time [16]. Data on clinical manifestations of CTE have only recently been accumulating via post-
mortem medical record reviews and interviews of friends or family members of individuals with
neuropathologically documented CTE [18].

2.2.1. Somatic Manifestation

The literature primarily described persistent and chronic headache as a somatic manifestation
of CTE [90-93]. Headache is an early clinical manifestation of CTE, characteristic of Stage I disease
[21]. In a retrospective autopsy cohort study, McKee et al. (2013) reported that 13 of 51 (25.5%)
clinically characterized individuals with neuropathologically confirmed CTE had headaches.
Headache was documented in 4 Stage I cases, 5 Stage Il cases, and 4 Stage III cases, with no Stage IV
cases reporting headache [16]. Further supporting these findings, Stern et al. (2013) reported in their
retrospective cohort study that 34.4% of symptomatic individuals with neuropathologically
confirmed CTE had a history of significant headaches [94].

2.2.2. Motor Manifestations
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Motor manifestations were among the earliest and most consistently reported clinical features
of CTE, particularly among former boxers [26]. Motor features of CTE may include parkinsonism,
ataxia, tremor, rigidity, gait, balance problems, weakness, coordination problems, spasticity and
dysarthria [16,26,46,58,92]. Motor neuron disease (MND) has been noted in a subset of athletes with
CTE, but whether this phenotype is a subtype of CTE or an overlap of two disease processes remains
unclear [10]. In more recent descriptions of CTE, published after 2005, motor symptoms have played
aless prominent role in the clinical presentation, with greater emphasis placed on mood, behavioural,
and cognitive symptoms [26]. It has been hypothesized that sport-specific injury biomechanics
influence the development of motor manifestations in CTE. In boxing, angular acceleration and
torsional injury involving the brainstem and cerebellum may contribute to earlier degeneration of
brainstem structures such as the substantia nigra, leading to parkinsonism. Transverse and linear
acceleration and deceleration injuries are more characteristic of football dynamics. They may lead to
substantia nigra degeneration in the later disease course, alongside widespread cortical and basal
ganglionic degeneration that may mask CTE motor symptoms [94].

2.2.3. Cognitive Manifestations

Cognitive symptoms in CTE include impairments in new learning, memory, language, attention,
concentration, information processing speed, visuospatial abilities and executive functioning such as
impaired sequencing abilities, judgement, abstraction, reasoning, planning and organization [91,93].

As CTE advances, the neurodegenerative process may progress to dementia [21]. Approximately
45% of individuals with CTE develop dementia [95], although reported prevalence estimates vary
across cohorts and study populations. Layden et al. (2026) found that, among 366 individuals with
autopsy-confirmed CTE, 147 (40.2%) were retrospectively determined to have had dementia before
death based on a consensus clinical diagnosis informed by proxy reports and medical-record review.
Dementia was observed in 52.6% of individuals with Stage III CTE and 82.5% of those with Stage IV
CTE. Relative to individuals without CTE, Stage III and Stage IV pathology were associated with
2.12-fold and 4.48-fold increased odds of dementia, respectively [96]. Stern et al. (2013) reported that
among 33 symptomatic athletes with neuropathologically confirmed CTE, 30.3% had been diagnosed
with dementia during life, and all dementia cases were associated with Stage IV CTE pathology.
Individuals whose initial presentation involved cognitive impairment were more likely to develop
dementia (54.5%) than those presenting with behavioural or mood symptoms (18.2%) [94].

2.2.4. Neuropsychiatric and Behavioural Manifestations

Behavioural disturbances are often the earliest symptoms of CTE and can include depression,
mood swings, apathy, impulsivity, aggression, and suicidality [3,10,97,98]. In the mildest stage,
affective symptoms can manifest as emotional lability, euphoria and hypomania [91,99]. Other
behavioural manifestations include explosivity [25], disinhibition [100], agitation [25], irritability
[25,97], social withdrawal [101,102], reduced motivation [103] and violence [100]. Late
neurobehavioural features include exacerbation of aggression, suspiciousness, childishness,
loquacity and restlessness [91]. Behavioural symptoms are accompanied by neuropsychiatric
symptoms such as personality changes [46], anxiety [25], paranoia [25], delusions and hallucinations
[98]. Drug and alcohol abuse is common among athletes with CTE [100].

Depressive symptoms are prevalent in CTE and include not only depressed mood but also
hopelessness, suicidal ideation, and vegetative symptoms [25]. A high proportion of pathologically
validated CTE cases has died by suicide, with reported rates ranging from 10% to 29% across cohorts
[25].

CTE also demonstrates an overlap with other neuropsychiatric conditions [90]. Many psychiatric
symptoms attributed to CTE are also prevalent in men with depression in the general population
[104]. Notably, mood and behavioural symptoms associated with CTE are reported to be the most
concerning features for family members and colleagues [18].
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2.2.5. Chronic Traumatic Encephalopathy Diagnosis and Biomarkers

A purely clinical diagnosis of CTE is difficult because its disease course and clinical presentation
are not unique [105]. The definitive diagnosis of CTE currently requires post-mortem
neuropathological examination [20,94,106-108]. The pathognomonic neuropathological finding is the
accumulation of p-tau in a perivascular distribution at the depths of the cortical sulci, while
additional NFTs in cortical and subcortical regions, including the hippocampus, amygdala, and
thalamus, represent supportive findings [79].

Structural MR, diffusion MRI, PET, and SPECT have demonstrated structural, microstructural,
and molecular abnormalities in individuals with suspected CTE. Among these modalities, tau-
binding PET showed the greatest diagnostic potential, distinguishing suspected CTE from healthy
controls and AD through the detection of characteristic tau pathology. However, current
neuroimaging biomarkers have not yet been sufficiently validated for a definitive in vivo diagnosis
of CTE and are therefore considered supportive rather than confirmatory [109].

To date, no reliable in vivo biomarker for CTE has been established [110]. However, exosomal
tau has emerged as a promising candidate, with elevated plasma exosomal tau levels reported in
individuals with a history of repetitive head impacts and symptoms consistent with CTE [79,111].
Higher exosomal tau concentrations have also been associated with poorer performance in
processing speed, working memory, and episodic memory, suggesting a potential relationship
between exosomal tau levels and cognitive impairment in CTE [111].

2.2.6. Progression and Prognosis

Based on McKee et al. four-stage pathological classification, the progression of CTE can be
described as a gradual worsening of clinical symptoms that correlates with increasing brain
pathology [21]. Stage I is often asymptomatic or characterized by nonspecific symptoms such as
headache, irritability, mild depressive symptoms, mild aggression, mild short term memory deficits
and reduced concentration. Stage II is associated with cognitive and behavioural symptoms,
including short-term memory impairment, disorganization, difficulty planning, aggression,
explosivity, more severe depression and suicidality. By Stage IlI, patients typically exhibit significant
cognitive impairment with memory loss, executive dysfunction, attention deficits, as well as apathy
alongside symptoms from earlier stages. Stage IV represents advanced disease with severe executive
dysfunction, profound memory loss, dementia, and additional features such as language impairment,
paranoia, depression, visuospatial deficits, aggression, explosivity, and motor deficits including gait
disturbances and parkinsonism [16,21,70,112,113].

2.3. Clinical Manifestations of Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is characterized clinically by insidious onset and slowly progressive
cognitive dysfunction, particularly impaired memory [114]. Symptoms onset most often develops
after 65 years of age (late-onset AD), with a subset developing symptoms earlier, before the age of 65
years (early-onset AD) [41]. AD does not only affect cognitive functions leading to functional and
executive disabilities, but is also associated with neuropsychiatric symptoms, behavioural disorders
and loss of motor functions [28,114].

2.3.1. Somatic and Sensory Manifestations

Somatic manifestations in AD include sensory deficits such as hearing and visual impairments,
gustatory and olfactory dysfunctions, and tactile disturbances [40,115-117]. Sensory impairments are
increasingly recognized as important non-cognitive manifestations of AD and may precede the onset
of cognitive decline, particularly olfactory and gustatory deficits. Sensory dysfunction is associated
with AD-related neuropathological changes, including Af accumulation, tau pathology, and
neuronal loss within primary and sensory association cortices, which are thought to contribute to
sensory deficits. Olfactory dysfunction is linked to early neuropathological changes in the olfactory
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bulb and entorhinal cortex. Hearing impairment is strongly associated with AD, although its
contribution to disease progression remains uncertain. In addition, visual abnormalities, including
retinal thinning, together with altered tactile perception, further demonstrate that AD affects multiple
sensory systems beyond cognition [116].

2.3.2. Motor Manifestations

Motor manifestations in AD become more pronounced during the intermediate and late stages,
although current evidence suggests they can also emerge in the early stages [35]. Motor
manifestations in AD may include gait, bradykinesia, slowness, rigidity, motor denervation, muscle
atrophy and decreased strength [35,118,119]. Difficulties with coordination, manual dexterity, and
both dynamic and static balance have also been documented [35].

One of the most frequently reported motor manifestations in AD is gait impairment. Studies
have shown that gait abnormalities become more prevalent and severe as the disease progresses,
leading to reduced mobility and an increased risk of falls, which may result in severe injuries and
fractures [35,120].

Furthermore, muscle atrophy and reduced muscle strength are among the most common motor
signs, occurring even in the early stages of the disease and progressing as the disease advances.
Studies have correlated decreased muscle strength with reduced brain volume and cognitive decline,
as well as with abnormal weight loss and cachexia, which impair patient functionality and increase
the risk of fractures [35]. Motor impairments in AD are thought to be associated with the progressive
spread of AD pathology into brain regions involved in motor control, including the motor cortex,
cerebellum, and basal ganglia [35].

2.3.3. Cognitive Manifestations

Cognitive deficits in AD include progressive decline in memory, attention, difficulties learning
new information, problem-solving deficits, confusion, language, and visuospatial impairments, as
well as impaired executive function, aphasia, apraxia, and agnosia [28,31,121,122].

Episodic memory, a type of long-term declarative memory, is defined as the ability to acquire
and recollect personally experienced events within their emotional, spatial, and temporal context.
Episodic memory impairment is among the earliest cognitive manifestations of AD and generally
declines before executive functions and other cognitive functions [123]. Working memory is also
impaired early on in the disease course [124]. Memory loss is closely linked to damage in the
hippocampus, as it is essential for consolidating short-term memory into long-term memory. AD
pathology begins in the entorhinal cortex and hippocampus, where progressive neuronal loss and
atrophy disrupt the formation of new memories. Consequently, reduced hippocampal volume is
strongly associated with poorer memory performance in AD [124].

In addition to memory deficits, attentional impairments are an important feature of AD and
contribute to cognitive symptoms. Because attention is essential for encoding and processing
information, deficits in attention can worsen cognitive impairment. Evidence suggests that early
degeneration of the locus coeruleus and disruption of the noradrenergic system contribute to these
attentional deficits [125].

Executive functions, defined as the ability to abstract, plan organize, shift and adapt current to
future behaviour, are commonly impaired in AD [122], leading to difficulties with problem-solving,
decision-making, multitasking, and household management [31]. Patients may require more time to
complete daily tasks or find it harder to complete multistep tasks such as bathing and dressing [40].
In later stages, patients may struggle to recognize loved ones or may become incontinent [40]. As AD
pathology progresses beyond the medial temporal lobe, additional cognitive deficits emerge and the
full dementia syndrome becomes apparent [126].

2.3.4. Neuropsychiatric and Behavioural Manifestations
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Neuropsychiatric symptoms (NPS) are a hallmark of Alzheimer’s disease, affecting almost all
individuals with dementia over the course of the disease and may emerge early, even during the
preclinical or MCI stages [127]. NPS include apathy, depression, aggression, anxiety, irritability and
psychosis, including delusions and hallucinations. Other manifestations are emotional distress,
personality changes, euphoria, disinhibition, agitation, and appetite changes [28,121,128-133].
Apathy, depression, anxiety, and irritability may emerge during the early or even preclinical stages
of AD [121]. Agitation, delusions, disinhibition, and hallucinations are more commonly associated
with the moderate-to-late stages of the disease. In addition, aberrant motor behaviours, characterized
by excessive purposeless or repetitive activities such as wandering, fidgeting, rummaging, and
repeated dressing or undressing, are more commonly observed during the moderate stages of the
disease [121]. A meta-analysis of 62 studies reported that women were more likely to exhibit
depressive and psychotic symptoms, whereas men demonstrated greater levels of apathy [134]. The
presence of NPS has been associated with accelerated cognitive decline, progression to severe
dementia, increased mortality, and reduced quality of life [128,129].

2.3.5. Sleep Disturbances

Sleep disturbances are common in AD and may occur years before the onset of clinical
symptoms, making them a potential early indicator of disease development [121,135,136]. Common
manifestations include insomnia, disrupted sleep-wake cycles, difficulty initiating and maintaining
sleep, early-morning awakening, excessive daytime sleepiness, daytime napping, and sleep
fragmentation [135,136]. In addition, reduced slow-wave and REM sleep can be observed in AD,
together with sleep disorders such as obstructive sleep apnea, sleep-disordered breathing, restless
legs syndrome, and periodic limb movements during sleep [135]. The relationship between sleep and
AD appears to be bidirectional, whereby AD pathology disrupts normal sleep, while poor sleep may
contribute to disease progression and neurodegeneration, highlighting sleep as a possible target for
therapeutic intervention [135,136].

2.3.6. Alzheimer’s Disease Diagnosis and Biomarkers

Historically, a definitive diagnosis of AD required post-mortem histopathological confirmation
of amyloid plaques and NFTs, while living patients were diagnosed with probable AD based on
clinical presentation [137]. Advances in biomarker research have since enabled the detection of AD
pathology in vivo using CSF biomarkers and molecular neuroimaging, allowing diagnosis at earlier
stages of the disease before dementia develops [137].

Diagnosis of AD is based on a combination of clinical assessment, cognitive testing, laboratory
investigations, and neuroimaging. A detailed medical history, including information from family
members or caregivers, is essential to evaluate cognitive decline and functional impairment.
Cognitive screening tools such as the Montreal Cognitive Assessment (MoCA) and Mini-Mental State
Examination (MMSE), and Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog)
are commonly used to assess cognitive function [29,54]. Laboratory tests, including complete blood
count, metabolic panel, thyroid function tests, and vitamin B12 levels, are performed to exclude
reversible causes of cognitive impairment [54]. Structural neuroimaging, particularly, MRI, may
reveal characteristic brain atrophy in AD, especially within medial temporal lobe structures such as
the hippocampus and entorhinal cortex [138]. PET imaging and CSF biomarkers, including A{342,
phosphorylated tau, and total tau, can support the diagnosis and staging of AD and are valuable for
detecting disease progression from presymptomatic and mild cognitive impairment stages before
dementia develops [139]. Current research is focused on developing minimally invasive biomarkers,
particularly blood-based biomarkers, and integrating artificial intelligence (AI) and machine learning
to analyse biomarker, imaging, and clinical data, with the aim of improving early diagnosis,
diagnostic accuracy, and personalised risk prediction [139].

2.3.7. Progression and Prognosis
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AD is characterized by a progressive decline in episodic memory that gradually extends to other
cognitive domains and increasingly interferes with activities of daily living. As pathology spreads to
additional cortical regions, deficits in executive function, language, and visuospatial abilities emerge,
ultimately resulting in dementia [40,126].

Disease progression is preceded by a preclinical phase, during which AD pathology is detectable
by biomarkers despite the absence of cognitive symptoms. This asymptomatic phase may last 10-20
years before subtle impairments in memory, cognition, and language develop, consistent with mild
cognitive impairment (MCI), while dementia is not yet present [40,140-143]. Continued
neurodegeneration leads to progressive loss of functional independence. Early dementia is associated
with largely preserved independence but an increasing need for assistance, whereas advancing
disease results in greater confusion, difficulty performing multistep tasks, personality changes,
incontinence, and eventually profound cognitive impairment, markedly reduced verbal
communication, immobility, and complete dependence on caregivers [40,144]. AD is relentlessly
progressive, with an average life expectancy of 4-8 years after diagnosis in individuals aged 65 years
or older, although some patients may survive up to 20 years after symptom onset. Progressive
physical decline, reduced mobility, and dysphagia increase the risk of infections, particularly
pneumonia, which is the leading cause of death. Other complications include depression, agitation,
delirium, wandering, dehydration, malnutrition, falls, and bladder or bowel dysfunction, all of which
further reduce quality of life [54].

Table 2. Summary of the major clinical manifestations reported in traumatic brain injury
(TBI), Chronic traumatic encephalopathy (CTE), and Alzheimer’s disease (AD) across
somatic/sensory, cognitive, motor, neuropsychiatric/behavioural, and sleep/fatigue domains.

Table 2. Major clinical manifestations reported in traumatic brain injury (TBI), Chronic traumatic
encephalopathy (CTE), and Alzheimer's disease (AD) across somatic/sensory, cognitive, motor,

neuropsychiatric/behavioural, and sleep/fatigue domains.

Clinical Domain Traumatic Brain Injury (TBI) Chronic Traumatic Alzheimer’s Disease (AD)
Encephalopathy (CTE)

Headache; vestibular
symptoms (dizziness, vertigo);

nausea/vomiting; sensory Persistent headache Sensory impairment (olfactory,
Somatic & Sensory  disturbances (photophobia, visual, hearing, gustatory, and
tinnitus, hyperacusis, visual tactile deficits)
changes, numbness and
tingling)

Gait and balance
Gait and balance impairment; impairment; coordination Gait and balance impairment;

coordination deficits; tremor; deficits; parkinsonism; coordination deficits;
Motor .. . .. e
bradykinesia; dysarthria; tremor; bradykinesia;  bradykinesia; rigidity; reduced
weakness rigidity; ataxia; dysarthria;  strength; muscle atrophy
weakness

. . Attention and concentration . ..
Attention and concentration Attention deficits; memory

.. . . deficits; memory } . ) .
deficits; memory impairment; . . . . impairment; impaired new
. . . impairment; impaired new ] .
impaired new learning; slowed . learning; executive
. . . . learning; slowed .
Cognitive information processing; . . . dysfunction; language and
. . information processing; . s .
executive dysfunction; visuospatial impairment;

.o . executive dysfunction; . . .
amnesia; disorientation; aphasia, apraxia and agnosia;

language and visuospatial

confusion . - . confusion; dementia
impairment; dementia
Depression; anxiety; Depression; anxiety; . .
Depression; anxiety;
irritability; aggression; irritability; aggression; . 'tpb'l't ,y
. . . . . . . irritability; aggression;
Behavioural / impulsivity; behavioural impulsivity; explosivity; disi h'b'};'ogg th
isinhibition; apathy;
Neuropsychiatric  dyscontrol; apathy; emotional apathy; emotional lability; . partys
e ; . personality changes; psychosis
lability; personality changes; personality changes; . L
LT . . (delusions and hallucinations);
PTSD; suicidality paranoia; psychosis
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(delusions and wandering and repetitive
hallucinations); suicidality behaviours
Insomnia; hypersomnia; Insomnia; excessive daytime
. excessive daytime sleepiness; . sleepiness; slee
Sleep & Fatigue ¢ qay P . Not well characterized P . P
sleep-disordered breathing; fragmentation; sleep-
fatigue disordered breathing

Compiled by the authors based on the reviewed literature. References supporting each clinical
domain are as follows:

Somatic/ sensory; TBI [1,3,56,58,59], CTE [16,21,90-94], AD [40,115-117]

Cognitive; TBI [47,60-64], CTE [21,91,93-96], AD [28,31,40,121-126]

Motor; TBI [1,53,56], CTE [16,26,46,58,92], AD [35,118-120]

Neuropsychiatric; TBI [56,65-67], CTE [3,10,25,46,91,97-100], AD [28,121,127-134]

Sleep & Fatigue; TBI [3,66,68,69], AD [121,135,136]

3. Discussion
3.1. Comparative Overview of Clinical Manifestations
3.1.1. Somatic and Sensory Manifestations: Comparative Overview

TBIs are characterised by acute sensory-vestibular symptoms, including headache, dizziness,
vertigo, nausea, vomiting, photophobia, hyperacusis, tinnitus, and a subjective feeling of being dazed
or stunned [1,56,58]. Vertigo and dizziness may occur as the result of an injury to vestibular structures
[11]. In CTE, the primary somatic symptom is headache [90-93], which is often one of the earliest
manifestations and associated with Stage I of the disease [16,21]. Early CTE pathology is characterized
by the accumulation of perivascular p-tau at the depths of cortical sulci, primarily in the frontal
cortex, before the pathology spreads further [16,21,22]. In contrast, AD is characterised by progressive
sensory deficits rather than hypersensitivity. These include impairments in hearing, vision, olfaction,
gustation, and tactile perception [40,115-117], and are associated with A[ accumulation, tau
pathology, and neuronal loss affecting the olfactory bulb, entorhinal cortex, and sensory association
cortices [116].

Overall, somatic and sensory manifestations differ across TBI, CTE, and AD. TBl is characterised
by acute sensory—vestibular disturbances and headache, CTE shares the manifestation of headache
but lacks the acute vestibular and gastrointestinal features of TBI, whereas AD is characterised by
progressive sensory deficits resulting from neurodegeneration.

3.1.2. Motor Manifestations: Comparative Overview

The reviewed literature identified several overlapping motor manifestations across TBI, CTE,
and AD. TBI may result in balance and coordination impairments, gait abnormalities, reduced fine
motor control, weakness, dysarthria, tremor, bradykinesia, and spastic paralysis, with the severity
largely depending on the extent and location of the injury [1,53,56]. Similarly, CTE has been
associated with gait and balance impairment, coordination deficits, tremor, weakness, spasticity, and
dysarthria but also parkinsonism, rigidity and ataxia [16,26,46,58,92]. AD shares several motor
manifestations with TBI and CTE, including gait impairments, bradykinesia, rigidity, impaired
coordination, and balance deficits. AD can additionally present with muscle atrophy and reduced
muscle strength, with both reported from the early stages of the disease and worsening over time
[35,118,119]. Despite these similarities, the timing and underlying mechanisms differ considerably.
In TBI, motor deficits occur immediately following injury due to acute disruption of motor pathways
involving the corticospinal tracts, basal ganglia, cerebellum, or dorsolateral frontal cortex [53,56].

In contrast, CTE and AD are progressive neurodegenerative disorders in which motor
impairment develops gradually. In CTE the degeneration of brainstem structures, including the
substantia nigra may lead to parkinsonism [94]. In AD, motor impairments are thought to be
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associated with the progressive spread of AD pathology into brain regions involved in motor control,
including the motor cortex, cerebellum, and basal ganglia [35].

Overall, TBI, CTE, and AD share several motor manifestations, including gait disturbance,
balance impairment, coordination deficits, and bradykinesia, which may complicate clinical
differentiation. Nevertheless, the temporal profiles differ: TBI produces acute motor dysfunction
secondary to traumatic injury, whereas CTE and AD demonstrate progressive motor decline
associated with neurodegeneration.

3.1.3. Cognitive Manifestations: Comparative Overview

The reviewed literature identified several shared cognitive manifestations across TBI, CTE, and
AD. TBl is associated with impairments in attention, concentration, memory, information-processing
speed, learning capacity, and executive functioning [60,61]. Similarly, CTE is characterized by deficits
in memory, new learning, attention, concentration, processing speed and executive functioning
[91,93]. AD likewise presents with impairments in episodic and working memory, attention, new
learning, executive functioning, language, and visuospatial abilities [28,31,121-125]. However, the
literature also identified differences in the cognitive profiles of TBI, CTE, and AD. Acute TBI may be
accompanied by anterograde and retrograde amnesia, disorientation, agitation, and delirium [63,64].
In contrast, CTE is associated with gradually worsening cognitive impairment that may progress to
dementia in advanced pathological stages [21,94-96]. AD typically begins with episodic memory
impairment before extending to language, visuospatial, executive, and functional deficits, with
aphasia, apraxia, agnosia, confusion, and impaired recognition of loved ones in advanced disease
[28,31,40,121,126].

These differences may reflect distinct pathological processes and patterns of neural network
involvement. In TBI, cognitive deficits reflect the acute disruption on attention, memory, and
executive networks, including the reticular formation, thalamus, hippocampal and entorhinal
regions, frontal and parietal cortices, and their axonal connections, with executive dysfunction
commonly associated with frontal lobe injury [61]. In contrast, cognitive impairment in CTE and AD
reflects progressive neurodegenerative processes in which pathological changes gradually spread to
anatomical regions and interconnected cognitive networks, resulting in progressive cognitive
deterioration that may ultimately culminate in dementia [21,28,31,94-96,121,145].

Taken together, TBI, CTE, and AD share impairments in memory, attention, information-
processing speed, new learning and executive functioning. However, TBI is characterized by acute
post-traumatic cognitive disturbances, such as amnesia, delirium and disorientation. CTE and AD
exhibit progressive cognitive deterioration that may ultimately culminate in dementia.

3.1.4. Neuropsychiatric and Behavioural Manifestations: Comparative Overview

Neuropsychiatric and behavioural manifestations are common across TBI, CTE, and AD.
Following TBI, patients may experience depression, suicidality, anxiety, aggression, impulsivity,
irritability, emotional lability, apathy, personality changes, and PTSD [56,65,66]. Similarly, CTE is
associated with depression, suicidality, anxiety, aggression, impulsivity, irritability, apathy, social
withdrawal, personality changes, paranoia, delusions, and hallucinations [3,10,25,46,97,98,101,102].
In AD, common neuropsychiatric manifestations include depression, anxiety, aggression, irritability,
agitation, apathy, personality changes, psychosis, delusions, and hallucinations [28,121,128-133].

Although behavioural disturbances occur in both TBI and CTE, TBI is particularly associated
with post-traumatic psychiatric sequelae such as PTSD [66,67]. In contrast, mood and behavioural
disturbances often represent the earliest and most prominent clinical manifestations of CTE, with
later stages characterized by worsening aggression, paranoia, delusions, hallucinations, prominent
depressive symptoms, and suicidality [3,10,25,91,97-99]. In AD, neuropsychiatric symptoms may
emerge during the preclinical or MCI stages, whereas agitation, aberrant motor behaviours,
delusions, disinhibition, and hallucinations are more commonly observed during the moderate-to-
late stages of the disease [121,124].
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Overall, substantial overlap exists in depression, anxiety, apathy, aggression, irritability, and
personality changes across TBI, CTE, and AD. However, important differences exist in the temporal
profile of these manifestations. TBI is distinguished by trauma-related psychiatric sequelae such as
PTSD, CTE by the early prominence of mood and behavioural disturbances, and AD by
neuropsychiatric manifestations that emerge from the preclinical stage and evolve throughout
disease progression.

3.1.5. Clinical Overlap, Mimicry and Temporal Distinction Among TBI, CTE, and AD

Although TBI, CTE, and AD share several clinical manifestations, their clinical phenotypes differ
because of important differences in symptom onset, progression, and overall disease trajectory. TBI
occurs following a mechanical insult to the brain and is characterized by the acute onset of symptoms,
often including LOC, PTA, cognitive impairment, mood disturbances, and sleep disruption
[1,11,56,58,65]. Additionally, men, athletes, military personal, young children, adolescents and older
adults are at high risk for TBI [1,3,11]. While persistent symptoms may occur in a subset of
individuals, particularly following moderate-to-severe injury or in post-concussion syndrome, most
patients demonstrate partial or complete recovery rather than progressive neurological decline
[1,58,80,81]. Symptoms in TBI may overlap with symptoms in CTE and AD. However, overall
phenotypes differ as TBI is an acute injury which may present with a LOC, amnesia, vestibular and
gastrointestinal symptoms also affecting children and adolescents. TBI symptoms often resolve and
do not follow the progressive neurodegenerative course observed in CTE or AD.

In contrast, CTE and AD show greater clinical overlap. Both conditions are characterized by
progressive cognitive decline, neuropsychiatric disturbances, and eventual dementia [16,21,28,40].
Cognitive manifestations such as memory impairment, executive dysfunction, language difficulties,
and visuospatial deficits have been reported in both disorders, alongside overlapping
neuropsychiatric symptoms including depression, apathy, irritability, aggression, and personality
changes [16,25,28,46,91,93,121]. Dementia in CTE has been described to resemble AD dementia [19].
The symptom overlap may complicate clinical differentiation, particularly because no validated in
vivo biomarker currently exists for the definitive diagnosis of CTE [110].

Despite the similarities, temporal patterns provide an important point of distinction. CTE
typically develops after repetitive head trauma, often in contact sport athletes, and is characterized
by a prolonged latent interval, with symptoms commonly starting between 35 and 45 years of age,
although wider age ranges have been reported [18,46]. In contrast, sporadic AD most commonly
manifests after the age of 65 years and demonstrates a steadily progressive neurodegenerative course
[31,40]. Additionally, AD affects women more often, especially over the age of 80 years [31].
Consequently, sex, history of repetitive head trauma, age of symptom onset, and symptom
progression may provide useful clinical clues when differentiating CTE from AD (Figure 1).

Based on the evidence reviewed, TBI, CTE, and AD have distinct etiologies but share several
pathophysiological mechanisms, including neuroinflammation, axonal injury, and tau-related
pathology. Nonetheless, clinical manifestations and their different temporal progression differ
among the conditions. We therefore propose the hypothesis that these differences may not only be
explained by the different etiologies but also the neuroanatomical structures and brain networks
affected by the similar underlying pathophysiology. For example, the early involvement of frontal
cortical regions in CTE may contribute to the early mood and behavioural symptoms whereas the
early involvement of the entorhinal cortex and hippocampus in AD may explain why episodic
memory impairment is the characteristic initial symptom. In contrast, the clinical manifestations of
TBI occur immediately after injury and largely depend on the location and severity of the mechanical
brain injury.

Figure 1. Temporal progression and clinical differentiation of traumatic brain injury (TBI),
chronic traumatic encephalopathy (CTE), and Alzheimer’s disease (AD). The figure summarizes
the temporal progression and key clinical features of TBI, CTE, and AD across four stages: (1) initial
event or risk factors, (2) acute or latent phase, (3) clinical manifestations, and (4) advanced disease or
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outcome. TBI is characterized by an acute injury followed by variable recovery, whereas CTE
develops after repetitive head trauma with a prolonged latency before progressive neuropsychiatric
and cognitive decline. In contrast, AD follows a gradual neurodegenerative course from a preclinical
stage to severe dementia. The lower panel summarizes the principal clinical features that distinguish
these conditions, including injury history, symptom onset, disease progression, cognitive profile, and
typical age of presentation. Created by the authors based on the reviewed literature (TBI: [1,3,10-
13,15,47,56,58,60-66,68,70,80-86,89]; CTE: [3,10,16,18,21,25,26,46,58,70,90-94,96-98,112,113]; AD:
[28,29,31,35,40,54,114,121,123-126,135,140-145]).

Figure 1. Temporal progression and clinical differentiation of traumatic brain injury (TBI), chronic traumatic
encephalopathy (CTE), and Alzheimer’s disease (AD).

3.2. Research Gaps and Future Directions

Despite advances in understanding TBI, CTE, and AD, important knowledge gaps remain. In
TBI, the translation of findings from experimental models to human pathology remains incomplete,
and the clinical utility of neuroimaging and fluid biomarkers requires further validation [1,47,79]. In
CTE, research is limited by the unclear mechanisms wunderlying tau pathology and
neuroinflammation, the lack of validated in vivo biomarkers, and overlapping clinical phenotypes
with other disorders. Furthermore, much of the available evidence is derived from postmortem
cohorts, in which clinical histories are reconstructed retrospectively. This limits reliable
epidemiological estimates and complicates therapeutic development [4,24,26,79,99,110,146,147].
Additionally, the lack of prospective longitudinal clinicopathological studies continues to hinder
understanding of CTE progression and validation of diagnostic criteria [148]. Gender effects also
remain understudied, as the vast majority of reported CTE cases have occurred in males, highlighting
the need for research examining potential sex-specific differences in susceptibility, clinical
presentation, and disease progression [149]. Despite growing evidence that TBI increases the risk of
AD and AD related dementias, important research gaps remain. These include limited understanding
of the biological mechanisms linking TBI to neurodegeneration, the lack of validated biomarkers and
diagnostic criteria for post-TBI dementia, and a shortage of long-term longitudinal studies capable of
tracking disease progression. Addressing these gaps is essential for improving diagnosis, monitoring,
and treatment of post-traumatic neurodegeneration [3,150,151].
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4. Conclusion

TBI, CTE, and AD share several symptoms and pathophysiological mechanisms but differ in
their temporal course and neuropathological features. Their overall phenotypes differ. The reviewed
evidence suggests that TBI, CTE, and AD share a broad spectrum of clinical manifestations, with the
greatest overlap observed in the cognitive, motor, and neuropsychiatric domains. Common features
include memory and attention deficits, executive dysfunction, gait and balance impairments,
depression, anxiety, irritability, apathy, and personality changes. Despite these similarities,
important distinctions exist that could possibly be reflected by differing anatomical distribution of
pathophysiology, as hypothesized in this review. TBl is characterized by the acute onset of symptoms
following injury and is frequently accompanied by headache, vestibular disturbances, LOC, and PTA.
In contrast, CTE and AD are progressive neurodegenerative conditions. CTE is particularly
associated with prominent mood and behavioural disturbances, whereas AD is characterized by
progressive episodic memory impairment and broader cognitive decline involving language,
visuospatial abilities, and functional independence.

The findings highlight that symptoms alone are insufficient to reliably distinguish these
conditions. Accurate diagnosis requires consideration of the patient’s sex, injury history, age of
symptom onset, symptom progression, neuropsychological assessment, neuroimaging, and available
biomarkers. Improved understanding of shared and distinguishing features may facilitate earlier
recognition and more accurate diagnosis of the conditions. However, further longitudinal studies
and validated in vivo biomarkers, particularly for CTE, are needed to improve diagnostic accuracy.
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The following abbreviations are used in this manuscript:

ApB Amyloid-beta

ABC Amyloid (A), Braak stage (B), CERAD score (C) classification
AD Alzheimer’s disease

ADAS-Cog Alzheimer’s Disease Assessment Scale-Cognitive Subscale
Al Artificial intelligence

AOC Alteration of consciousness

APOE &4 Apolipoprotein E epsilon 4

APP Amyloid precursor protein

CAA Cerebral amyloid angiopathy
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CERAD
CSF

CT
CTE
DAI
DTI
EO-AD
fAD
fMRI
GCS
GFAP
LOC
LO-AD
MCI
MMSE
MND
MoCA
MRI
MRS
mTBI
NFL
NFET (NFTs in text)
NIA-AA
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Cerebrospinal fluid

Computed tomography

Chronic traumatic encephalopathy
Diffuse axonal injury

Diffusion tensor imaging
Early-onset Alzheimer’s disease
Familial Alzheimer’s disease
Functional magnetic resonance imaging
Glasgow Coma Scale

Glial fibrillary acidic protein

Loss of consciousness

Late-onset Alzheimer’s disease
Mild cognitive impairment
Mini-Mental State Examination
Motor neuron disease

Montreal Cognitive Assessment
Magnetic resonance imaging
Magnetic resonance spectroscopy
Mild traumatic brain injury
Neurofilament light chain
Neurofibrillary tangle(s)
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NPS Neuropsychiatric symptoms

PCS Post-concussion syndrome

PET Positron emission tomography

PSEN1 Presenilin 1

PSEN2 Presenilin 2

PTA Post-traumatic amnesia

PTSD Post-traumatic stress disorder

p-tau Hyperphosphorylated tau

REM Rapid eye movement

r-mTBI Repetitive mild traumatic brain injury

S5100B 5100 calcium-binding protein B

sAD Sporadic Alzheimer’s disease

SCAT6 Sport Concussion Assessment Tool, 6th Edition
SPECT Single-photon emission computed tomography
TBI Traumatic brain injury

TDP-43 TAR DNA-binding protein 43

TES Traumatic Encephalopathy Syndrome

t-tau Total tau

UCH-L1 Ubiquitin C-terminal hydrolase-L1
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